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Abstract

Poly(ADP-ribose) glycohydrolase (PARG) as a main enzyme hydrolyzing poly(ADP-

ribose) in eukaryotes, and its silencing can inhibit benzo(a)pyrene (BaP)-induced carci-

nogenesis. A thorough understanding of the mechanism of PARG silenced inhibition

of BaP-induced carcinogenesis provides a new therapeutic target for the prevention

and treatment of environmental hazard induced lung cancer. We found that the

expression of several subtypes of the histone H2B was downregulated in BaP-

induced carcinogenesis via PARG silencing as determined by label-free proteomics

and confirmed by previous cell line- and mouse model-based studies. Analysis using

the GEPIA2 online tool indicated that the transcription levels of H2BFS, HIST1H2BD,

and HIST1H2BK in lung adenocarcinoma (LUAD) tissues and squamous cell lung carci-

noma (LUSC) tissues were higher than those in normal lung tissues, while the tran-

scription levels of HIST1H2BH in LUSC tissues were higher than those in normal lung

tissues. The expression levels of HIST1H2BB, HIST1H2BH, and HIST1H2BL were sig-

nificantly different in different lung cancer (LC) stages. Moreover, the expression of

H2BFS, HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BL, HIST1H2BO, HIST2H2BE,

and HIST2H2BF was positively correlated with that of PARG in LC tissues. Analysis of

the Kaplan-Meier plotter database indicated that high H2B levels predicted low sur-

vival in all LC patients suggesting that H2B could be a new biomarker for determining

the prognosis of the LC, and that its expression can be inhibited by PARG silencing in

BaP-induced carcinogenesis.
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1 | INTRODUCTION

Poly(ADP-ribose) glycohydrolase (PARG) is the main enzyme that

hydrolyzes poly(ADP-ribose) in eukaryotes and plays an important

role in tumorigenesis.1,2 In our previous study, PARG silencing

inhibited the malignant transformation induced by benzo(a)pyrene

(BaP), but its mechanism was unclear.3,4

The histone H2B and its subtypes perform diverse biological

functions, and their expression levels vary among different types of

cancer. HIST1H2BA (H2B type 1-A) maintains the integrity of testicu-

lar specific proteins and chromatin.5 HIST1H2BJ (H2B type 1-J) is

involved in chromatin remodeling in schizophrenia.6 HITT2H2BE (H2B

type 2-E) inhibits cell proliferation and deactivates odor sensing neu-

rons.7,8 Another study reported that HIST1H2BG, HIST1H2BJ, HIS-

T2H2BE, HIST1H2BC, HIST1H2BH, and HIST1H2BE are highly

expressed in lung adenocarcinoma (LUAD) tissues.9 Several similar

studies have shown that H2B are highly expressed in lung cancer

(LC) tissues. All the above mentioned evidence indicates that H2B

plays an important role in lung tumorigenesis, but its regulatory mech-

anism is still unknown.

In our previous study, PARG silencing effectively prevented the

development of BaP-induced LC. In this study, we found that PARG

silencing prevents the development of BaP-induced LC by stabilizing

the abnormally high levels of H2B, which plays an important role in

the staging and prognosis of LC. Our results provide strong evidence

for elucidating the LC development. Different H2B subtypes exhibit

different protein structures and sequences, indicating that they

undergo different chemical modifications. Histone posttranslational

modifications represent a diverse set of epigenetic marks that are

involved, not only in dynamic cellular processes, such as transcription

and DNA repair, but also in destabilizing chromatin.10-12 The mecha-

nism elucidated in the present study will provides a strong basis for

future studies on the role of H2B-modified pedigree expression in

lung tumorigenesis.

2 | MATERIALS AND METHODS

2.1 | Cell lines and culture selection

The cell lines used in this study was been constructed in our previous

work.4 The normal human bronchial epithelial cell line (C-16HBE cells)

and human bronchial epithelial cells with a silenced PARG gene (C-

shPARG cells) were used as the control groups and were grown in

minimum essential Eagle's medium (Gibco, The United States) con-

taining 10% fetal bovine serum (Gibco, The United States). BTC-

16HBE and BTC-shPARG cells were treated with 40 μM BaP (Sigma,

The United States) 1 day/week for 15 weeks.

2.2 | Mouse model establishment

The mouse model used in this study was constructed in our previous

work.13 Wild-type C57 mice with malignant transformation induced

by BaP (C57-female-T) and mice with silenced PARG gene without

malignant transformation under the same treatment conditions

(shPARG-female-T) were used. C57-female-C and shPARG-female-C

mouse models without BaP treatment were used as the control

groups.

Treatment and maintenance of animals were performed according

to the regulations of the Animal Care and Use Committee of

Shenzhen CDC Experimental Animal Center. The mice were anesthe-

tized with ether prior to experimentation, and we followed all the nec-

essary procedures to ensure that no unnecessary pain was inflicted at

any stage of the experiment.

2.3 | Label-free proteomics

An acid extraction assay was performed for histones extraction.14 The

products digested by arginase (Arg-C) were separated by high-

performance liquid chromatography, and raw data were analyzed using

Q Exactive. The raw data were analyzed using the human protein

sequence database SwissProt. The software Proteome Discoverer

(Thermo, The United States) was used for data comparison to obtain

qualitative and quantitative information of protein or peptide segments

in each group. Quantitative information was analyzed using the Perseus

software.

2.4 | Western blotting

Western blotting experiment based on the previous articles.13 The rel-

ative expression of H2B (Abcam, England) was assessed relative to

that of β-actin (Santa Cruz, The United States). Histogram construc-

tion and statistical analysis of the relative expression of each group

were performed using the GraphPad Prism software and Student's

t test.

2.5 | Immunofluorescence

Immunofluorescence analysis was performed according to a method

described previously.13

2.6 | Bioinformatics analysis

GEPIA2 (http://gepia2.cancer-pku.cn/#index) was used to

analyze the relative expression of H2B subtypes and their rela-

tionship with tumor stage in LC patients. The log2(TPM) was

calculated simply as log2 of the transcript count per million

(TPM) and log2FC was calculated as median (Tumor) − median

(Normal). TPM is a normalization technique to scale the read

count per gene/transcript toward the total read count of the

sequencing run to compensate for different sequencing depths.

The expression data were first transformed into long2(TPM + 1)

values for differential analysis. Genes with higher jlog2FCj
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values and lower q values than pre-set thresholds were consid-

ered to be differentially expressed. Differential gene expression

was analyzed using one-way analysis of variance by considering

the pathological stage as a variable. GEPIA2 was also used for

performing gene correlation analysis (Pearson analysis) of PARG

and H2B subtypes in LC. We used nonlog-scale axis for calcula-

tion, and the log-scale axis for visualization. Kaplan-Meier

Plotter (www.kmplot.com) was used to analyze the relationship

between the H2B subtype and overall survival (OS), progression-

free survival (FP), and progressive postpartum survival (PPS) in LC

patients.

3 | RESULT

3.1 | Label-free proteomics explains the inhibition
of the abnormal increase in the H2B level by PARG
silencing in BaP-induced carcinogenesis

Label-free proteomics was used to determine the expression of his-

tone subtypes in 16HBE and shPARG cells with or without BaP treat-

ment. The results suggested that the relative expression of H2B

subtypes increased in BTC-16HBE cells but remained unchanged in

BTC-shPARG cells (Table 1 and Figure 1).

TABLE 1 Histone expression level analyzed by proteomics

Group Gene Description Fold change P-value

BTC-16HBE/C-16HBE H1FV Histone H1.0 −1.11 .03

BTC-16HBE/C-16HBE HIST1H1E Histone H1.4 −0.87 .01

BTC-16HBE/C-16HBE HIST2H2AC Histone H2A type 2-C 1.27 .01

BTC-16HBE/C-16HBE H2BFS Histone H2B type F-S 6.14 <.01

BTC-16HBE/C-16HBE HIST1H2BB Histone H2B type 1-B 5.41 <.01

BTC-16HBE/C-16HBE HIST1H2BC Histone H2B type 1-C/E/F/G/I 5.39 .01

BTC-16HBE/C-16HBE HIST1H2BD Histone H2B type 1-D 4.87 <.01

BTC-16HBE/C-16HBE HIST1H2BH Histone H2B type 1-H 4.9 <.01

BTC-16HBE/C-16HBE HIST1H2BJ Histone H2B type 1-J 6.29 <.01

BTC-16HBE/C-16HBE HIST1H2BK Histone H2B type 1-K 5.86 <.01

BTC-16HBE/C-16HBE HIST1H2BL Histone H2B type 1-L 5.61 <.01

BTC-16HBE/C-16HBE HIST1H2BM Histone H2B type 1-M 4.21 .03

BTC-16HBE/C-16HBE HIST1H2BO Histone H2B type 1-O 5.43 <.01

BTC-16HBE/C-16HBE HIST2H2BE Histone H2B type 2-E 4.57 .01

BTC-16HBE/C-16HBE HIST2H2BF Histone H2B type 2-F 4.92 .01

BTC-16HBE/C-16HBE HIST1H3A Histone H3.1 −2.03 <.001

BTC-16HBE/C-16HBE HIST3H3 Histone H3.1t −1.77 <.001

BTC-16HBE/C-16HBE HIST2H3A Histone H3.2 −2.03 <.001

BTC-16HBE/C-16HBE H3F3C Histone H3.3C −1.94 <.001

BTC-shPARG/C-shPARG HIST2H2AC Histone H2A type 2-C 1.11 .42

F IGURE 1 PARG silencing down-regulates H2B levels in BaP-induced carcinogenesis. A, A volcano plot showing histone expression in BTC-
16HBE/C-16HBE. B, A volcano plot showing histone expression in BTC-shPARG/C-shPARG. The red equilateral triangle represents the protein
with significantly high expression, while the green inverted triangle represents the protein with significantly low expression [Color figure can be
viewed at wileyonlinelibrary.com]
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3.2 | PARG silencing-mediated downregulation
of H2B expression in BaP-induced carcinogenesis
was confirmed in cell lines and mouse models

Western blotting results indicated that the relative expression of H2B

in BTC-16HBE cells was higher than that in C-16HBE cells

(mean ± SD = 0.5542 ± 0.1482, P = .0038), while the relative expres-

sion of H2B in BTC-shPARG cells was lower than in C-shPARG cells

(mean ± SD = −1.157 ± 0.3553, P = .0087) (Figure 2A,B). An increase

in H2B fluorescence intensity was observed in BTC-16HBE cells com-

pared with that in C-16HBE cells, that no significant difference in the

H2B fluorescence intensity was observed in BTC-shPARG cells com-

pared with that in C-shPARG cells (Figure 2E). In addition, in vivo

studies showed an increase in the relative expression of H2B in

C57-Female-T mice compared with that in C57-Female-C mice

(mean ± SD = 0.2747 ± 0.02173, P < .0001), and a decrease in the rel-

ative expression of H2B in shPARG-Female-T mice compared with

that in shPARG-Female-C mice (mean ± SD = −0.07096 ± 0.02788,

P = .0438) (Figure 2C,D).

3.3 | Relationship between the mRNA levels
of H2B and LC

We compared the mRNA expression of H2B in LC tissues with that

in normal lung tissues using the GEPIA2 dataset. The results

F IGURE 2 Effects of PARG
on the expression of H2B in
BaP-induced carcinogenesis.
A, Western blot showing H2B
expression in each cell.
B,Histogram of the relative
expression of H2B in each cell.
C,Western blot showing H2B
expression in mice. D, Histogram
of the relative expression of H2B
in each mice. E, Fluorescence
intensity of H2B in each cell
[Color figure can be viewed at

wileyonlinelibrary.com]
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F IGURE 3 Expression of H2B in LC and that of H2B in association with LC tumor stage. A,B, The expression of H2B in LUAC and LUSC.
C, The expression of H2B considering the LC tumor stage [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Pearson correlation analysis correlation between the expression of H2B subtypes and that of PARG in LC tissues
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indicated that the expression of H2BFS, HIST1H2BD, and

HIST1H2BK was higher in LUAD and LUSC tissues than in normal

lung tissues, whereas and the expression of HIST1H2BH was

increased in LUSC tissues than in normal lung tissues (Figure 3A,B).

Using the GEPIA2 dataset, we found that the expression of

HIST1H2BB, HIST1H2BH, and HIST1H2BL according to the tumor

stage of LC varied significantly, whereas the expression of H2BFS,

HIST1H2BC, HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BM, HIS-

T2H2BE, and HIST2H2BF according to the tumor stage of LC did not

change significantly (Figure 3C). The expression of H2BFS,

HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BL, HIST1H2BO,

HIST2H2BE, and HIST2H2BF was positively correlated with that of

PARG in LC tissues (Figure 4).

3.4 | Correlation between H2B and improved
prognosis in cirrhotic patients

We further explored the critical efficiency of H2B in the survival of

patients with non-small cell lung cancer. Kaplan-Meier curve analysis

and log-rank test revealed that the increased HIST1H2BH mRNA level

was significantly associated with the OS, FP, and PPS in all the LC

F IGURE 5 Prognostic value of the H2B mRNA level in LC patients. The overall survival (OS), progression-free survival (FP), and
postprogression survival (PPS) of all LC patients with respect to H2B expression [Color figure can be viewed at wileyonlinelibrary.com]
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patients (P < .05). Increased mRNA levels of H2BFS, HIST1H2BD,

HIST1H2BK, HIST1H2BL, HIST1H2BM, and HIST1H2BO were associ-

ated with both FP and PPS in all the LC patients (P < .05) (Figure 5).

4 | DISCUSSION

A mutation in the H2B gene represents a new class of oncogenic

driver.15 Histones are the basic substrates for chromatin modifica-

tion and recombinant enzymes, and H2B have been shown to

undergo mutation in a variety of tumors.16 Our previous study

showed that PARG silencing delay BaP-induced carcinogenesis. The

present study is the first to demonstrate the association between

PARG silencing and H2B downregulation in BaP-induced carcino-

genesis. Because of the differences in the sequences and structures

of H2B subtypes, we found changes in the expression of H2B sub-

types and the modified lineage of H2B after translation. The role of

H2B posttranslational modifications in tumorigenesis has been iden-

tified. For example, H2BK5ac has been reported to regulate the

transformation of epithelial cells into mesenchymal cells.17 We

believe that our findings will contribute to the existing knowledge

and provide a theoretical basis for the better prognosis and treat-

ment of LC.

In this study, we found that the levels of several H2B subtypes

increased after BaP-induced malignant cell transformation, but

PARG silencing inhibited this phenomenon. Our in vivo experiments

confirmed that PARG silencing inhibited BaP-induced malignant

transformation by inhibiting the expression of H2B. H2B expression

analysis using the online tumor database indicated that the

increased expression of H2BFS, HIST1H2BD, HIST1H2BH, and

HIST1H2BK in LC tissues might play an important role in LC onco-

genesis. The transcription products of H2BFS, HIST1H2BD,

HIST1H2BH, HIST1H2BK, HIST1H2BL, HIST1H2BM, and HIST1H2BO

are potential prognostic markers that can be used for improving

prognostic accuracy, thereby improving the survival rate of LC

patients.

In summary, we have determined here for the first time,

that PARG silencing reduces BaP-induced carcinogenesis by

suppressing H2B expression. This finding provides a theoretical

basis of our next study on the role PARG silencing in posttransla-

tional modification pedigree changes in H2B in the context of

lung tumorigenesis.
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