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Abstract
Background A growing body of evidence indicates that histone variants play an oncogenic role in cancer 
progression. However, the role and mechanism of histone variant H2AZ1 in lung cancer remain poorly understood. In 
this study, we aim to identify novel functions and molecular mechanisms of H2AZ1 in lung cancer.

Methods We analyzed H2AZ1 expression in lung adenocarcinoma using several RNA-seq and microarray datasets. 
Immunohistochemistry staining for H2AZ1 was performed on two sets of lung cancer tissue microarrays. To study 
the function of H2AZ1, we conducted assays for cell proliferation, colony formation, invasion, and migration. We 
employed CUT&Tag-seq, ATAC-seq, RNA-seq, and Western blotting to explore the regulatory patterns and potential 
mechanisms of H2AZ1 in lung adenocarcinoma.

Results Our findings reveal that H2AZ1 is highly expressed in lung cancer and high levels of H2AZ1 mRNA are 
associated with poor patient survival. Silencing H2AZ1 impaired cell proliferation, colony formation, migration, and 
invasion. Mechanistically, our CUT&Tag-seq, ATAC-seq, and RNA-seq results showed that H2AZ1 is primarily deposited 
around TSS and affects multiple oncogenic signaling pathways. Importantly, we uncovered that H2AZ1 may drive 
lung cancer progression through the RELA-HIF1A-EGFR signaling pathway.

Conclusion H2AZ1 plays an oncogenic role via several cancer-related pathways, including the RELA-HIF1A-EGFR 
axis in lung cancer. Intervention targeting H2AZ1 and its related signaling genes may have translational potential for 
precision therapy.
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Background
Lung cancer is one of the most prevalent malignant 
tumors worldwide, ranking first in mortality and second 
in morbidity [1–3]. Early treatment can lead to a rela-
tively good prognosis for most patients; however, once 
metastasis occurs (usually at stage III or IV), the disease 
can progress rapidly [4]. Unfortunately, effective treat-
ments for advanced stages are lacking due to the unclear 
mechanisms of cancer progression and metastasis. This 
creates a bottleneck in improving treatment and under-
scores the need to deepen our understanding of the 
mechanisms behind lung cancer progression.

Histones are proteins rich in lysine and arginine resi-
dues, localized in the eukaryotic nucleus where they 
entwine and compress DNA to form chromatin. There 
are four main histone families: H1, H2, H3, and H4, each 
with distinct variants. The feature of histone families is 
the histone variants [5–7]. In mammalian cells, there are 
11 variants of H1, 13 variants of H2, 8 variants of H3, and 
only 2 variants of H4 [6, 7]. These histone variants possess 
unique properties and modifications, adding complex-
ity to chromatin structure. They regulate key develop-
mental processes and, when dysregulated, may promote 
cancer development. A growing body of evidence indi-
cates that histone variants are strongly linked to can-
cer and play a significant role in its progression [8–13]. 
The major variants of H2A include macro H2A, H2A.X, 
H2A.Bdb (B, L, P), and H2A.Z [6]. H2A.Z has two fam-
ily members, H2AZ1 and H2AZ2, which differ by only 
three amino acids [14]. H2AZ1 has been reported to play 
vital roles in transcriptional regulation, DNA replication, 
and repair [6, 8, 15–17]. Nucleosomes containing H2AZ1 
are classified as homotypic nucleosomes (containing two 
H2AZ1 proteins) and heterotypic nucleosomes (contain-
ing one H2AZ1 and one H2A protein), with homotypic 
nucleosomes being more stable due to the presence of 
acidic patches [18]. Heterotypic nucleosomes reduce 
nucleosome stability because the C-terminal sequence 
makes it easier for two H2A to interact [19]. The ability 
of H2AZ1 to reduce nucleosome stability is consistent 
with the pattern of H2AZ1 deposition in the enhancer 
and promoter regions: i.e., H2AZ1 is specifically depos-
ited in the + 1 nucleosome region, which is more likely 
to have a nucleosome-free region than other regions and 
is more likely to contain H2AZ1 and H3.3 nucleosomes. 
This may facilitate transcription factor binding [20]. It 
has been reported that H2AZ1 promotes and represses 
transcription, likely by affecting nucleosome position-
ing. The absence of H2AZ1 results in unclear nucleosome 
positioning in key promoter regions, while the addition 
of H2AZ1 leads to nucleosome repositioning. If the new 
position hinders the accessibility of positive regulatory 
sequences, H2AZ1 binding will repress transcription, and 
if the new position increases the accessibility of positive 

regulatory sequences, it will enhance transcription [21]. 
The specific role and mechanisms played by H2AZ1 in 
the regulation of gene transcription still require more 
comprehensive and precise studies.

There is increasing focus on the role of H2AZ1 in vari-
ous tumors [9, 10, 22]. In breast cancer, MYC binds to the 
promoter region of H2AZ1 and recruits H2AZ1 under 
estrogen-stimulated conditions. High H2AZ1 expres-
sion indicates a poor prognosis for breast cancer [23]. 
H2AZ1 is present on a subset of active enhancers bound 
by estrogen receptor α (ER) and these enhancers produce 
enhancer RNAs (eRNAs) and recruit RNA polymerase II 
as well as RAD21, which are involved in chromatin inter-
actions between enhancers and promoters [24]. In pros-
tate cancer, acetylated H2AZ1 in the enhancer region 
increases chromatin accessibility and expression of ecto-
pic genes [25]. However, comprehensive studies on the 
role and molecular mechanisms of H2AZ1 in lung cancer 
progression are rare [26, 27].

In this study, we found that H2AZ1 is highly expressed 
in lung cancer, and the high level of H2AZ1 mRNA 
expression is associated with poor survival in lung can-
cer patients. Silencing H2AZ1 impaired cell proliferation, 
migration, and invasion. Mechanistically, our CUT&Tag-
seq (Cleavage Under Targets and Tagmentation 
sequencing), ATAC-seq (Assay for Transposase Acces-
sible Chromatin with high-throughput sequencing), and 
RNA-seq experiments revealed the regulatory pattern 
of H2AZ1 and its modulation of crucial cancer-related 
signaling pathways in lung cancer. Importantly, we dis-
covered that H2AZ1 may drive lung cancer progression 
through the RELA-HIF1A-EGFR signaling pathway, sug-
gesting intervention with H2AZ1 and its related signal-
ing genes may have potential clinical relevance for cancer 
therapy.

Methods
Cell lines and culture
Lung cancer cell lines H838, A549, H1299, PC9, and 
H1975 were used to carry out the experiments, all the cell 
lines were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). The cell lines 
were cultured with the medium that contained RPMI 
1640 (Gibco), 10% fetal bovine serum (Gibco), and 1% 
penicillin-streptomycin (Gibco). The culture conditions 
of cells were proper humidity, 37℃, and 5% CO2. We 
observed the cells every day, passaged at 80% confluent, 
and collected the cells in the logarithmic growth phase to 
conduct the subsequent study. To confirm cell line iden-
tity, genotyping was performed at Guangzhou Cellcook 
Biotech CO., Ltd.
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siRNA-mediated knockdown
SiRNAs and negative control siRNA were purchased 
from GenePharma (Suzhou, China). H838, A549, H1299, 
PC9, and H1975 cells were collected and plated in six-
well plates at 0.8–1.2 × 105 cells/well. After 24 h, the cells 
were transfected with siRNA using RNA Lipofectamine 
RNAi max (Invitrogen, USA) in six-well plates, following 
the manufacturer’s protocol. At 48  h after transfection, 
the cells were collected to perform function experiments 
and RNA extraction. Protein extraction was performed at 
72  h after transfection. H2AZ1 siRNA target sequences 
are listed in the Supplementary Table S1.

Construct stable cell lines with lentiviral vector
A lentiviral vector LV10N(U6/mCherry&Puro) (Gene 
Pharma) was used to construct short hairpin (sh) RNA 
for H2AZ1. A lentiviral vector GV492 (Genechem Co., 
LTD., Shanghai, China) was used to construct stable cell 
lines to overexpress H2AZ1. The oligos-specific sequence 
is listed in Supplementary Table S1.

Cell proliferation assay
Cell proliferation was determined with a Cell Counting 
Kit (CCK8) (Yeasen, Shanghai, China). Cells were col-
lected and diluted, seeded in 96-well plates (1000 cells/
well), and 5 ~ 6 biological replicates were conducted 
in each group. The outer rows were filled with 100ul 
PBS to prevent liquid evaporation. After 24  h, H2AZ1 
siRNA was used to transfect the cells. Then, 10ul CCK8 
was added to each well at 72 h after transfection and the 
plates were incubated for 1 h. The Optical density (OD) 
450 values were used to evaluate the cell viability.

Colony formation assay
Cells were collected at 48 h after H2AZ1 siRNAs trans-
fection, then seeded in 6-well plates at 500 cells/well 
and cultured for 10 ~ 14 days. When the cell count was 
equal to or greater than 50 in one clone, the cells were 
washed with PBS, fixed with methanol, and stained with 
1% crystal violet. Image J software was used for colony 
counting. Percentage of colony formation (%) = colony 
number/500 × 100%.

Transwell assay for cell migration and invasion
Cell invasion experiments were conducted in 8.0-µm Fal-
con Cell Culture Inserts (Corning, USA, REF 353097). 
Matrigel Basement Membrane Matrix (Corning, USA, 
REF 356234) was dissolved at 4℃ and diluted (1:8) with 
cold RPMI1640 medium. 100 µL diluted matrigel was 
added to the upper chamber and cultured for 4 ~ 5  h 
in a cell incubator. 2 ~ 4 × 104 cells were suspended in 
200 ~ 400 µl RPMI1640 medium and placed in the upper 
chamber. The lower chamber was filled with 600  µl 
medium with 10% FBS. After incubation for 24 ~ 48 h, the 

cells were fixed with methanol and stained with crystal 
violet. The pictures (4x, and 10x) were taken after clean-
ing the bottom of the upper chamber with cotton. The 
cell migration assay was conducted similarly to cell inva-
sion experiments, except the inserts were not coated with 
Matrigel.

Western blotting
Western blotting was conducted to measure protein 
expressions. Cells grown in a 6  cm dish were washed 
twice with cold PBS and lysed with RIPA buffer (Cell Sig-
naling Technology, USA, REF 9806  S) which contained 
1% PMSF (Beyotime, Shanghai, China, REF ST506-2), 
and 1% Protease & phosphatase inhibitor (Thermo Fisher 
Scientific, USA, REF 1861280). The protein was collected 
and quantified by colorimetric protein assay (Thermo 
Fisher Scientific, USA, REF 23225). 20  µg proteins 
were loaded onto 4-20% or 4-12% SDS-PAGE gel (Gen-
Script, Nanjing, China, M00654), then transferred to 
0.2 μm PVDF membrane (Roche, Shanghai, China, REF 
03010040001). The membrane was blocked with 5% BSA 
(Sigma-Aldrich, CAS: 9048468) for 2  h, incubated with 
primary antibodies (Cell Signaling Technology, USA, 
antibodies listed in Supplementary Table S1) overnight at 
4 °C. The next day, the membranes were incubated with 
the secondary antibody (1:5000, Cell Signaling Technol-
ogy, USA) at room temperature for 1  h. The result was 
detected with ChampChemi 610 plus, a fully automated 
chemiluminescence instrument (Sage creation, Beijing, 
China) after TBST (Boster, USA) washing three times.

RNA extraction and qRT-PCR
RNA extraction (Vazyme, Nanjing, China, RC112-
01) and reverse transcription(Takara, Japan, RR047A) 
were performed following Kits instructions. The cDNA 
was diluted and used for qRT-PCR. qRT-PCR was per-
formed with TB Green Premix EX Taq II (Takara, Japan, 
RR820L). GAPDH was used as the endogenous reference. 
Primers are listed in the Supplementary Table S1.

RNA-seq
Cells were grown in 6-cm dishes and transfected with 
siRNAs (H2AZ1 siRNAs and siCtrl) on the following day. 
48 h after transfection, total RNA was extracted using tri-
azole, and the concentration and purity of the extracted 
RNA were measured using Nanodrop 2000. The strand-
specific library-building strategy was used to save the 
strand orientation information into the sequencing 
library. A flexible differential analysis strategy was used 
to obtain differentially expressed mRNAs. These were 
performed in GENE DENOVO (Guangzhou, China) and 
FRASERGEN (Wuhan, China).
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ATAC-seq
Cells (H2AZ1 siRNAs and siCtrl treated) were collected, 
and then a lysis buffer was added to obtain the nucleus. 
DNA fragments were obtained by adding Tn5 transposes 
and then amplified and sequenced. These were performed 
in FRASERGEN (Wuhan, China), and the detailed exper-
imental procedure was referenced to Corces MR [28] and 
Fujiwara S [29].

CUT&Tag-seq
CUT&Tag-seq was performed in FRASERGEN (Wuhan, 
China). In brief, cells were bound by concanavalin 
A-coated magnetic beads. After the cells were permea-
bilized by digitonin, the primary antibodies against the 
target protein (H2AZ1) were added, followed by the 
incubation of secondary antibodies, and then pAG-con-
jugated transposase enzyme (pAG-Tn5) was added to 
bind the antibodies, with the activation of Tn5 by Mg2+. 
The DNA fragments close to the target protein were cut 
and thereby detached from chromatin. Oligomer-tagged 
fragments were extracted, screened for those less than 
700 bp, amplified, and sequenced. These were performed 
in FRASERGEN (Wuhan, China) and the detailed experi-
mental procedures can be found in Kaya-Okur’s report 
[30].

Immunohistochemistry of tissue array
Lung cancer tissue arrays (TMAs) were purchased from 
Shanghai Outdo Biotech Company (Cat No. HLug-
A180Su08, Shanghai, China). For immunohistochemical 
(IHC) staining on TMAs, the slices were dried at 63  °C 
for 1  h. Then, the slides were dewaxed in xylene and 
dehydrated in ethanol. Antigen repair was performed 
by microwave in sodium citrate. 3% hydrogen peroxide 
was used to block endogenous peroxidase. After washing 
off the hydrogen peroxide, 10% goat serum was used to 
block it for half an hour. The primary antibody was incu-
bated at 37  °C for 1  h, and the secondary antibody was 
incubated for 15  min (primary and secondary antibod-
ies information were shown in Supplementary Table S1). 
The color was developed with a DAB detection system. 
Counterstaining was performed with hematoxylin.

Published microarray and RNA sequencing data collections
Three published microarray data sets of lung cancer 
were downloaded. These included Okayama et al., 226 
LUADs (lung adenocarcinoma) with stage 1 and 2 [31], 
Shedden et al., with 442 stage 1 to 3 LUADs [32] and Hou 
et al., with 45 LUAD, 19 LCC (large cell carcinoma), 27 
SCC (squamous cell cancer), and 65 normal lung tissues 
[33]. The original CEL files of microarray data were nor-
malized using the Robust Multi-array Average (RMA) 
method [34]. We also obtained two RNA-seq data sets 
including Seo et al., with 78 LUAD and 77 normal lung 

tissues [35], TCGA data with 309 LUAD, 212 SCC, and 
73 normal lung tissues [36]. Expression levels of tran-
scripts were represented as FPKM [37].

Statistical analysis
Two-sided Student’s t-tests were performed for the com-
parison between different groups, with p < 0.05 as a cri-
terion for statistical significance. Kaplan-Meier survival 
curve with log-rank test was used for survival analysis. 
GO and KEGG enrichment analysis of selected genes 
from RNA-seq, CUT&Tag, and ATAC-seq data were 
performed using the DAVID website (https://david.ncif-
crf.gov/), Correlation analysis using the GEPIA website 
(http://gepia.cancer-pku.cn/). RNA-seq, CUT&Tag, and 
ATAC-seq read were aligned to human reference genome 
hg38, Ensembl-release100. IGV (The Integrative Genom-
ics Viewer) [38] was used for the visual exploration of 
genomic data.

Results
H2AZ1 is highly expressed in lung cancer and associated 
with poor patient survival
In Boire’s study on a brain metastasis mouse model of 
lung cancer [39], Lewis lung cancer cells were injected 
into the left ventricle and the medulla oblongata pool of 
the cerebellum in mice, successfully establishing brain 
parenchymal and meningeal metastasis models after 
three cycles. The primary Lewis lung cancer cells (Paren-
tal), and the cells of intermediate generation metastatic 
(Inter), meningeal metastatic (Leptom), and brain paren-
chymal metastatic (BrM) were collected and RNA-seq 
was performed. Our re-analysis of these RNA-seq data 
revealed that the histone variant H2az1(H2afz) was 
highly expressed in mouse lung cancer brain paren-
chymal metastases (Fig.  1A, B). Additionally, in a gene 
expression profile study by Kikuchi’s group on metastatic 
brain tumors from lung adenocarcinomas, H2AZ1 was 
among the top highly expressed genes in metastatic brain 
tumors compared to primary lung adenocarcinomas [40]. 
H2AZ1 has been reported to be overexpressed in meta-
static melanoma compared to primary melanoma [12].

We analyzed H2AZ1 expression across various clinical 
lung cancer datasets to explore its relationship with clini-
cal and pathological characteristics. Analysis of mRNA 
gene microarray data from 91 non-small cell lung cancers 
and 65 paraneoplastic tissues from Hou [33] revealed 
that H2AZ1 mRNA was highly expressed in lung ade-
nocarcinoma, large cell carcinoma, and squamous lung 
cancer tissues (Fig.  1C). Similar findings were observed 
in RNA-seq data from Seo in Korea [35] and TCGA in 
the USA [36], where H2AZ1 was also highly expressed 
in lung cancer tissues (Fig. 1D, E). The Shedden dataset 
[32], comprising mRNA microarray data from 442 lung 
adenocarcinoma tissues with clinical and pathological 

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://gepia.cancer-pku.cn/
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Fig. 1 (See legend on next page.)
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information, showed significantly higher H2AZ1 mRNA 
expression in lymph node metastases, large tumors, and 
poorly differentiated tumors (Fig. 1F-H).

Survival analysis of the Shedden dataset indicated 
that high H2AZ1 mRNA level was associated with poor 
patient survival (Fig.  1I). This correlation was further 
supported by Okayama data [31], which is a gene micro-
array data from early-stage (stage 1 and 2) lung adenocar-
cinoma tissues (Fig. 1J), and TCGA RNA-seq data from 
the GEPIA website of lung adenocarcinoma (LUAD) 
(Fig. 1K).

To investigate H2AZ1 protein expression in lung can-
cer tissues, we performed immunohistochemistry (IHC) 
staining of H2AZ1 on two lung cancer tissue microar-
rays (TMAs). One TMA includes 180 cores with 98 lung 
adenocarcinomas and para-cancerous lung tissues, while 
the other TMA includes 150 cores with 75 lung adeno-
carcinomas and para-cancerous lung tissues (Fig. S1A, 
B). Most tumors showed strong H2AZ1 protein staining 
with a score of 2 or 3 (Fig. 1L-P). IHC on three pairs of 
primary lung carcinomas and brain metastatic tumors 
from lung cancer also showed strong H2AZ1 protein 
staining (Fig. S1C-F).

To explore H2AZ1 mRNA expression status in other 
types of cancer, we performed the normal vs. tumor 
and survival analysis based on the GEPIA website [41]. 
Our findings revealed that H2AZ1 mRNA was highly 
expressed in several cancers, including adrenocortical 
carcinoma, colon adenocarcinoma, liver hepatocellu-
lar carcinoma, and skin cutaneous melanoma, and the 
higher expression level was correlated with poor patient 
survival in these cancers (Fig. S1G, H). These results indi-
cate that high H2AZ1 expression is not limited to lung 
cancer but is also prevalent in multiple other cancer 
types. Collectively, H2AZ1 is highly expressed in multi-
ple cancers, and its higher expression was correlated to 
poor patient survival in several cancers including lung 
cancer. This suggests that H2AZ1 could serve as a valu-
able biomarker for cancer diagnosis and prognosis. The 
increased expression of H2AZ1 in both primary and met-
astatic tumors indicates its potential role as an oncogenic 
gene involved in cancer progression, warranting further 

studies on its oncogenic functions and molecular mecha-
nisms in cancer.

H2AZ1 silencing impairs cell proliferation, colony 
formation, migration, and invasion in lung cancer
To explore the oncogenic function of H2AZ1, we first 
tested the knockdown efficiency and specificity of siR-
NAs targeting H2AZ1 using qRT-PCR, Western blot, 
and RNA-seq. Results showed that both H2AZ1 mRNA 
and protein levels were decreased by more than 90% after 
H2AZ1 siRNAs treatment in four lung cancer cell lines 
(Fig. 2A, B).

Next, we investigated the oncogenic function of H2AZ1 
in vitro using cell proliferation, colony formation, migra-
tion, and invasion assays. The results showed that the 
cell proliferation and colony formation were significantly 
decreased after H2AZ1 silencing with siRNAs in 4 lung 
cancer cell lines (Fig.  2C-E), suggesting H2AZ1 could 
promote tumor cell growth. The cell migration and inva-
sion capacity were impaired upon H2AZ1 knockdown 
(Fig. 2F-I), indicating H2AZ1’s role in promoting tumor 
cell metastasis.

To confirm these findings, we overexpressed H2AZ1 in 
H1299 and A549 cell lines, which increased colony for-
mation (Fig. S2A-D). Collectively, H2AZ1 knockdown 
impaired cell proliferation, colony formation, migration, 
and invasion, suggesting H2AZ1 plays an oncogenic 
role in lung cancer progression. Next, we conducted 
CUT&Tag-seq, ATAC-seq, and RNA-seq experiments 
in three lung cancer cell lines (H1975, A549, and H1299) 
to explore the molecular mechanisms of H2AZ1 in lung 
cancer progression from multiple omics perspectives.

H2AZ1 binding to TSS causes higher gene expression 
and affects multiple cancer-related signaling pathways 
revealed by CUT&Tag and RNA-seq
To uncover the relationship between the H2AZ1 chro-
matin deposition pattern and gene expression profile, we 
performed the CUT&Tag-seq with an H2AZ1 antibody 
and RNA-seq after the H2AZ1 silencing with siRNAs. 
Although the H2AZ1 binding density and number of 
peaks/genes varied among the three cell lines (Fig.  3A-
E), H2AZ1 chromatin binding signals were strongly 

(See figure on previous page.)
Fig. 1 H2AZ1 is highly expressed in non-small cell lung cancer and a high level of H2AZ1 is associated with poor patient survival in lung cancer. (A) 
The flow of screening the target gene, H2AZ1, based on public databases. On the left are the mouse metastatic model and gene profile, and right is the 
human lung cancer gene expression profile. (B) The expression of H2az1 mRNA at different sites and stages in the mouse model. Parental: parental Lewis 
cells, Inter: intermediate cells, Leptom: cells collected from meninges metastases, BrM: cells collected from brain parenchymal metastases. (C) In Hou’s 
microarray data, as compared to normal lung tissues (N), H2AZ1 mRNA was highly expressed in lung adenocarcinoma (LUAD), large cell cancer (LCC)and 
squamous cell carcinoma (SCC), *** p < 0.001. (D, E) In Seo and TCGA RNA-seq data, H2AZ1 mRNA was highly expressed in LUAD and SCC, *** p < 0.001. 
(F-H) In Shedden microarray data, H2AZ1 mRNA expression was significantly increased in lymph node metastasized, large tumor size, and poorly differ-
entiated tumors, ** p < 0.01. (I -K) Kaplan-Meier survival analysis showed that a high level of H2AZ1 mRNA was associated with poor survival in patients 
with lung cancer in 3 LUAD data sets. (L-P) Representative microphotographs of H2AZ1 IHC on lung TMA. Weak staining signal of H2AZ1 in normal tissues 
and some tumor tissues (Score = 1); Moderate staining signal of H2AZ1 in some tumor tissues (Score = 2); Strong staining signal of H2AZ1 in some tumor 
tissues (Score = 3). The distribution number of each score from TMA180 is shown in P
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enriched around transcriptional start sites (TSS) (Fig. 3B, 
C), consistent with previous reports [42]. There was less 
H2AZ1 binding in the gene body (Fig. S3A). Interest-
ingly, the distribution of H2AZ1 binding around TSS 
showed a low binding zone (0 region of TSS) possibly 
the RNA polymerase II and transcription factors binding 
region or H2AZ1 less deposited in 0 region (Fig. 3B-D). 
H2AZ1 binding peaks were mainly located at the pro-
moter region within 1 kb (39.2-46.6%) in three cell lines 
(Fig. 3F). Further, we found that the H2AZ1 DNA bind-
ing peaks occupying the chromatin had commonality and 
heterogeneity in these three cell lines (Fig.  3G). Com-
mon H2AZ1 DNA binding peaks in the three cell lines 
were enriched mainly in the gene promoter region within 
1 kb (77.5%) (Fig. 3H), while differential peaks were dis-
tributed in distal intergenic regions (35.1%), the 1st 
introns (14.1%) and other introns (25.7%) (Fig. 3I). Most 

importantly, gene enrichment of the common peaks in 
Fig.  3H shows that multiple important cancer-related 
signaling pathways were enriched including cell cycle, 
autophagy, MAPK, Hippo, mTOR, p53, ErbB, Wnt, and 
cell adhesion (Fig. 3J and S3B), which further confirmed 
important oncogenic roles of H2AZ1 shown in Figs.  1 
and 2. Subsequent investigation of the molecular mecha-
nisms of these pathways is warranted.

The correlation between the H2AZ1 chromatin binding 
intensity and location and transcriptional activity in lung 
cancer cells is not well understood. Based on RNA-seq 
value, we classified the genes into four classes according 
to their expression levels (based on siCtrl or siH2AZ1, 
respectively) and aligned them to CUT&Tag signals 
in the TSS and gene body regions. The results revealed 
that the higher H2AZ1 binding intensity in the promoter 
region around TSS positively correlated with higher gene 

Fig. 2 H2AZ1 silencing impairs cell proliferation, colony formation, migration, and invasion. (A) qRT-PCR showing that H2AZ1 mRNA was reduced after 
siRNA treatment at 48 h in lung cancer cells in A549, H1299, H1975, and H838 lung cancer cell lines. (B) Western blot showing that H2AZ1 protein was 
decreased after siRNA treatment at 72 h in lung cancer cells. (C) Cell proliferation was decreased after H2AZ1 knockdown by siRNAs in lung cancer cells, 
** p < 0.01, *** p < 0.001. (D, E) Colony formation was decreased after H2AZ1 knockdown with siRNAs, *** p < 0.001 (E is the quantitative result for D). (F-I) 
Migration and invasion were decreased after H2AZ1 silencing with siRNAs in lung cancer cells (G was the quantitative result of F, I was the quantitative 
result of H), ** p < 0.01, *** p < 0.001
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Fig. 3 H2AZ1 binding to TSS causes higher gene expression and affects multiple cancer-related signaling pathways revealed by CUT&Tag-seq and RNA-
seq.  (A) Overview of the CUT&Tag-seq, ATAC-seq, and RNA-seq experimental design. (B, C) CUT&Tag-seq revealed the distribution of H2AZ1 binding 
signals around TSS. H1299 had a relatively lower intensity. (D) A representative CUT&Tag image showing H2AZ1 binding at the TSS of HIF1A promoter, 
having two binding regions around the TSS. (E) CUT&Tag-seq: The number of H2AZ1 binding peaks and genes in the peaks in 3 lung cancer cell lines. (F) 
CUT&Tag-seq: Distribution of H2AZ1 binding peaks in the chromatin in 3 cell lines. (G) CUT&Tag-seq: The Venn diagram revealed the landscape overlap 
of H2AZ1 peaks occupying the chromatin in 3 lung cancer cell lines. (H) CUT&Tag-seq: round pie chart showing the distribution regions of the common 
peaks of the 3 cell lines. (I) CUT&Tag-seq: round pie chart showing the distribution regions of the differential peaks of the 3 cell lines. (J) KEGG enrich-
ment of CUT&Tag-seq of the genes corresponding to the common peaks of 3 cell lines were significantly enriched in important cancer-related signaling 
pathways. (K) Correlation analysis of H2AZ1 binding density by CUT&Tag-seq and gene expression of RNA-seq data revealed the relationship between 
H2AZ1 binding (CUT&Tag signal) and gene expression (RNA-seq) in the A549 cell line. (L) The more detailed relationship between the location of H2AZ1 
on chromatin deposition and gene expression. (H1975 of CUT&Tag and RNA-seq of H1975 siCtril as an example showing here, A549 and H1299 have 
similar results not shown here)
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expression, while no such correlation was observed in the 
gene body region (Fig. 3K and S3C), consistent with pre-
vious reports [12, 42, 43].

We then investigated in more detail the correlation of 
gene expression levels and different locations of H2AZ1 
on chromatin using CUT&Tag and RNA-seq data. The 
results revealed that most genes were bound to the pro-
moter within less than 1  kb of TSS (Figs. S3D) and the 
gene expression levels were higher when H2AZ1 bound 
to the promoter ( < = 1  kb) and 5’UTR regions (Fig.  3L). 
Conversely, gene expression levels were much lower or 
not expressed when H2AZ1 bound to gene body regions 
(including promoter (1-3  kb), intron, exon, distal inter-
genic, downstream, and 3’UTR), or in regions with-
out binding (Fig. 3L). This may be the reason why there 
was no correlation between H2AZ1 binding intensity 
and gene expression in the gene body region shown in 
Fig.  3K. Importantly, this relationship between H2AZ1 
chromatin deposition and gene expression was validated 
in human lung tissues using TCGA RNA-seq data [36] 
which includes 73 normal lung tissue, 309 LUAD, and 
212 LUSC (Fig. S3E-G) indicating that H2AZ1 promoter 
deposition is critical for gene expression.

Interestingly, combined analysis of H2AZ1 binding 
from CUT&Tag-seq and the differentially expressed 
genes from RNA-seq found a similar number of up or 
down-regulated genes in H2AZ1 binding regions (Fig. 
S3H), indicating that H2AZ1 binding on chromatin can 
cause both gene up-regulation and down-regulation, 
depending on other unknown mechanisms.

Collectively, our CUT&Tag and RNA-seq analyses 
show that H2AZ1 chromatin binding peaks are strongly 
enriched around TSS and that common peaks are 
involved in multiple cancer-related pathways. H2AZ1 
binding intensity is positively correlated with gene 
expression levels only in the promoter region around 
TSS. Genes were expressed only when H2AZ1 binds to 
the promoter ( < = 1 kb) and 5’UTR regions, but not when 
it binds to other regions suggesting that H2AZ1 deposi-
tion on chromatin to the promoter ( < = 1 kb) and 5’UTR 
regions is critical for an active gene expression. Addition-
ally, H2AZ1 binding on chromatin can lead to both up-
regulation and down-regulation of gene expression upon 
H2AZ1 silencing.

Open chromatin accessibility at TSS leads to higher gene 
expression revealed by ATAC-seq and RNA-seq
To determine if chromatin accessibility was affected by 
H2AZ1, we performed ATAC-seq analysis after H2AZ1 
knockdown with siRNAs and controls (siCtrl). The 
ATAC-seq peak signals enriched within +/-3  kb of TSS 
were similar across three cell lines (Fig. 4A, B and S4A), 
although the total number of peaks varied among these 
cell lines (Fig.  4C). The changes in peak number upon 

siH2AZ1 treatment have differed among cell lines. For 
instance, peak numbers decreased (from 63619 to 42905) 
in H1975, increased (from 84703 to 89287) in H1299, and 
unchanged in A549 cells (Fig. 4C). Chromatin accessibil-
ity was predominantly located at the promoter ( < = 1 kb) 
(21.6-39.3%), distal intergenic (20.1-24.7%), and other 
introns (17.1-25.3%), and these distributions did not 
change after H2AZ1 silencing (Fig.  4D and S4B). Chro-
matin accessibility exhibited both commonality and 
heterogeneity among the three cell lines (Fig.  4E), with 
common peaks primarily located in the gene promoter 
region within 1 kb (63%) (Fig. 4F), like CUT&Tag results 
shown in Fig. 3H.

We then analyzed the gain or loss of DAR (Differen-
tially Accessible Region) upon H2AZ1 knockdown from 
ATAC-seq data and found that the number of the gain 
or loss of DAR varied among the cell lines (Fig, 4G). The 
number of genes in the gain or loss DAR was also differ-
ent among the cell lines (Fig. 4H). In H1299 cells, there 
were 16,202 genes in the gain DAR, and 13,346 in the loss 
DAR. Conversely, in H1975 cells, there were 7,231 genes 
in the gain DAR and 16,510 genes in the loss DAR. In 
A549 cells, the number of genes in the gain or loss DAR 
was nearly equal to the siH2AZ1 treatment (Fig.  4H). 
This trend was also observed in the DAR-associated pro-
moter genes across the three cell lines (Fig. S4C). These 
results suggest that H2AZ1 knockdown can cause both 
gain and loss DAR.

KEGG enrichment analysis of loss DAR promoter 
genes after H2AZ1 silencing demonstrated that the genes 
mainly enriched in tumor-related signaling pathways 
such as cell adhesion, Wnt, HIF1A, Hippo, and ErbB, etc. 
(Fig. S4D). Key genes in these pathways were also altered, 
such as EGFR and CCNE1, which will be validated in the 
subsequent experiments.

A high density of ATAC-seq signaling means that the 
chromatin regions are more open and more accessible 
for transcription factors and RNA polymerase binding, 
showing a correlation between chromatin accessibility 
near genes and their expression levels. We analyzed the 
relationship between gene expression levels and chro-
matin accessibility using ATAC-seq and RNA-seq data. 
We divided genes into four classes based on expression 
levels and aligned them to ATAC-seq signals in the TSS 
or gene body. We found that the ATAC-seq signal inten-
sity in TSS was positively correlated with gene expression 
regardless of H2AZ1 knockdown, while no correlation 
was found in the gene body region (Fig. 4I and S4E). All 
six samples showed the same patterns, suggesting that 
genes with high expression levels usually had more open 
chromatin status only at the TSS region.

Further detail analysis indicated that gene expression 
levels were higher only if chromatin was open in the pro-
moter ( < = 1 kb) region (Fig. 4J and S4F). In contrast, gene 
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expression levels were very low or nonexistent if chroma-
tin was open in gene body regions (including promoter 
(1-3 kb), intron, exon, distal intergenic, downstream, and 
3’UTR), or in regions with no open chromatin (Fig. 4J). 

This explains why there was no correlation between 
ATAC signal intensity and gene expression in the gene 
body region shown in Fig.  4I. More importantly, this 
relationship between chromatin accessibility location 

Fig. 4 Open chromatin accessibility at TSS leads to higher gene expression revealed by ATAC-seq and RNA-seq. (A, B) ATAC-seq signals density around 
TSS. A549 had a relatively lower intensity. (C) ATAC-seq revealed the total peaks with H2AZ1 silencing or not in 3 lung cancer cell lines. (D) Distribution of 
peaks on chromatin accessibility in A549 cell line. (E) Venn diagram of ATAC-seq showed the overlapping of chromatin accessibility of 3 lung cancer cell 
lines (siCtrl data only). (F) ATAC-seq: round pie chart showing the distribution of chromatin accessibility regions of the common peaks of the 3 cell lines 
(siCtrl data only). (G) The number of gain or loss DARs upon H2AZ1 silencing in 3 cell lines. (H) ATAC-seq shows the number of gain or loss DAR-associated 
genes after H2AZ1 knockdown. (I) The relationship between chromatin accessibility (ATAC-seq signal) and gene expression (RNA-seq) in the A549 cell 
line. (J) The more detailed relationship between chromatin accessibility and gene expression. (H1975 siCtrl of ATAC-seq and RNA-seq of H1975 siCtril as 
an example showing here, A549 and H1299 have similar results not shown here). (K) The correlation of H2AZ1 deposition, chromatin accessibility, and 
gene expression in the promoter ( < = 1 kb) CUT&Tag-seq, ATAC-seq, and RNA-seq data. (CUT&Tag-seq of H1975, ATAC-seq of H1975 siCtrl, and RNA-seq 
of H1975 siCtril as an example showing here, A549 and H1299 have similar results not shown here)
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and gene expression was verified in human lung tissues 
from TCGA RNA-seq data [36] (Fig. S4H-J) indicating 
that opened chromatin at the promoter is a key factor for 
gene expression in both normal and tumor tissues.

From CUT&Tag-seq and ATAC-seq analysis, we con-
cluded that genes were expressed only if H2AZ1 depos-
ited, or chromatin opened only on the promoter ( < = 1 kb) 
region. Next, we analyzed the relationship between gene 
expression levels and H2AZ1 binding and/or chromatin 
accessibility in the promoter ( < = 1 kb) region. We found 
that the gene expression was higher when there was 
both H2AZ1 binding and open chromatin, compared to 
H2AZ1 binding only or open chromatin only (Fig. 4K and 
S4G). An example of the correlation among CUT&Tag, 
ATAC, and mRNA expression is shown in Fig. S4K, L. 
ING5, D2HGDH, and LINC01279 gene locations having 
H2AZ1 binding signaling (CUT&Tag) and open chro-
matin around TSS (ATAC-seq) have mRNA expression 
(RNA-seq), while NEU4, PDCD1 (PD1) and RTP5 gene 
locations having not H2AZ1 binding signaling and open 
chromatin around TSS have not mRNA expression in all 
3 lung cancer cell lines. This relationship between H2AZ1 
binding and/or chromatin accessibility in the promoter 
( < = 1 kb), and gene expression was confirmed in lung tis-
sues from TCGA RNA-seq data [36] (Fig. S4M-O).

In summary, common chromatin accessibility peaks 
were mainly distributed in the gene promoter region 
within 1  kb (63%) among the three cell lines. H2AZ1 
knockdown could cause both gain DAR and loss DAR. 
Gene expression levels were positively correlated with 
higher chromatin accessibility signal only in the TSS 
region, and gene expression levels were higher only if 
chromatin opened in the promoter ( < = 1 kb) region. The 
highest gene expression level was related to H2AZ1 bind-
ing and chromatin accessibility in the promoter ( < = 1 kb) 
region in both normal and tumor tissues.

H2AZ1 is involved in multiple cancer-related signaling 
pathways uncovered by RNA-seq
To fully understand the regulation of H2AZ1 on gene 
expression, we performed RNA-seq after the knockdown 
of H2AZ1 with siRNAs in A549, H1299, and H975 cell 
lines. We used the following criteria for the selection 
of up or down-regulated genes upon H2AZ1 knock-
down: (1) TPM value larger than 0.3 in 2/3 samples; (2) 
siH2AZ1/siCtrl ratio less than 0.65 or greater than 1.6 in 
2 of 3 cell lines. We identified 908 down-regulated genes 
and 1026 up-regulated genes upon H2AZ1 knockdown 
in these three lung cancer cell lines (Fig. S5A). KEGG 
pathway enrichment analysis on the DAVID website [44] 
for these 908 down-regulated genes revealed the enrich-
ment in several important cancer-related pathways, such 
as TNF, NF-kB, HIF1A, PD-L1/PD-1, MAPK, pathways 
in cancer, cell adhesion, JAK-STAT, and PI3K-AKT 

(Fig.  5A). These results were consistent with previous 
CUT&Tag enrichment results. Further analysis showed 
that several core genes related to lung cancer, includ-
ing RELA, HIF1A, and EGFR, frequently appeared in 
these pathways (Fig. 5B, C). Interestingly, among the 908 
down-regulated genes, 128 were transcription factors 
(TFs). KEGG pathway enrichment with these 128 TFs 
revealed a similar pathway pattern to that seen with all 
908 genes (Fig. S5B). This warranted further investiga-
tion into how H2AZ1 regulates these oncogenic genes 
and pathways. Analysis of the 1026 up-regulated genes 
revealed that the herpes simplex virus 1 infection was 
among the top pathways, followed by renin and insulin 
resistance (Fig. S5C). Surprisingly, Key tumor suppressor 
genes [45], such as TP53, PTEN, RB1, STK11, NF1, and 
KEAP1did not change upon H2AZ1 knockdown as mea-
sured by RNA-seq (Fig. S5D).

In previous analyses of CUT&Tag, ATAC-seq, and 
RNA-seq data, several cancer-related signaling pathways 
were enriched, including key molecules in lung cancer 
such as RELA, HIF1A, and EGFR. We validated these 
findings at both protein and mRNA levels using Western 
blotting (Fig.  5D and S5E, F). The results demonstrated 
that the protein levels of EGFR, HIF1A, and p-RELA p65 
were reduced after H2AZ1 knockdown (Fig.  5D). We 
confirmed that proteins of EGFR, HIF1-α, and p-RELA 
p65 were also decreased by stable knockdown H2AZ1 
with shRNAs in A549 and PC9 cell lines (Fig. S5E, F), 
constant with RNA-seq results (Fig. 5C). These findings 
suggested that these oncogenic genes are regulated by 
H2AZ1 at the transcription level. We next investigated 
the relationship between these oncogenic genes and 
H2AZ1.

H2AZ1 regulates EGFR through HIF1A
HIF1A is reported to promote EGFR transcription 
through its binding to the 18th intron of the EGFR gene 
in breast cancer cells using ChIP-seq and double lucif-
erase reporter assay [46]. We showed that H2AZ1 regu-
lates HIF1A and EGFR at both mRNA and protein levels. 
Since HIF1A is a transcription factor that could regu-
late EGFR [46], we speculated that H2AZ1 may regu-
late EGFR through HIF1A by binding to the promotor 
regions of EGFR in lung cancer.

First, we confirmed that H2AZ1 regulates HIF1A. 
HIF1A was decreased upon H2AZ1 silencing (Fig. 5C, D 
and S5E, F). We then overexpressed H2AZ1 and HIF1A 
with lentivirus. HIF1A expression was upregulated after 
H2AZ1 overexpression (Fig.  6A), while H2AZ1 expres-
sion was slightly decreased after HIF1A overexpression, 
possibly as a feedback reaction (Fig.  6A). From TCGA 
RNA-seq data of human lung adenocarcinoma tissues 
on the GEPIA website [41], we found a strong positive 
correlation between H2AZ1 mRNA and HIF1A mRNA 
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Fig. 5 H2AZ1 knockdown affects several cancer-related pathways. (A, B) KEGG pathway enrichments using 908 down-regulated genes after H2AZ1 
knockdown. Several cancer-related pathways and oncogenic genes are highlighted in B. (C) RNA-seq data indicated that the mRNAs of RELA, HIF1A, 
and EGFR were reduced after H2AZ1 knockdown with siRNAs. (D) Western blot demonstrated that the protein levels of EGFR, HIF1αand RELA p65 were 
decreased after H2AZ1 knockdown with siRNAs at 72 h in 3 lung adenocarcinoma cell lines
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Fig. 6 H2AZ1 regulates EGFR through HIF1A. (A) The expression of HIF1A protein was up-regulated after H2AZ1 overexpression, while H2AZ1 protein 
expression was slightly down-regulated after HIF1A overexpression. (B) Correlation analysis on the GEPIA website suggested a strong positive correlation 
between H2AZ1 mRNA and HIF1A mRNA (p < 0.001, R = 0.41). (C) EGFR protein was decreased at 24, 48, and 72 h after H2AZ1 knockdown with siRNA in 
the A549 cell line. (D) EGFR protein was downregulated after HIF1A knockdown with siRNAs, while H2AZ1 protein was not changed. (E) HIF1αand H2AZ1 
proteins were slightly increased upon EGFR silencing with siRNA. (F) CUT&Tag of HIF1α indicating HIF1α protein bound to EGFR promoter and gene body 
regions in H1975 cell line. H2AZ1 protein was also bound to the EGFR promoter with open chromatin accessibility. (G) Large scale of the promoter region 
from F showing HIF1α and H2AZ1 were located at the EGFR promoter region with open chromatin accessibility for RNA polymerase binding. This region 
was also highly acetylated. The image of ChIP-seq of H3K27Ac and POLR2A were downloaded from the UCSC website. (H) Working model of H2AZ1 and 
HIF1α in the regulation of EGFR expression
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(p < 0.001, R = 0.41) (Fig. 6B). Our H2AZ1 CUT&Tag and 
ATAC-seq results showed H2AZ1 was physically bound 
to the TSS of HIF1A with open chromatin (ATAC-
seq) for possible transcription factors and RNA poly-
merase binding (Fig. S6A, B). Thus, we concluded that 
the H2AZ1 protein binds to the TSS of the HIF1A gene, 
together with unknown transcription factors, to regulate 
HIF1A expression at the transcription level. The exact 
mechanism, including which transcription factors are 
involved, needs further investigation.

Next, we confirmed that HIF1A regulates EGFR 
expression. EGFR is an important oncogene in lung can-
cer progression and metastasis [47]. EGFR protein levels 
decreased after H2AZ1 knockdown in lung cancer cell 
lines within 24 h (Fig. 6C and S6C).

We then knocked down HIF1A with siRNAs and found 
that EGFR protein levels were downregulated, while 
H2AZ1 levels remained unchanged (Fig. 6D). HIF1ɑand 
H2AZ1 proteins were slightly upregulated after EGFR 
knockdown with siRNAs, whereas their mRNAs were 
not significantly changed (Fig. 6E and S6D). Thus, HIF1A 
regulated EGFR expression, while EGFR may have a 
slight feedback inhibitory effect on HIF1A and H2AZ1.

To uncover the physical binding region of HIF1A or 
H2AZ1 on EGFR, we performed CUT&Tag for HIF1A 
and H2AZ1. The results revealed that HIF1A and H2AZ1 
were physically bound to both the promoter and gene 
body regions of EGFR with open chromatin (ATAC-seq) 
at TSS for RNA polymerase binding (Fig.  6F-H). This 
confirmed that HIF1A directly regulated EGFR expres-
sion at the transcription level.

Taken together, these results revealed that H2AZ1 
binds to both the TSS of HIF1A and EGFR. H2AZ1 regu-
lates EGFR expression via HIF1A’s binding to the TSS of 
EGFR in lung cancer.

H2AZ1 regulates EGFR via the RELA-HIF1A axis
Previous studies have shown that HIF1A is regulated by 
RELA p65 through direct binding to the HIF1A promoter 
region [48, 49]. Our research demonstrated that HIF1A, 
RELA, and EGFR were downregulated after H2AZ1 
knockdown in lung cancer cell lines. This prompted 
us to investigate whether H2AZ1 regulates HIF1A via 
RELA and subsequently affects EGFR. RELA p65 is one 
of the members of the transcription factor NF-κB fam-
ily [41]. Analysis of existing GEPIA data indicated a 
strong positive correlation between RELA mRNA and 
HIF1A mRNA in lung adenocarcinoma tissues (Fig. 7A). 
To further explore the relationship between RELA and 
HIF1A/EGFR, we designed the siRNAs for RELA and 
RELB. The knockdown efficiency was validated by qRT-
PCR (Fig. 7B and S7A). HIF1A mRNA and protein levels 
decreased after RELA knockdown (Fig. 7C, D). Notably, 
HIF1A expression was unaffected by RELB knockdown 

(Fig. S7B, ). We conducted a rescue assay where RELA 
knockdown resulted in decreased HIF1A and EGFR lev-
els (Fig.  7E). HIF1A and EGFR proteins were increased 
after HIF1A was induced by hypoxia (Fig.  7E). Further-
more, the high expression of HIF1A induced by hypoxia 
was able to partially rescue the decrease of EGFR caused 
by RELA knockdown (Fig. 7E).

To identify the physical binding region of RELA pro-
tein on the HIF1A promotor, we downloaded two RELA 
ChIP-seq datasets from GEO: GSE117250 [50] and 
GSE55105 [51]. These datasets revealed that RELA binds 
to the HIF1A promoter along with RNA polymerase 
(Fig. 7F and S7C), further confirming RELA’s role in reg-
ulating HIF1A expression in lung cancer.

In our CUT&Tag and ATAC-seq results, H2AZ1 was 
found bound physically to the RELA promoter in regions 
of open chromatin (ATAC-seq) facilitating RNA poly-
merase binding (Fig. S7D, E). This suggests that H2AZ1 is 
involved in RELA expression.

In summary, the H2AZ1 protein was deposited on the 
TSS regions of RELA, HIF1A, and EGFR genes for their 
mRNA expression. H2AZ1 may regulate EGFR expres-
sion through the RELA-HIF1A axis, thereby promoting 
tumor progression (Fig. 7G, H).

Discussion
Although histone variant H2AZ1 plays an increasingly 
important role in cancer biology, the underlying mecha-
nisms remain unclear [10]. Here, we identified the unique 
function and mechanisms of H2AZ1 in lung adenocar-
cinoma. H2AZ1 mRNA was highly expressed in lung 
cancer and the high level of H2AZ1 mRNA expression 
was associated with poor patient survival. The cell pro-
liferation, colony formation, migration, and invasion 
were decreased upon H2AZ1 silence. Mechanistically, 
the H2AZ1 protein was predominantly deposited around 
TSS and influenced multiple oncogenic signaling path-
ways. H2AZ1 may drive lung cancer progression through 
the RELA-HIF1A-EGFR signaling pathway.

Our CUT&Tag-seq and RNA-seq analysis results 
revealed that the common H2AZ1 chromatin binding 
peaks among three cell lines were primarily distributed 
in the gene promoter region within 1 kb (77.5%), which 
aligns with other reports [42]. We also found that higher 
H2AZ1 binding intensity in the promoter region around 
TSS positively correlated with higher gene expression, 
consistent with previous reports [12, 42, 43]. Genes were 
expressed only when H2AZ1 was bound to the promoter 
( < = 1  kb) and 5’UTR regions. H2AZ1 binding on chro-
matin could cause both upregulation and downregulation 
of genes upon H2AZ1 silencing.

Higher ATAC-seq peak intensity indicated that chro-
matin regions were more open and accessible for tran-
scription factors and RNA polymerase binding. The 
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Fig. 7 H2AZ1 regulates HIF1A via RELA. (A) GEPIA website data indicated a strong positive correlation between RELA mRNA and HIF1A mRNA. (B) qRT-
PCR assay validated the knockdown efficiency of RELA siRNAs in H1299 cells. (C, D) Both HIF1A mRNA and protein were decreased after RELA p65 knock-
down measured by qRT-PCR and Western blot. ** p < 0.01. (E) HIF1αand EGFR proteins were decreased after RELA knockdown with siRNAs. In hypoxia 
status, HIF1αand EGFR proteins were increased but decreased upon RELA knockdown. (F) RELA protein bound to HIF1A promoter together with RNA 
polymerase binding measured by ChIP-seq in human B lymphoma cells. (data source: GSE117250 and GSE55105). (G, H) Working model of H2AZ1 as a 
central player in the RELA-HIF1A-EGFR axis
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common chromatin accessibility peaks were mainly dis-
tributed in the gene promoter region within 1 kb (63%) 
among the three cell lines. Gene expression levels were 
positively correlated with higher chromatin accessibil-
ity signals only in the TSS region, and the highest gene 
expression levels were associated with both H2AZ1 bind-
ing and chromatin accessibility in the promoter (≤ 1 kb) 
region. Combined analyses of H2AZ1 binding from 
CUT&Tag-seq and gain or loss DAR region from ATAC-
seq revealed a similar number of gain DAR and loss DAR 
in H2AZ1 binding regions, demonstrating H2AZ1 bind-
ing on chromatin could cause both gain DAR and loss 
DAR. These results suggested multiple factors are pre-
sented for the regulation of gene expression and chroma-
tin accessibility other than H2AZ1 only.

H2AZ1 is reported mainly localized at promoters or 
enhancers [43, 52], and its chromatin deposition around 
TSS affects gene expression [53–56]. Our multi-omics 
enrichment analysis suggested that H2AZ1 regulated 
several key cancer-related genes/signaling pathways in 
lung cancer. This included several oncogenic genes such 
as NF-KB (RELA), MAPK, HIF1A, EGFR, CCNE1, Wnt, 
and Notch. We have validated some of them at protein 
and mRNA levels. More importantly, we revealed that 
H2AZ1 may regulate EGFR through RELA-HIF1A axis.

Hypoxia is a common feature of many solid tumors 
[57]. HIF-1  A, a hypoxia marker, governs tumor cell 
energy metabolism, proliferation, and apoptosis. It trig-
gers cellular and tissue adaptations to hypoxia, promotes 
tumor angiogenesis, and enhances tumor invasiveness 
while conferring resistance to radiotherapy and chemo-
therapy [58]. Therefore, exploring HIF1A as an antican-
cer drug target has become a hot topic in recent years 
[59]. However, the regulation of HIF1A by the histone 
variant H2AZ1 has not been reported.

In this study, HIF1A was significantly downregulated 
upon H2AZ1 knockdown at both protein and mRNA lev-
els. Further, HIF1A expression increased when H2AZ1 
was overexpressed, while H2AZ1 expression slightly 
decreased after HIF1A overexpression, possibly indicat-
ing a feedback reaction. The above results confirmed 
that H2AZ1 regulated HIF1A at the transcription level. 
HIF1A is reported to be the direct target of RELA p65 
through binding to the HIF1A promoter region [48, 49]. 
This is confirmed by another two RELA ChIP-seq data-
sets [50, 51], showing RELA was bound to the HIF1A 
promoter. We found that HIF1A was regulated by RELA 
at the transcription level in lung cancer cells. Thus, we 
speculated that H2AZ1 may regulate HIF1A through 
RELA.

EGFR is an important oncogene in lung cancer pro-
gression and metastasis [60, 61]. Targeting EGFR has 
become a key modality for lung cancer treatment. EGFR 
inhibitors have become first-line agents for lung cancer 

treatment [62]. We found that HIF1A could regulate 
EGFR expression and CUT&Tag results confirmed mul-
tiple HIF1A binding sites on the promoter and other 
regions of EGFR. Based on these results, we proposed 
that H2AZ1 regulates EGFR through HIF1A, and HIF1A 
potentially via RELA. Inhibition of H2AZ1 and its signal-
ing may have a dual role in the treatment and prevention 
of lung cancer patients.

H2AZ1 was selected for this study due to its elevated 
expression in brain metastasis of mouse models [39], 
human brain metastasis of lung tumors [39, 40, 46], and 
various other human tumors [32, 35, 36, 63]. We per-
formed the functional and molecular mechanistic stud-
ies in vitro, while the results of functional experiments 
including tumor metastasis and the related mechanisms 
need further exploration in vivo. The precise mechanisms 
by which H2AZ1 regulates RELA remain to be fully elu-
cidated. Further experiments are needed to explore and 
validate this relationship. The mechanism of H2AZ1 
overexpression remains poorly understood. MYC can 
bind to the promoter region of H2AZ1 and regulate its 
expression [64]. We also found that H2AZ1 expression 
was decreased upon MYC silencing (data not shown).

Conclusion
Histone variant H2AZ1 has an oncogenic role in lung 
cancer progression. H2AZ1 is mainly deposited around 
TSS and affects multiple cancer signaling pathways. 
H2AZ1 may regulate EGFR via RELA-HIF1A axis, sug-
gesting that the intervention with H2AZ1 or its down-
stream genes/signaling may have translational potential 
for precision therapy.
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