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KEY WORDS Abstract  Angiogenesis is a hallmark of lung adenocarcinoma (LUAD) and a leading cause of mortality.

Identifying potential therapeutic targets that modulate this process is of critical clinical importance. Here,

Lung adenocarcinoma;

we established a 12-gene risk-scoring model through bioinformatics screening and systematically delineated

ﬁg/g:g%egr;lesm, the molecular function of H2AC19, a previously poorly understood histone variant within this signature.
Epigenetic regulation; Analysis of human LUAD specimens revealed elevated H2AC19 expression, which correlated positively
Therapeutic target; with angiogenesis markers and advanced clinical stage and negatively with patient prognosis. Functional
EGRI; validation using CRISPR/Cas9 in patient-derived organoids (PDOs), in vitro cell models and in vivo xeno-
MMP-1; grafts demonstrated that H2AC19 promotes angiogenesis and tumor growth. Mechanistically, H2ZAC19 re-
P300 cruits p300 through its amino acid residues 24—88 to specifically augment H3K27 acetylation at the EGR1
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promoter region, thereby triggering EGR1 transcriptional activation and subsequently promoting MMP-1-
driven angiogenesis and progression of LUAD. Furthermore, we evaluated the therapeutic potential of lipid
nanoparticles (LNP)-encapsulated siRNA targeting H2AC19, which significantly suppressed angiogenesis
and LUAD progression. Collectively, our findings establish a critical role for H2AC19 in governing angio-
genesis and highlight its potential as a promising therapeutic target for LUAD.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lung cancer remains one of the most prevalent and lethal malig-
nancies worldwide'. As the predominant pathological subtype, lung
adenocarcinoma (LUAD) accounts for over half of all lung cancer
cases and is frequently associated with poor prognosis®. Despite
substantial advances in diagnostic techniques and therapeutic stra-
tegies for LUAD in recent years, the long-term prognosis of LUAD
patients remains largely unsatisfactory, highlighting an urgent need
to explore new therapeutic targets to improve clinical outcomes™*.

Growing research has focused on the role of epigenetic regu-
lation in LUAD progression®. As key epigenetic regulators in
tumorigenesis, histone variants are paralogs that can replace ca-
nonical core histones (H2A, H2B, H3, H4), thereby exerting
profound effects on local chromatin structure, DNA accessibility,
gene regulation, and DNA damage repair® ®. Among all identified
histone variants, the H2A family contains the greatest sequence
diversity’. Studies have implicated genetic alterations in H2A
variant-encoding genes in carcinogenesis, and accumulating evi-
dence supports their potential as pivotal prognostic indicators or
biomarkers for cancer detection and therapeutic intervention'®.

H2AC19 is a new member of the H2A family, which is mapped
to chromosome 1921 and encoding a 130-amino-acid protein in
humans (GeneCards database). Limited bioinformatics evidence
indicates that H2AC19 expression is regulated and in response to
diverse infectious and various therapeutic regimens, including
chemotherapy and traditional Chinese medicine, implying its
potential functional involvement in disease pathogenesis and drug
responsiveness' 13, Nevertheless, its precise biological functions,
underlying regulatory pathways, and translational clinical poten-
tial remain largely uncharacterized.

In this study, we found that H2AC19 was significantly upregu-
lated in LUAD and promoted tumor progression in both in vitro and
in vivo models. We further demonstrated a hitherto unreported role
of H2AC19 in modulating angiogenesis via the p300/EGR1/MMP-
1 pathway, illustrating the potential of the LNP/si-H2AC19 com-
plex as a promising therapeutic approach for LUAD treatment. Our
findings highlight the potential of H2AC19 as both a prognostic
biomarker and an innovative therapeutic target in LUAD.

2. Materials and methods

Details for the materials and methods are presented in the Sup-
porting Information.

2.1.  Animal studies

All animal procedures were conducted following ethical approval
(IACUC-QHSU, KYLL-2024(ZM)-1085) and adhered to National

Institutes of Health (NIH) guidelines for laboratory animal wel-
fare. Male BALB/c nude mice (6 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
(China) and housed under specific pathogen-free (SPF) conditions.
Randomization and blinding were implemented during group
allocation, surgical interventions, and outcome assessments. For
tumorigenesis, a suspension of 107 cells/mL was subcutaneously
injected into the right dorsal flank of nude mice. Upon reaching
humane endpoints, the mice were euthanized under deep anes-
thesia, and tumors were excised, weighed, and documented.

2.2.  LUAD PDO culture

Organoids were established as previously described'. In brief,
fresh tissue samples were processed immediately after surgical
resection. The minced specimens were incubated in 5 mL diges-
tion buffer containing collagenase B and DNase I at 37 °C with
gentle agitation for 30—60 min. The cell suspensions were sub-
sequently filtered and centrifuged, and the pellets were embedded
in Matrigel (Corning, Tewksbury, MA, USA) in 24-well plates.
PDOs were cultured at 37 °C with 5% CO, in a humidified
incubator, and the medium was changed three times weekly.

2.3.  Gene knockout (KO) using the CRISPR/Cas9 system

CRISPR plasmids (Santa Cruz) were transfected into A549/
H1299 cells using UltraCruz reagent according to the manufac-
turer’s protocol. Cas9/sgRNA constructs targeting H2AC19 (or
MMP-1, EGR1) constructs were introduced into cells seeded in 6-
well plates for 12 h. Transfection efficiency was confirmed by
GFP expression. Cells were subjected to 14 days of puromycin
(0.5 pg/mL) selection. GFP-positive single clones were expanded
from 96-well plates, with H2AC19 (or MMP-1, EGR1) protein
levels were assessed by Western blot. The genomic sequencing
data for the target gene deficient A549 and H1299 cells are
showed in Supporting Information Fig. S1.

2.4.  Tube formation assay

Matrigel (250 pL/well, BD) was added to 24-well plates and
allowed to polymerized at 37 °C for 30 min. HUVECs
(2 x 10° cells/well) were seeded and incubated in conditioned
medium for 8 h. Node counts per well were quantified in triplicate.

2.5.  Chicken chorioallantoic membrane (CAM) assay

CAM assay was performed at the eighth day of fertilized chicken
eggs referring to the methods according to previous studies'. In
brief, a 1.0-cm window was opened in the air sac and the un-
derlying shell membrane was removed to expose the CAM. A 0.5-
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Figure 1  Upregulation of H2AC19 is associated with poor prognosis of patients with LUAD. (A) Heatmap showing the sample clustering at
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cm filter paper disc was placed on the CAM and treated with
100 pL of fresh lung cancer cell-conditioned medium. The eggs
were sealed and incubated at 37.8 °C (60%—80% humidity) for 5
days. CAM images (Canon camera) analyzed via Image View 3.7
software were used to assess vascular responses through vessel
count comparisons with controls.

2.6.  Real-time polymerase chain reaction (qPCR)

Total RNA was extracted with TRIzol reagent (Invitrogen). The
mRNA expression levels were determined by real-time qRT-PCR
using a Bio-Rad iCycler system (Bio-Rad, Hercules, CA, USA).
The sequences of specific primers are listed in Supporting Infor-
mation Table S1.

2.7.  Western blot analysis

Total protein was extracted from cells using RIPA lysis buffer,
separated by SDS-PAGE, and transferred to PVDF membranes.
After blocking with 5% skim milk, membranes were incubated with
primary antibodies. Antibodies used in this study are summarized in
Supporting Information Table S2. Band intensity was quantified by
Image J software normalized to housekeeping protein.

2.8.  RNA interference and plasmid transfection

Cells were cultured in antibiotic-free medium. siRNAs targeting
AHNAK?2, ADHFE1, DKK1, H2AC19, KCNV1, MELTF, PITX3,
PLEK2, RHOV, SLC2A1, SLC16A3, VAXI and scramble control,
as well as EGR1/MMP-1 overexpression plasmids and corre-
sponding empty vectors, were transfected into cells using Lip-
ofectamine 3000 (Invitrogen) following the manufacturer’s
protocol. The sequences of siRNA oligonucleotides are listed in
Supporting Information Table S3.

2.9.  Statistics

Data are expressed as means = SD. Statistical analysis were
performed with GraphPad Prism (version 8.0, GraphPad Software,
San Diego, CA, USA). Details for statistics can be found in the
Supporting Information.

3. Results

3.1.  Construction and validation of a risk score model based on
12 core genes for LUAD prognosis

Given the critical role of hypoxia microenvironment and
angiogenesis in tumor progression'®, we analyzed LUAD

transcriptomic data from The Cancer Genome Atlas (TCGA)
database using the HALLMARK-HYPOXIA and HALLMARK-
ANGIOGENESIS gene sets from the Molecular Signatures
Database (MSigDB). Based on consensus clustering analysis of
233 hypoxia and angiogenesis associated genes (Supporting In-
formation Table S4), we identified two stable LUAD subgroups
in the TCGA-LUAD cohort, with principal component analysis
(PCA) confirming distinct transcriptional separation (Fig. 1A and
B). Subsequently, differential expression analysis between the
two subgroups revealed 1573 differentially expressed genes, of
which 554 were upregulated and 1019 downregulated (Fig. 1C).
After univariate Cox regression analysis, we screened 12
prominent genes using LASSO regression and calculated the
coefficient of each gene in the risk-scoring formula via multi-
variate Cox regression. Finally, a 12-gene signature model was
constructed and used to classify patients into high-risk and low-
risk group (Fig. 1D and E). In the TCGA-LUAD cohort, high-
risk patients defined by this signature exhibited significantly
poorer overall survival, with time-dependent AUC values of
0.699, 0.714, and 0.683 for 1-, 3-, and 5- year survival, respec-
tively (Supporting Information Fig. S2A and S2B). We then
validated the prognostic performance of this model in two in-
dependent cohorts, GSE31210 and GSE50081, where high-risk
patients consistently presented inferior survival outcomes
(Fig. S2C—S2F). Importantly, we successfully constructed a
well-calibrated nomogram composed of the signature risk score
and multiple clinicopathological features for predicting the sur-
vival time of LUAD patients, which demonstrated strong pre-
dictive accuracy (5-year C-index: 0.991, Fig. S2G). Decision
curve analysis indicated that the model conferred a substantial
clinical benefit across a wide range of thresholds probabilities
(Fig. S2H). Moreover, we compared the predictive performance
of our constructed 12-gene signature with previously published
prognostic models related to hypoxia and angiogenesis across
three independent cohorts. Time-dependent ROC analyses
revealed that our model achieved comparable or superior AUC
values at 1-, 3-, and 5-year time points compared with most
existing signature models, and showed better prediction perfor-
mance at 3- and S5-year time points (Supporting Information
Table S5 and Fig. S2I).

3.2.  Upregulation of H2AC19 is associated with poor prognosis
in LUAD patients

Furthermore, we examined the expression patterns of 12 core
genes in paired tumor and normal tissues (Fig. S2J), confirming
that most genes were upregulated in LUAD tissues. To verify
their functions, we silenced these genes in A549 cells (Fig. S2K)
and established an indirect co-culture system using Transwell

angiogenensis and hypoxia genes in TCGA database. Red and blue nodes indicate upregulated and downregulated genes, respectively. (D) Cross
validation for tuning parameter selection in the LASSO regression. (E) LASSO coefficient profiles and corresponding coefficient of 12 candidate
genes. (F) Schematic diagram of lung adenocarcinoma cells co-cultured with HUVEC cells. (G, H) Tube formation assay of HUVECs treated for
48 h with conditioned medium (CM) from A549 cells under different conditions. Scale bar = 100 um. (I) Representative immunohistochemistry
of H2AC19, VEGFA, CD31 and Ki-67 expression in lung tissues from normal subjects (n = 62), stage I (n = 21), stage II (n = 20), stage III
(n = 14) and stage IV (n = 7) of LUAD. The expression level of CD31 was evaluated by the microvascular density (MVD). (J-L) Correlation
analyses between H2AC19 expression and VEGFA, CD31 and Ki-67 in all subjects (n = 62). (M) The survival analysis of the high and low-
H2AC19 score groups stratified based on the median of H2AC19 staining scores calculated by OS prediction risk score formula. Data are
expressed as mean + SD and » indicates the number of biologically independent experiments. Two-tailed Student’s unpaired t test analysis (H, I
for CD31 and Ki67). One-way ANOVA followed by Tukey’s post-test (I for H2AC19 and VEGFA). Spearman’s correlations (J-L). *P < 0.05,

#p < 0.01, ***P < 0.001.
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chambers to investigate their effects on capillary-like tube for-
mation of HUVECs in Matrigel (Fig. 1IF—H). Among several
genes that exhibited inhibitory effects on tube formation,
H2AC19 was the most prominent and was therefore selected for
further investigation of its biological roles and underlying mo-
lecular mechanisms. Strikingly, the expression level of H2AC19
was markedly increased in LUAD patients with advanced clin-
ical stages, augmented angiogenesis (validated by VEGFA and
CD31 immunohistochemical staining), and accelerated tumor
proliferation (confirmed by Ki67 labeling) (Fig. 1I). The infor-
mation of the subjects in this study was summarized in Sup-
porting Information Table S6. Importantly, the expression level
of H2AC19 in LUAD patients was positively correlated with
angiogenesis (Fig. 1J and K) and tumor progression (Fig. 1L).
Kaplan-Meier survival curves revealed that LUAD patients with
high H2AC19 expression exhibited shorter overall survival
(Fig. 1M). Furthermore, univariate and multivariate Cox
regression analyses demonstrated that H2ACI19 expression
served as an independent prognostic factor for overall survival of
LUAD patients (Supporting Information Table S7). Taken
together, these results indicate that elevated H2AC19 expression
is a poor prognostic factor for LUAD. In addition, we further
analyzed H2AC19 expression across clinically established mo-
lecular subtypes of LUAD. Within the TCGA-LUAD cohort,
H2AC19 exhibited the highest expression levels in KRAS-
mutant tumors compared with other driver mutation subtypes,
including EGFR, BRAF, ALK, ROS1, MET, NRG, and RET
mutants (Fig. S2L). Immunohistochemical validation further
confirmed that KRAS-mutant tumors exhibited modestly higher
H2AC19 protein levels than EGFR- or BRAF-mutant tumors
(Fig. S2M). These observations suggest that the H2ZAC19-driven
angiogenic pathway may be critical and functionally predomi-
nant in KRAS-mutant LUAD, a subtype that still lacks effective
targeted therapeutic strategies.

3.3.  H2ACI19 knockout suppressed LUAD cell growth, migration
and angiogenesis

To further elucidate the role of H2AC19 in LUAD, we generated
H2AC19-deficient A549 and H1299 cell lines by using CRISPR/
Cas9 editing system (Fig. 2A and B). We found that H2AC19
knockout in LUAD cells significantly reduced the expression
(Fig. 2C) and secretion (Supporting Information Fig. S3A) levels
of VEGFA. Using a co-culture system of LUAD cells and
HUVECs, we found that H2AC19 deficiency in LUAD cells
impaired the tube formation capacity (Fig. 2D and E), migratory
ability (Fig. 2F) and proliferative activity (Fig. 2G) of HUVECs

compared with their controls. Moreover, assessments via flow
cytometry (Fig. 2H), colony formation assays (Fig. S3B) and
wound-healing assays (Fig. S3C) demonstrated that H2AC19
knockout also significantly induced apoptosis, inhibited prolifer-
ation and migration of LUAD cells.

We then performed xenograft tumor-formation assays to
evaluate the functions of H2AC19 in LUAD in vivo. The results
showed that H2AC19 knockout cells exerted remarkable tumor-
suppressive effects (Fig. 2I), with both the volume and weight
of the derived tumors being significantly less than those of tumors
from control cells (Fig. 2J and K). Immunohistochemistry staining
and TdT-mediated dUTP Nick-End Labeling (TUNEL) assay
revealed decreased Ki67 expression and increased apoptotic cells
in the H2AC19 knockout group. Moreover, we explored the cor-
relation between H2AC19 and angiogenesis in vivo and found that
H2AC19 knockout also resulted in reduced VEGFA expression
and decreased microvascular density (MVD) compared with the
control group (Fig. 2L). Taken together, these findings demon-
strate that H2ZAC19 knockout suppresses angiogenesis and tumor
growth both in vivo and in vitro.

3.4. H2ACI9 deficiency inhibits angiogenesis by
downregulating the expression of MMP-1 in LUAD

To investigate the molecular mechanism by which H2AC19 pro-
motes LUAD, we performed unbiased RNA-sequencing (RNA-
seq) in A549 cells transduced with sg-H2AC19 or sg-NC, and
screened for differentially expressed mRNAs. Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Gene Set Enrichment
Analysis (GSEA) verified that H2AC19 was closely associated
with angiogenesis-related signaling pathways (Fig. 3A—D).
Among all  differentially = expressed  genes,  matrix
metalloproteinase-1 (MMP-1) attracted our particular interest, as
it showed the most significant fold change following H2AC19
knockout (Fig. 3E) and is known to play a pivotal role in angio-
genesis and tumor progression'’. We further confirmed that
H2AC19 knockout decreased both the mRNA and protein levels of
MMP-1 in LUAD cells (Fig. 3F and G).

To further determine whether MMP-1 is a key regulator linking
H2AC19 and angiogenesis in LUAD, we generated H2ACI19-
overexpressing (Fig. 3H) and MMP-1-deficient (Supporting In-
formation Fig. S4A) A549 and H1299 cells. It was found that
knockout of MMP-1 in LUAD cells counteracted the effects of
H2AC19 on VEGFA secretion (Fig. S4B), HUVEC tube formation
(Fig. 3I and J), and migration and proliferation of HUVECs
(Fig. S4C and S4D) and LUAD cells (Fig. S4E—S4G). Similar
results were found in in vivo studies (Fig. 3K—N).

Figure 2

H2AC19 knockout decreased LUAD cell growth, migration, and angiogenesis. (A) Schematic overview of the CRISPR/Cas9 system

in LUAD cells. (B) The knockout efficiency of H2AC19 in A549 and H1299 cells confirmed by Western blot analysis. (C) Western blot analysis of
VEGFA protein levels in A549 and H1299 cells with different treatments. (D) Tube formation assay of HUVECs treated for 48 h with conditioned
medium (CM) from A549 and H1299 cells under different conditions. Scale bar = 100 um. (E) Representative images of blood vessels in chick
chorioallantoic membrane (CAM) assay after treatment with different CM. (F) Transwell assay of HUVEC migration treated with CM from A549
and H1299 cells under different conditions. Scale bar = 100 pm. (G) The EDU assay of HUVEC proliferative treated with CM in A549 and
HI1299 cells under different conditions. Scale bar = 50 um. (H) Flow cytometry analysis of apoptosis in A549 cells and H1299 cells. (I)
Orthotopic tumor model in nude mice using A549 cells with stable H2AC19 knockout and their control. (J) Tumor volumes in the tumor-bearing
mice measured at the indicated time points after cell implantation. (K) Tumor weights in the tumor-bearing mice measured after cell implantation.
(L, M) TdT-mediated dUTP Nick-End labeling (TUNEL) assay and representative immunohistochemistry images of CD31, VEGFA and Ki67
expression from formalin-fixed paraffin-embedded xenograft sections. DAPI (4',6-diamidino-2-phenylindole) was used as a nuclear staining.
Scale bar = 20 pm. Data are expressed as mean =+ SD and n indicates the number of biologically independent experiments. Two-tailed Student’s
unpaired ¢ test analysis (C-H, J, K, M). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3 H2AC19 deficiency inhibits angiogenesis by downregulating expression of MMP-1 in LUAD. (A) Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment based on the RNA-seq of A549 cells across different groups. (B—D) Gene Set Enrichment Analysis
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3.5.  H2ACI9 promotes angiogenesis through the p300/EGR1/
MMP-1 pathway in LUAD

Given that histone H2A variants function as molecular scaffolds for
protein interactions and transcriptional regulation'® %% we hy-
pothesized that H2AC19 exerts its pro-angiogenic effects through
interaction with transcriptional regulators. To test this, we per-
formed protein-protein interaction prediction using the Search Tool
for the Retrieval of Interacting Genes (STRING) database. Among
the predicted interactors, the association between H2AC19 and the
histone acetyltransferase p300 drew our attention due to its well-
established role as a transcriptional co-activator and critical onco-
genic driver?* (Fig. 4A). It is known that p300 maintains gene
expression programs primarily by lysine acetylation of histones,
including lysine 4, 9, 14, 18 and 27 on histone 3 (H3K4, H3KO9,
H3K14, H3K18 and H3K27)*. We subsequently assessed p300-
mediated histones acetylation in LUAD cells and found that
H2AC19 bound to p300 (Fig. 4B), knockout of H2ACI19 prefer-
entially inhibited H3K27 acetylation without significantly affecting
acetylation at other sites (Fig. 4C). Given the histone nature of
H2AC19, we further conducted genome-wide chromatin immuno-
precipitation (ChIP) -seq (Fig. 4D and Supporting Information
Fig. S5A). Integrated analysis of ChIP-seq and RNA-seq datasets
identified 65 candidate genes as direct downstream targets of
H2ACI19, seven of which genes were strongly associated with
angiogenesis (Fig. 4E). Early growth response 1 (EGR1), the most
markedly dysregulated gene among these candidates and a well-
documented direct upstream regulator of MMP-1?® exhibited a
robust H2AC19 binding peak in the vicinity of its transcription start
site within the promoter region, as verified by ChIP-seq (Fig. 4F)
and ChIP-qPCR (Fig. S5B). Subsequent ChIP-qPCR assays
revealed that H2AC19 knockout decreased p300 occupancy and
H3K27 acetylation levels at the EGR1 promoter (Fig. 4G), whereas
its overexpression increased the enrichment of both factors
(Fig. S5C). H2AC19 knockout downregulated EGR1 expression at
both mRNA and protein levels (Fig. 4H and Fig. S5SD). Conversely,
H2AC19 overexpression enhanced H3K27ac at the EGR1 pro-
moter, upregulated EGR1 and MMP-1expression, and promoted
angiogenesis and tumor progression. These effects were abolished
by the p300 inhibitor A-485 (Fig. 41, Fig. SSE—S5L) or EGR1
knockout (Supporting Information Fig. S6). Similar results were
found in vivo (Supporting Information Fig. S7). These findings
indicate that the H2AC19-p300 axis promotes EGR1 transcription
through H3K27 acetylation. Rescue experiments confirmed that
exogenous EGR1 (Supporting Information Fig. S8) or MMP-1
(Supporting Information Fig. S9) overexpression reversed the
inhibitory effects of H2AC19 knockout on angiogenesis and tumor
progression, demonstrating that H2AC19 functions through the
EGR1/MMP-1 axis. In addition, we found that the levels of

H3K27ac and EGR1 were significantly upregulated in LUAD pa-
tients (Fig. 4I), which was positively correlated with H2AC19
expression (Fig. 4] and K).

3.6.  The H2AC19 deleted mutation of aa 24—88 counteracted
the effects of H2AC19 on LUAD

To characterize the structural basis of the interaction between
H2AC19 and p300, we employed AlphaFold 3 and Chimera X
for structural modeling. The analysis revealed that H2AC19 and
p300 share structural motifs that facilitate direct binding and
form a defined protein interaction interface (Fig. 5A), consistent
with the Predicted Aligned Error (PAE) analysis (Fig. 5B). To
further map the binding region between H2AC19 and p300, we
constructed three H2AC19 truncated mutants based on pre-
dictions from the UniProtKB/Swiss-Prot and Simple Modular
Architecture Research Tool (SMART) databases, with deletion
of amino acid (aa) 2—22 (Mutl), aa 24—88 (Mut2) or aa 92—126
(Mut3) (Fig. 5C). It was found that H2AC19 lacking the aa
24—88 fragment (Mut2) abolished binding to p300, whereas wild
type (WT) and the other two mutations retained binding capa-
bility (Fig. 5D). Accordingly, Mut2 significantly reduced p300
occupancy and H3K27 acetylation at the EGRI promoter
compared to H2AC19-WT (Fig. 5E). In line with these findings,
H2AC19-Mut2 decreased EGR1 and MMP-1 expression
compared to H2AC19-WT (Fig. 5F). Functionally, Mut2
reversed H2AC19-induced angiogenesis, as evidenced by
reduced tube formation, VEGFA levels, migration and prolifer-
ation of HUVECs (Fig. 5G—L), confirming that the aa 24—88
region is essential for H2AC19 binding to p300 and its pro-
angiogenic function.

3.7.  H2ACI9 promotes angiogenesis and tumor progression in
LUAD organoid models

To further verify the role of H2AC19 on angiogenesis in LUAD
clinically, we established Patient-derived organoids (PDOs) to
recapitulate the native features of primary LUAD (Fig. 6A).
Morphological evaluation confirmed the successful construction
of PDOs (Fig. 6B). Immunofluorescence (IF) analyses revealed
robust expression of the tumor markers, Napsin A and TTF1
(Fig. 6C), validating the fidelity of the organoid models. Notably,
H2AC19 knockout result in reduced PDO size (Fig. 6D),
impaired angiogenic potential, decreased proliferative capacity
(Fig. 6F), and increased apoptosis (Fig. 6E and F). Moreover,
overexpression of H2AC19 enhanced angiogenesis and prolif-
eration in organoids, which was reversed by treatment with
A-485 (Fig. 6G and H).

(GSEA) showing enrichment of angiogenesis, VEGFA and HIF-1« pathways. (E) Volcano plot of differentially expressed genes identified by
RNA-seq analysis between groups. (F, G) gPCR and Western blot analysis of MMP-1 mRNA and protein levels in A549 and H1299 cells with
different treatments. (H) The overexpression efficiency of H2AC19 in A549 and H1299 cells confirmed by Western blot analysis. (I) Tube
formation assay of HUVECS treated for 48 h with conditioned medium (CM) from A549 and H1299 cells under different conditions. Scale
bar = 100 um. (J) Representative images of blood vessels in CAM assay after treatment with different CM. (K) Orthotopic tumor model in nude
mice using A549 cells with stable H2AC19 overexpression and MMP-1 knockout. (L) Tumor volumes in the tumor-bearing mice measured at the
indicated time points after cell implantation. (M) Tumor weights in the tumor-bearing mice measured after cell implantation. (N) Representative
immunohistochemistry images of CD31, VEGFA and Ki67 expression from formalin-fixed paraffin-embedded xenograft sections. Scale
bar = 20 pm. Data are expressed as mean + SD and n indicates the number of biologically independent experiments. Two-tailed Student’s
unpaired ¢ test analysis (F-H). Two-way ANOVA followed by Tukey’s post-test (I, J, L-N). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure4 H2ACI19 promotes angiogenesis through the p300/EGR1/MMP-1 pathway in LUAD. (A) Protein—protein interaction (PPI) networks
based on Search Tool for the Retrieval of Interacting Genes (STRING) database. The line segment indicates both functional and physical protein
associations. (B) Western blot analysis of p300 protein levels in A549 cells with different treatments. H2AC19 was immunoprecipitated with
rabbit antibody to H2AC19 and the presence of p300 in the immune-complex was assessed by Western blot with the antibody to p300. Negative
control using isotype matched normal IgG (rabbit) was done to check for antibody specificity. (C) Western blot analysis of the acetylation level of



H2AC19 governs angiogenesis in LUAD

5079

3.8.  Delivery of H2AC19-targeted siRNA using lipid
nanoparticles for LUAD therapy

To evaluate the therapeutic potential of targeting H2ACI9 in
LUAD, we employed a previously reported lipid nanoparticle
(LNP) formulation with favorable biosafety and high siRNA
delivery efficiency to encapsulating H2AC19-targeting siRNA
(si-H2AC19)*"2%. The ionizable lipid-like material was synthe-
sized and co-assembled with cholesterol and DMG-PEG2000 into
LNPs via nanoprecipitation, followed by siRNA complexation
(Fig. 7A—C). Dynamic light scattering (DLS) and transmission
electron microscopy (TEM) confirmed that the LNP/siRNA
complexes were uniformly spherical with a narrow size distribu-
tion (Fig. 7D), and the LNP/si-H2AC19 complexes effectively
knocked down H2AC19 expression in LUAD cells (Supporting
Information Fig. S10A), while markedly suppress angiogenesis
and tumor progression (Fig. 7E, F and Fig. S10B—S10F). To
further assess the in vivo antitumor efficacy of LNP/si-H2AC19,
we administered the LNP/siRNA complexes via intratumorally
injection into LUAD xenograft models (Fig. 7G). Notably, LNP/
si-H2AC19 treatment significantly suppressed tumor growth and
angiogenesis (Fig. 7H—K), supporting H2AC19 as a potential
therapeutic target for LUAD.

4. Discussion

Despite considerable advances in diagnostic and therapeutic ap-
proaches for LUAD, the persistent challenges of poor prognosis
and treatment resistance underscore the critical need for more
precise prognostic tools. Angiogenesis, an essential prerequisite
for tumor growth and metastasis, is a well-recognized hallmark of
LUAD?. Hypoxia acts as a critical upstream driver by inducing
pro-angiogenic gene expression, thereby promoting tumor inva-
sion and metastasis and ultimately exacerbating patient prog-
nosis”™*!. In this study, we established a systematic approach to
identify clinically valuable biomarkers by constructing a prog-
nostic risk model based on hypoxia and angiogenesis-associated
genes in LUAD. Notably, our model exhibited superior predic-
tive accuracy compared with existing hypoxia and angiogenesis-
related signatures, with particularly robust performance in long-
term prognosis evaluation, highlighting its potential for clinical
risk stratification and individualized prognostic assessment in
LUAD patients.

Recent progress has shed light on how mutations, transcriptional
deregulation and altered deposition machineries of histone variants
modulate the process of tumorigenesis and angiogenesis®. Accu-
mulating evidence has indicated that the histone H2A family plays
indispensable roles in a variety of physiological and pathological
processes, including tumorigenesis, yet their biological functions in

the LUAD remain largely unexplored”****. Among the 12 candi-
date genes from our prognosis risk model, we identified H2AC19, a
relatively uncharacterized histone H2A variant''~'®, which
emerged as the top candidate due to its marked upregulation in
tumor tissues and strong correlation with aggressive disease fea-
tures and poor prognosis in LUAD patients. CRISPR/Cas9-
mediated genetic ablation of H2ACI19 effectively suppressed
tumor angiogenesis and progress in both in vitro and in vivo studies.
Importantly, these findings were validated with clinical relevance in
patient-derived organoids (PDOs), models that faithfully replicate
the pathological and molecular attributes of native tumors®*>.
These results not only extend the functional link between histone
variants and tumor angiogenesis but also highlight the dual poten-
tial of H2AC19 as both a prognostic biomarker and a therapeutic
target in the clinical management of LUAD.

To elucidate the mechanism by which H2ACI9 regulates
angiogenesis, we performed transcriptome sequencing following
H2AC19 knockdown and identified matrix metalloproteinasel
(MMP1), a member of MMPs family as the most significantly
downregulated gene. The elevated expression of multiple MMP
family members in tumor tissues and its positive correlation with
tumor progression have been well established for several
decades®® ¥, Accumulating evidence has demonstrated that
MMPs drive tumor angiogenesis by degrading the extracellular
matrix, thereby promoting endothelial cell migration and activa-
tion, and ultimately supporting tumor growth and metastasis®.
This functional role is consistent with the results of our
sequencing experiments, thus confirming that MMP1 serves as a
key downstream effector molecular mediating H2AC19-regulated
angiogenic program.

In light of this discovery, we shifted our focus to elucidating
the molecular mechanisms by which H2AC19 regulates the
expression of MMP1 and other pro-angiogenetic genes. Given that
H2A family variants may act as scaffolds for recruiting protein/
DNA complexes, transcriptional regulation platforms, and het-
erochromatin silencers'® 2%, we speculated that H2AC19 might
exert its function through mediating protein—protein interactions
(PPI). Through screening via the STRING database, we identified
a strong predicted association between H2AC19 and the histone
acetyltransferase p300, a prominent transcriptional co-activator™®,
which was subsequently confirmed by co-immunoprecipitation.

Epigenetic dysregulation, particularly aberrant histone modi-
fication, is now recognized as a fundamental hallmark of multiple
human malignancies, including LUAD*' ™, Among these modi-
fications, histone acetylation serves as a key activating marker
associated to open chromatin and active regulatory elements**.
The acetyltransferase p300, the major “writer” of this mark, is
frequently overexpressed or hyperactivated in LUAD, thereby
promoting oncogenic transcription programs*>*°. Crucially, we

H3K4, H3K9, H3K14, H3K18 and H3K27 in A549 cells with different treatments. (D) ChIP-seq analysis of H2AC19 occupancy in A549 cells
using FLAG-H2AC19 antibody. Profile diagram and heatmap showing H2AC19 signal distribution across 1 kb of gene transcription start site
(TSS). (E) Venn diagram showing the intersection of differentially expressed genes in RNA sequencing and CHIP sequencing with angiogenesis,
including EGR1, ECM1, SPNS2, PTAFR, NFE2, ADORA1 and COL1ALl. (F) ChIP-seq results showing the binding peak in the promoter region
close to the TSS of EGRI. (G) ChIP-qPCR assay depicting the enrichments of p300 and H3K27ac at the EGR1 promoter in A549 cells. (H)
Western blot analysis of EGR1 protein levels in A549 cells with different treatments. (I) ChIP-qPCR assay depicting the enrichments of H3K27ac
at the EGR1 promoter in A549 cells. (J) Representative immunohistochemistry images of H3K27ac and EGR1 expression in lung tissues from
normal subjects (n = 62), stage I (n = 21), stage II (n = 20), stage III (n = 14) and stage IV (n = 7) of LUAD. (K, L) Correlation analyses
between H2AC19 expression and H3K27ac and EGR1 in all subjects (n = 62). Data are expressed as mean £+ SD and n indicates the number of
biologically independent experiments. Two-tailed Student’s unpaired ¢ test analysis (C, G, H). One-way ANOVA followed by Tukey’s post-test (J).
Two-way ANOVA followed by Tukey’s post-test (I). Spearman’s correlations (K, L). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 The H2AC19 Aaa24—88 mutation counteracted the effects of H2AC19 on LUAD. (A) H2AC19-P300 interaction analysis predicted
by AlphaFold3. (B) Interactive 2D plot of Predicted Aligned Error (PAE) of H2AC19 and P300. (C) Three truncated mutants generated based on
domain predictions from SMART and UniProtKB/Swiss-Prot databases: Mutl (A2-22, low complexity region), Mut2 (A24-88, core domain),
and Mut3 (A92-126, C-terminal region). (D) Western blot analysis of P300 protein levels in A549 cells with different treatments. FLAG-H2AC19
was immunoprecipitated with the rabbit antibody to FLAG and the presence of P300 in the immune-complex was assessed by Western blot with
the antibody to P300. Negative control using isotype matched normal IgG (rabbit) was done to check for antibody specificity. (E) ChIP-qPCR
assay depicting the enrichments of p300 and H3K27ac at the EGR1 promoter in A549 cells. (F) Western blot analysis of EGR1 and MMP-1
protein levels in A549 cells with different treatments. (G) Tube formation assay of HUVECs treated for 48 h with CM from A549 cells under
different conditions. Scale bar = 100 um. (H) Representative images of blood vessels in CAM assay after treatment with different CM. (I) Culture
supernatant VEGFA levels determined by ELISA in A549 cells with different treatments. (J) Wound healing assay of HUVEC migration treated
with CM from A549 cells under different conditions. Scale bar = 100 um. (K) Transwell assay of HUVEC migration treated with CM from
A549 cells under different conditions. Scale bar = 100 pm. (L) CCK-8 assay of HUVEC proliferation treated with conditioned medium (CM)
from A549 cells under different conditions. Data are expressed as mean £ SD and » indicates the number of biologically independent experi-
ments. Two-way ANOVA followed by Tukey’s post-test (E-L). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6

H2AC19 promotes angiogenesis and tumor progression in LUAD organoid models. (A) Schematic diagram of organoids construction

of lung adenocarcinoma. (B) Bright-field images and growth curves of diameters from organoids in different time points. (C) Representative
immunofluorescence images of TTF1 (green) and Napsin A (red) of patient-derived organoids (PDOs). DAPI was used as a nuclear staining. (D)
Representative images of the numbers and diameter in organoids from different groups. (E) TUNEL assay and representative immunofluorescence
images of Ki67, CD31 and VEGFA expression in organoids from different groups. DAPI was used as a nuclear staining. (F) CCK-8 assay of
proliferation in organoids from different groups. (G) Representative images of the numbers and diameter in organoids from different groups. (H)
Representative immunofluorescence images of CD31, VEGFA and Ki-67 in organoids from different groups. DAPI was used as a nuclear staining.
Data are expressed as mean £ SD and »n indicates the number of biologically independent experiments. Two-tailed Student’s unpaired ¢ test
analysis (D-F). Two-way ANOVA followed by Tukey’s post-test (G, H). *P < 0.05, **P < 0.01, ***P < 0.001.
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found that H2AC19 specifically regulates H3K27ac levels in
LUAD without affecting other acetylation sites, suggesting that
H2AC19 functions by recruiting p300 to specific genomic loci
rather than by enhancing its global enzymatic activity. To identify
the downstream transcriptional effectors of the H2AC19/p300
axis, we performed an integrated analysis of ChIP-seq and RNA-
seq datasets. This analysis identified the transcription factor EGR1
as the top candidate, as evidenced by the presence of a strong
H2AC19-binding peak near its transcription start site (T'SS) and its
significant downregulation following H2AC19 knockout. This
finding is of considerable significance, as EGRI1 is not only a
reported promoter of LUAD cell proliferation, migration, and
invasion*’, but also a potent regulator of angiogenesis that can
activate key pro-angiogenic factors like MMP-1 and VEGFA*#°.
These results directly link the epigenetic regulation of the
H2AC19/p300 axis to the execution of specific pro-tumorigenic
gene programs. Using ChIP-qPCR assays, we further confirmed
that both H2AC19 and p300 are significantly enriched at the
EGRI1 promoter region, indicating that H2AC19 recruits p300 to
enhance H3K27 acetylation at the EGR1 promoter region, thereby
driving EGR1 transcriptional activation and subsequently facili-
tating MMP-1-mediated angiogenesis and progression of LUAD.
Furthermore, the H2AC19 deletion mutant (A24—88) markedly
reduced p300 occupancy at this locus, consequently abrogating
H2AC19-mediated promotion of angiogenesis and LUAD pro-
gression. These findings establish that residues 24-88 are indis-
pensable for H2AC19 function, consistent with its structural
homology to canonical H2A variants in mediating nucleosome
assembly, chromatin  remodeling and  protein—protein
interactions®30",

It should be noted that although anti-angiogenic therapies
targeting the VEGF signaling pathway are commonly used stra-
tegies in the treatment of LUAD in clinical practice, their long-
term efficacy is often limited by acquired resistance, which is
likely attributable to the compensatory activation of alternative
pro-angiogenic  signaling  pathways following =~ VEGFA
blockade®* >, This challenge underscores the critical need to
identify and target upstream regulators of angiogenesis that can
modulate this process at its origin or via multiple downstream
effectors. Building upon our findings that H2AC19 promotes
tumor angiogenesis, we have initiated exploratory efforts to
develop therapeutic agents targeting this new regulator. Pre-
liminary data demonstrate that liposome-encapsulated H2AC19-
targeted siRNA effectively blocks H2AC19 expression and sup-
presses tumor angiogenesis and progression, positioning a prom-
ising direction for future therapeutic development in LUAD.

Collectively, our study defines a complete signaling axis
whereby H2AC19 binds to p300 via its amino acid residues

24-88, recruits p300 to the EGR1 promoter region, promotes
H3K27 acetylation, and thereby leads to the upregulation of
MMP-1 expression to drive angiogenesis and LUAD progression
(Fig. 7L).

Further studies are warranted to address the limitations of this
work. Although we have established a pro-angiogenic role for
H2AC19 in LUAD, the precise upstream regulators controlling its
expression within the tumor microenvironment require further
investigation. Moreover, despite the identification of the p300/
EGR1/MMP1 pathway as a key mechanism, a comprehensive
dissection of additional H2AC19 downstream targets will be
necessary to fully delineate its functional network. Finally, and
most importantly, while preliminary efforts have been made to-
wards developing drugs that target the H2AC19 pathway, we
recognize that there remains a long way to go before meeting the
requirements for a promising therapeutic agent.

5. Conclusions

Taken together, this study identifies histone variant H2AC19 as a
key epigenetic regulator in LUAD progression, at least in part
through the p300/EGR1/MMP-1 signaling pathway. Genetic or
pharmacological targeting of H2AC19 at multiple levels may
provide a promising therapeutic strategy for the antiangiogenic
intervention of LUAD.
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Figure 7

Delivery of H2AC19-targeted siRNA using lipid nanoparticles for LUAD therapy. (A) Schematic diagram of lipid nanoparticles

(LNP)-mediated siRNA delivery. (B) The chemical structure of DMG-PEG2000 and Cholesterol. (C) The ionizable lipids synthesized by ring-
opening reaction between epoxide and amine-containing molecules. (D) Size distribution and morphology of 1014-LNP obtained by Dynamic
light scattering (DLS) and transmission electron microscopy. (TEM). (E) Culture supernatant VEGFA levels were determined by ELISA in
A549 cells with different treatments. (F) Tube formation assay of HUVECs treated for 48 h with conditioned medium (CM) from A549 cells
under different conditions. Scale bar = 100 um. (G) The schematic diagram of LNP mediated siRNA delivery for LUAD treatment. (H)
Orthotopic tumor model in nude mice using A549 cells with LNP/si-RNA treatments. (I) Tumor volumes in the tumor-bearing mice measured at
the indicated time points after cell implantation. (J) Tumor weights in the tumor-bearing mice measured after cell implantation. (K) TUNEL assay
and representative immunohistochemistry images of CD31, VEGFA and Ki67 expression from formalin-fixed paraffin-embedded xenograft
sections. Scale bar = 20 um. (L) Schematic depicting H2AC19 promotes angiogenesis by regulating p300/EGR1/MMP-1 axis in LUAD. Data are
expressed as mean + SD and » indicates the number of biologically independent experiments. Two-tailed Student’s unpaired ¢ test analysis (E, F,
I-K). *P < 0.05, **P < 0.01, ***P < 0.001.
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