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Abstract Transcriptional dysregulation of genes is a hallmark of tumors and can serve as targets for

cancer drug development. However, it is extremely challenging to develop small-molecule inhibitors

to target abnormally expressed transcription factors (TFs) except for the nuclear receptor family of

TFs. Little is known about the interaction between TFs and transcription cofactors in gastroesophageal

adenocarcinoma (GEA) or the therapeutic effects of targeting TF and transcription cofactor complexes.
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In this study, we found that ETS homologous factor (EHF) expression is promoted by a core transcrip-

tional regulatory circuitry (CRC), specifically ELF3-KLF5-GATA6, and interference with its expression

suppressed the malignant biological behavior of GEA cells. Importantly, we identified Ajuba LIM protein

(AJUBA) as a new coactivator of EHF that cooperatively orchestrates transcriptional network activity in

GEA. Furthermore, we identified KRAS signaling as a common pathway downstream of EHF and

AJUBA. Applicably, dual targeting of EHF and AJUBA by lipid nanoparticles cooperatively attenuated

the malignant biological behaviors of GEA in vitro and in vivo. In conclusion, EHF is upregulated by the

CRC and promotes GEA malignancy by interacting with AJUBA through the KRAS pathway. Targeting

of both EHF and its coactivator AJUBA through lipid nanoparticles is a novel potential therapeutic strat-

egy.

ª 2024 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

With 1,089,103 new cases in 2020, gastric cancer is the sixth most
diagnosed general cancer worldwide1. Additionally, it accounted
for 768,793 deaths, making it the third leading cause of cancer-
related death according to Global Cancer Statistics 20201. The
high mortality rate can often be attributed to the diagnosis of
gastric cancer in an advanced stage2. Gastric adenocarcinoma
(GAC) is the most common histologic type, accounting for
w95% of primary gastric cancers3. Through a pooled analysis of
mRNA expression, DNA methylation and somatic copy number
analysis (SCNA) data, esophageal adenocarcinoma (EAC) has
been found to have a profound similarity to gastric adenocarci-
noma4. This finding suggests that GAC and EAC may be
considered a single disease called gastroesophageal adenocarci-
noma (GEA)4. Moreover, therapeutic strategies with proven effi-
cacy in treating GEA5 and numerous clinical trials (such as the
JACOB trial6, RAMSES/FLOT7 trial7 and phase 3 JACCRO GC-
07 trial8) for GEA all provided evidence that EAC and GAC
comprise one disease. Despite great advances in science and the
myriad of clinical trials over the past decade, minimal improve-
ments in GEA patient outcomes have been achieved through
improved therapeutic strategies, and GEA remains a devastating
disease worldwide9.

Transcriptional dysregulation of genes is a hallmark of tumors,
and these dysregulated genes can serve as targets for the devel-
opment of cancer therapeutic drugs10. Transcription program
activation is triggered by master transcription factors (TFs)11. TFs
are drivers in cancer and attractive potential targets for tumor
therapy because of their core importance to biological functions12.
In contrast to certain kinase-related proteins (such as EGFR,
VEGFR, and BTK), abnormally expressed TFs (except for the
nuclear receptor family) lack allosteric regulatory sites and small-
molecule binding pockets13, which makes the development of
small-molecule inhibitors targeting TFs extremely challenging.
Hence, identifying the biological functions and regulatory mech-
anisms of abnormally expressed TFs in tumors is clearly impor-
tant, and screening new antitumor drugs targeting specific TFs and
transcription protein complexes has the potential to facilitate the
clinical treatment of GEA.

As an epithelial-specific ETS-like factor, ETS homologous
factor (EHF) was identified as an EAC-specific master TF14,15.
EHF is in the ETS transcription factor family16,17 and has been
found to present opposite biological functions in certain cancer
types18,19. Notably, TFs interact with cofactors to regulate the
expression of genes20, and the multifaceted functions of EHF may
be based on its molecular partnerda transcriptional cofactor. In
this study, we investigated the biological functions and tran-
scriptional regulatory mechanisms of the dysregulated TF EHF in
GEA. Furthermore, we explored the therapeutic potential of tar-
geting EHF and its coactivator, Ajuba LIM protein (AJUBA, also
known as JUB), through treatment with polymeric nanoparticles
(NPs) encapsulating short interfering RNA (siRNA).

2. Materials and methods

2.1. GEA cell lines and reagents

The EAC cell lines OE33, SKGT4, JH-ESOAD1 and OACP4C
were provided by Dr. Jian Pan from the Children’s Hospital of
Soochow University, and the GAC cell lines HGC-27, MKN28
and MKN45 were maintained and used in our laboratory. The
GAC cell line AGS was purchased from FuHeng BioLogy
(Shanghai, China). These cell lines were grown in RPMI-1640
medium (Gibco, USA), F12K medium (Gibco, USA), or DMEM
(Gibco, USA) supplemented with 10%e20% fetal bovine serum
(ExCell Biology, China), 100 U/mL penicillin and 100 ng/mL
streptomycin in 5% CO2 at 37

�C. GEA cell lines were verified by
short tandem repeat (STR) analysis and validated to be free of
mycoplasma.

2.2. SiRNA transfection

SiRNAs targeting EHF or AJUBA and a negative control (NC)
were purchased from GenePharma (Shanghai, China) and trans-
fected into GEA cell lines by RNAiMAX reagents (Invitrogen,
USA). The siRNA sequences are listed in Supporting Information
Table S1.

2.3. Cell counting kit-8 (CCK-8) assay

Cells were seeded into 96-well plates and then cultured for 1, 3
and 5 days before the addition of 10 mL of CCK-8 solution
(Dojindo, Japan) to each well. After the cells were incubated at
37 �C for 2 h, the absorbance was measured at 450 nm with an
automatic microplate reader (Spark 10M; TECAN, Switzerland).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 The gene expression, gene alterations and clinical prognostic value of EHF in GEA patients. (A) Alterations in EHF in pan-cancer

from cBioPortal for Cancer Genomics. (B) Relative mRNA expression levels of EHF among different types of variations in EAC. (C) Pearson

correlation between the copy number and mRNA expression of EHF in EAC. (D) Relative mRNA expression levels of EHF among different types

of variations in GAC. (E) The Pearson correlation between the copy number and mRNA expression of EHF in GAC. (F) Chromatin accessibility

of EHF in squamous cell carcinoma (SCC) and adenocarcinoma (AC). SCC includes head and neck SCC (HNSCC) and esophageal squamous cell

carcinoma (ESCC), and AC includes EAC and GAC. (G) Representative images, (H) cytoplasmic and (I) nuclear EHF immunohistochemistry

scores in our EAC tissues. Red dotted circle indicated normal epithelium in 1G. Magnification: 50 or 200�. (J) Representative images,

(K) cytoplasmic and (L) nuclear EHF immunohistochemistry scores in our GAC tissues. Magnification: 50 or 200�. Immunohistochemistry

images (G, J) were obtained using panoramic scanning and were analyzed using Aperio ImageScope software, which was also utilized to

determine the magnification. (M, N) The differential mRNA expression of EHF in (M) esophageal cancer and (N) GAC tumor tissues from the

UCSC Xena database. NS, not significant. (O, P) KaplaneMeier curves were used to assess the relationship between EHF expression and

(O) overall survival (OS) or (P) relapse-free survival (RFS) in GAC patients from a Gene Expression Omnibus (GEO) dataset. We used the

optimal cutoff value, which was determined by X-tile software24, to divide patients into two groups.
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2.4. 5-Ethynyl-20-deoxyuridine (EdU) assay

The transfected cells were plated in confocal dishes and incubated
with the EdU reagent from a Cell-Light Apollo 567 stain kit
(RiboBio, China) for 2 h at 37 �C. Following staining with Apollo
567 and Hoechst 33342 solution, the cells were observed by
confocal laser microscopy (CLSM; Zeiss LSM 800 with Airyscan;
Zeiss, Germany).

2.5. High-throughput live-cell functional analysis for real-time
monitoring of cell numbers

GFP-labeled GEA cells were transfected with siEHF or siNC and
then plated in triplicate wells in a 96-well plate. Cells were
cultured in a 37 �C chamber and were recorded and numbered
every 4 h for two days with a high-throughput live cell functional
analysis system (SARTORIUS, IncuCyte S3). The data were
analyzed with IncuCyte software.

2.6. Live confocal automated imaging showing the progression
of cell mitosis

GEA cells were stably transfected with a pLVX-GFP-H2B lenti-
viral vector and then transfected with siEHF or siNC. Quintupli-
cate wells for each group with six fields per well were
photographed every 10 min for 48 h with an ImageXpress Micro
Confocal imaging system (Molecular Devices, USA).

2.7. Transwell assay

GEA cells were seeded in serum-free medium in upper Transwell
chambers, and 500 mL of the corresponding medium containing
20% fetal bovine serum was added to the lower Transwell
chambers. After 24 h, the cells were fixed, stained and imaged
under an upright microscope (Nikon, Nikon NI-U).

2.8. Cell apoptosis detection

Cells were collected and resuspended in 200 mL of 1� binding
buffer and then incubated with 5 mL of Annexin V-FITC and 5 mL
of propidium iodide (PI; eBioscience, USA) in each well for
15 min in the dark. The stained cells were detected with a
FACSCalibur flow cytometer (BD, USA).

2.9. Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from the indicated cells using an RNA
Quick Purification kit (ES Science, China) and reverse-transcribed
into cDNA with a RevertAid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific, USA). qRT-PCR was performed using
LightCycler 480 SYBR Green I Master Mix (Roche, Switzerland).
All qRT-PCR data were analyzed by the 2‒DDCt method. The
primer sequences used are listed in Supporting Information
Table S2.

2.10. Immunoblotting

Total protein was solubilized in the RIPA lysis buffer and quan-
tified with a BCA protein assay kit (CWBIO, China). The
extracted proteins were transferred onto PVDF membranes, which
were then incubated with the indicated primary antibodies
dissolved in Western primary antibody diluent (Beyotime, China)
at 4 �C overnight and then incubated with the corresponding
secondary antibodies. The membrane was finally incubated using
either a chemiluminescence detection kit (Proteintech, China), a
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, USA), or a combination of both. Information on
the primary and secondary antibodies used in this study is listed in
Supporting Information Table S3.

2.11. Immunofluorescence (IF)

Cells were seeded on confocal films and fixed for IF staining.
After being permeabilized and blocked, the cells were probed with
the indicated primary antibody overnight at 4 �C and subsequently
with fluorescent conjugated secondary antibody in the dark.
Following immunostaining, the cells were counterstained with
DAPI (Beyotime, China). The stained cells were observed under a
confocal laser scanning microscope (Zeiss LSM 800 with Air-
yscan, Germany).

2.12. Patient-derived xenograft (PDX) model

All animal experiments were carried out according to the guide-
lines for animal ethics and welfare. All animal experiments were
approved by the Animal Welfare and Ethics Committee of
Guangzhou Forevergen Biosciences. Human GAC tumor samples
were acquired from patients undergoing surgical resection at Sun
Yat-sen Memorial Hospital (Guangzhou, China) with written
informed consent from patients, which was approved by the
Institutional Review Board of the Sun Yat-sen Memorial Hospital
of Sun Yat-sen University. Each tumor was promptly cut into
small pieces and subcutaneously inoculated into the flanks of
anesthetized NOD/SCID/Rag2�/� IL2rg�/� (NSG) mice to
construct a first-generation PDX model. When the tumors had
grown to less than the size required by the animal ethics guide-
lines, the xenograft tumors were harvested and sub-transplanted
into the next generation of NSG mice following the same pro-
tocols used for transplantation in generation 1 mice. Tumor size
was examined twice every week and calculated using Eq. (1):

V (mm3) Z (L � W2)/2 (1)

where L represents the length of the tumor, W represents the width
of the tumor.

When the tumor size reached 50e100 mm3, the mice were
randomly allocated into seven groups based on tumor sizes and
mouse weights. These seven groups were injected with vehicle
(PBS), blank NPs (NPs), siNC-encapsulated NPs (NPs_siNC),
siEHF-encapsulated NPs (NPs_siEHF), siAJUBA-encapsulated
NPs (NPs_siAJUBA), siEHF combined with siAJUBA-
encapsulated NPs (NPs_siEHFþsiAJUBA) or oxaliplatin via tail
vein injection. Oxaliplatin was used as the positive control. After
tumor development, tumor tissues and certain important internal
organs, namely, the heart, liver, spleen, lung and kidney, were
harvested from the mice for further study.

2.13. Immunohistochemical staining

Two commercial tissue arrays (gastric cancer and esophageal
adenocarcinoma) were respectively purchased from OUTDO
(SHANGHAI OUTDO BIOTECH) and Tissue Array
(TissueArray.Com LLC). Immunohistochemical (IHC) analysis on

http://TissueArray.Com


Figure 2 The effect of EHF interference on the viability, mitosis and apoptosis of GEA cells. (A, B) Cell viability was measured using a CCK-8

assay in GAC cell lines (AGS and HGC-27) transfected with siRNA against EHF (siEHF#1, #3 or #4) or siNC. (C, D) Cell viability was measured

using a CCK-8 assay in EAC cell lines (OE33 and SKGT4) transfected with siEHF or siNC. (E, F) GFP-labeled AGS and OE33 cells transfected

with siEHF or siNC were monitored in real time using a high-throughput live cell functional analysis system. (G) Representative mitotic images

and (H, I) mitosis time of AGS and OE33 cells cotransfected with a pLVX-GFP-H2B lentiviral vector and siEHF or siNC. (JeL) Representative

images (left) and quantification (right) of apoptotic cells obtained by flow cytometry in GAC cells transfected with siEHF or siNC, each together

with oxaliplatin treatment. *P < 0.05, ***P < 0.001.
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the samples was performed according to a standard protocol.
Briefly, samples were incubated with anti-EHF antibody
(GeneTex, GTX116440ab78078; 1:1000 dilution in gastric cancer
tissue array, 1:40 dilution in esophageal adenocarcinoma tissue
array) as primary antibody, followed by incubation with secondary
antibody. The staining scores of cytoplasmic and nuclear EHF
were assessed by two independent pathologists.

For the appraisal of morphology, tumors and main internal
organs, including the heart, liver, spleen, lung and kidney, were
analyzed using hematoxylin and eosin (H&E) staining. To eval-
uate tumor cell proliferation and apoptosis, tumor tissues were
subjected to Ki-67 and TUNEL staining, respectively.

2.14. Co-immunoprecipitation (co-IP) and mass spectrometry
(MS)

Fresh cells were harvested and then incubated with antibodies
against EHF or AJUBA bound to Pierce protein A/G magnetic
beads (Thermo Fisher Scientific, USA) overnight with rotation at
4 �C. The mixtures were washed and then boiled in 1� SDS
loading buffer for 10 min. The input, IgG and immunoprecipita-
tion fractions were analyzed by immunoblotting.

For MS, immunoprecipitated samples were subjected to on-
bead peptide digestion and then analyzed using a Thermo Fisher
EasyLC 1200-Orbitrap Fusion LC‒MS instrument (Thermo
Fisher Scientific, USA). The data were processed with Proteome
Discoverer software (Version 2.4) by our Bioinformatics and
Omics Center.

2.15. Glutathione S-transferase (GST) pulldown assay

Full-length EHF and AJUBA were synthesized and cloned into a
prokaryotic expression vector, GST-tagged pGEX-4T-1 (Igebio,
China). The fusion protein with a GST tag was expressed and
purified, and the interaction between EHF and AJUBA was
detected.

2.16. RNA sequencing (RNA-seq)

Total RNAwas isolated from GEA cells using the classical TRIzol
method. An mRNA library was established and then subjected to
sequencing by BGIseq500 (BGI-Shenzhen, China).

2.17. Gene set enrichment analysis

Gene set enrichment analysis (GSEA) based on the HALLMARK
gene sets was performed to identify gene sets with significant
differences after interfering with EHF or AJUBA expression. The
HALLMARKER gene sets (h.all.v6.2.symbols.gmt) obtained
from the Molecular Signatures Database (MSigDB; https://www.
gsea-msigdb.org/gsea/msigdb/index.jsp) were selected as the
reference gene sets.

In addition, GSEA was performed to explore the synergy be-
tween EHF and AJUBA expression. siAJUBA and siEHF down-
regulated gene expression according to our RNA-seq data, and
these downregulated genes served as the reference gene sets.

2.18. Chromatin immunoprecipitation sequencing (ChIP-seq)
and analysis

AGS cells were cultured in 150 mm dishes and then crosslinked
with 1% formaldehyde for 10 min at room temperature, followed
by quenching with 125 mmol/L glycine for 5 min. Crosslinked
DNAwas sheared to approximately 300e500 bp using a Bioruptor
Plus (Diagenode, Belgium) under the condition of 30 s on and 30 s
off. Ten percent of the volume of chromatin was kept as input
before IP. Chromatin was immunoprecipitated with Pierce protein
A/G magnetic beads (Thermo Fisher Scientific, USA) bound with
corresponding antibodies at 4 �C overnight. After reverse cross-
linking with 5 mol/L NaCl (4 mL per 100 mL of sample volume) at
65 �C overnight using fresh elution buffer, chromatin-
immunoprecipitated DNA was purified and subjected to
sequencing. Information on the antibodies used for the ChIP assay
is listed in Supporting Information Table S3.

Clean ChIP-seq reads with removal of low-quality and adaptor
sequences were provided by BGI Genomics. The quality of the
clean reads was checked using FASTQC software. ChIP-seq data
analysis was performed as previously described21e23. Briefly,
bowtie2 was used to map ChIP-seq reads into the human reference
genome hg19, model-based analysis of ChIP-seq 2 (MACS2) was
used to call significant peaks, and integrative genomics viewer
(IGV) was used to visualize BigWig files of ChIP-seq. In addition,
rank ordering of super-enhancers (ROSE) was used to identify SEs
by H3K27ac ChIP-seq.
2.19. Assay for transposase-accessible chromatin and
sequencing (ATAC-seq)

AGS cells were stably transfected with PLKO.1-puro short hairpin
RNA (shRNA) lentivirus vectors targeting EHF or AJUBA. The
shRNA sequences used in this study are listed in Supporting
Information Table S4. The indicated live cells were harvested,
counted and treated with a cold lysis buffer. A nuclear pellet was
acquired and immediately incubated with a transposition reaction
mix, which included Tn5 transposase. After purification and PCR
amplification, the libraries were sequenced on a BGIseq500 (BGI-
Shenzhen, China).
2.20. Characterization of NPs

Lipid-based NPs coated with the indicated siRNAs were fabri-
cated following the sonication method by Kelanbio. Dynamic light
scattering (DLS) and transmission electron microscopy (TEM)
were performed to characterize the NPs. The dimensional distri-
bution and zeta potential of the NPs were estimated by DLS (with
a Zetasizer Nano ZS, Malvern, UK). Additionally, the morphology
and size of the NPs were delineated by TEM (HT7800, Hitachi,
Japan).

2.21. Cellular uptake of the NPs

AGS and OE33 cells were seeded on confocal dishes and incu-
bated overnight. FAM-siNC-coated NPs were added to the
attached cells in Opti-MEM (GIBCO, USA). At the same time,
FAM-siNC was transfected into cells with vehicle (PBS) and the
transfection reagent RNAiMAX (Invitrogen, USA) under the same
conditions, and these cells were the negative control and positive
control, respectively. After 6 h of incubation at 37 �C with 5%
CO2, the treated cells were stained with phalloidin-iFluor 555
(Abcam, UK) and DAPI (Beyotime, China) and observed with a
confocal laser scanning microscope (Zeiss LSM 800 with Air-
yscan, Zeiss, Germany).

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
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Figure 3 The interaction of TF EHF with cofactor AJUBA in GEA cells. (A) Venn diagram showing the interacting proteins, including co-

factors, with TF EHF, as determined via co-IP assay combined with MS analysis. (B) Three-line table showing the MS data of five cofactors
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2.22. Statistical analysis

All statistical analyseswere carried out using SPSS17.0 (SPSS,USA)
andGraphPadPrism8 (GraphPad,USA) software. Student’s t test and
analysis of variance (ANOVA) were performed to evaluate the dif-
ferences between two groups and multiple groups, respectively.
Pearson correlation coefficient analysis was performed to determine
correlations. The KaplaneMeier method (log-rank test) was used to
evaluate the survival of patients. Differences assessed by two-tailed
tests were considered statistically significant when P < 0.05.

2.23. Data availability

The raw RNA-seq, ChIP-seq and ATAC-seq data generated in this
study have been deposited into the public Gene Expression
Omnibus (GEO) repository under accession number GSE207556.
The RNA-seq data of GEA cells transfected with siRNAs (siEHF,
siAJUBA and siNC) were stored in GEO under accession number
GSE207553; the ChIP-seq data of GEA cells were stored in GEO
under accession number GSE207554; the ATAC-seq data of GEA
cells treated with shRNAs (shEHF, shAJUBA and shNC) were
stored in the GEO under accession number GSE207555.

3. Results

3.1. EHF is transcriptionally activated, highly expressed and
associated with a poor prognosis in GEA patients

EHF was identified as a master TF in EAC in our previous study15,
and master TFs are usually relatively highly expressed in specific
tumor types. Here, we evaluated the expression and genetic
alteration of EHF across cancers in the Cancer Cell Line Ency-
clopedia (CCLE) and The Cancer Genome Atlas (TCGA) data-
sets. EHF was relatively highly expressed in cell lines and tumor
samples of GEA, including EAC and GAC, compared with those
of other cancers (Supporting Information Fig. S1A and S1B). In
addition, EHF showed a higher frequency of genetic alterations,
mainly gene amplification, in GEA than in other cancers
(Fig. 1A). Next, we observed the effect of different genetic
alteration types on EHF mRNA expression. Compared with
diploid and shallow deletion, amplification and gain exerted
greater effects on EHF expression (Fig. 1B, D). A positive cor-
relation was observed between EHF expression and its copy
number in GEA samples (Fig. 1C, E), suggesting that an increased
copy number partially explained the overexpression of EHF in the
GEA samples. We further examined the methylation of EHF in
GEA samples and found no change in this modification between
GEA and squamous cell carcinoma tissues (Fig. S1C), indicating
that EHF methylation should not explain its upregulated expres-
sion in GEA.

Furthermore, we investigated the chromatin accessibility of EHF
by ATAC-seq. The chromatin accessibility of EHF regions was
relatively high in GEA but relatively low in esophageal, head and
neck squamous cell carcinomas (Fig. 1F; Fig. S1C). These results
(POLR2A, SNW1, AJUBA, ZNF638 and UXT) interacting with EHF in A

SNW1, AJUBA, ZNF638 and UXT in esophageal carcinoma (EC) and

interaction of EHF with cofactor AJUBA in AGS and OE33 cells as dete

protein interaction of cofactor AJUBA with EHF in AGS and OE33 cells

fluorescence labeling with an anti-EHF antibody (red) or anti-AJUBA a

colocalization of TF EHF and cofactor AJUBA in AGS and OE33 cells a
indicated that EHF transcription was activated in GEA. In addition,
the protein expression level of EHF was determined via immuno-
histochemistry assay with GEA samples. Cytoplasmic EHF
expression was found to be decreased (Fig. 1G, H), while nuclear
EHF expression was found to be increased in our EAC samples
(Fig. 1G, I; Supporting Information Fig. S2A‒S2C). Similar results
were observed with our GAC samples (Fig. 1J‒L; Fig. S2D‒S2F),
providing additional evidence that EHF plays a role in GEA after
entering the nucleus. Moreover, an analysis of public TCGA
datasets showed that the mRNA expression of EHF was upregulated
in EAC and GAC patients (Fig. 1M, N; Fig. S2G, S2H). Impor-
tantly, KaplaneMeier curve analysis clearly showed that high EHF
expression indicated lower overall survival (OS) and relapse-free
survival (RFS) than low EHF expression (Fig. 1O, P).

3.2. EHF interference inhibited cell viability and migration and
promoted the apoptosis of GEA cells

To evaluate the biological role of EHF in GEA carcinogenesis, the
efficiency of EHF interference was validated in eight GEA cell lines
via qRT-PCR (Supporting Information Fig. S3A‒S3H) and
immunoblotting (Fig. S3I‒P). In this experiment, four GAC cell
lines (AGS, HGC-27, MKN28 and MKN45) and four EAC cell
lines (OE33, SKGT4, JH-ESOAD1 and OACP4C) were tested. We
next detected the effect of EHF knockdown on the proliferation,
apoptosis and migration of GEA cells. CCK-8 assays showed that
knockdown of EHF expression by siRNA decelerated cell growth in
GAC (Fig. 2A, B; Supporting Information Fig. S4A, S4B) and EAC
cells (Fig. 2C, D; Fig. S4C, S4D). Consistent with the CCK-8 assay
results, an automatic live-cell imaging system showed that EHF
interference slowed cell proliferation (Fig. 2E, F) and lengthened
the mitosis of GEA cells (Fig. 2G‒I). Furthermore, flow cytometry
showed that EHF interference led to an increase in apoptosis of
GEA cells (Supporting Information Fig. S5A‒S5D). At the same
time, camptothecin (CPT) or oxaliplatin induced cell apoptosis
(Supporting Information Fig. S6A‒S6D), and EHF interference led
to an increase in apoptotic cells induced by CPT or oxaliplatin
(Fig. 2J‒L, Supporting Information Fig. S7A‒S7D). Also, we
observed an upregulation in the expression of apoptotic marker
proteins following siEHF treatment, further adding to the evidence
of EHF interference’s pro-apoptotic role in GEA cells (Supporting
Information Fig. S8A, S8B). Additionally, Transwell assays indi-
cated that EHF interference decreased the migratory ability of GAC
and EAC cells (Fig. S4E). These results suggested that EHF
interference reduced cell viability and inhibited mitosis and
migration while increasing the apoptosis rate of GEA cells.

3.3. EHF expression is upregulated by a CRC (ELF3-KLF5-
GATA6) in GEA

In our previous study, we identified a CRC formed by four master
TFs, E74-like ETS transcription factor 3 (ELF3), KLF transcrip-
tion factor 5 (KLF5), GATA binding protein 6 (GATA6) and EHF,
in EAC15. In this study, the transcriptional regulation of ELF3,
GS and OE33 cells. (C, D) The mRNA expression levels of POLR2A,

GAC samples. (E) The mass spectrum of AJUBA. (F) The protein

rmined by endogenous co-IP coupled with immunoblotting. (G) The

by endogenous co-IP coupled with immunoblotting. (H, I) Immuno-

ntibody (green) and counterstaining with DAPI (blue), showing the

s determined by CLSM. Scale bar: 50 mm.



Figure 4 The transcriptional cooperativity between EHF and coactivator AJUBA. (A, B) GSEA showed that genes downregulated by EHF

siRNAs (siEHF#1 and #3) were significantly enriched in the downregulated gene set after AJUBA interference in AGS and OE33 cells. (C, D)

GSEA plots showed that genes downregulated by AJUBA siRNAs (siAJUBA#1 and #5) were significantly enriched in the downregulated gene set

following EHF interference in AGS and OE33 cells. NES, normalized enrichment score. (E) ATAC-seq heatmaps revealing genome-wide signals

after EHF or AJUBA interference by short hairpin RNA (shEHF or shAJUBA) in AGS cells, ranked by the signal intensity. shNC served as the

control group. These regions were further stratified into overlapping and nonoverlapping regions. (F) Venn diagram showing shared and exclusive

genomic regions as determined by ATAC-seq signal analysis after interference of EHF or AJUBA. (G) Comparison of normalized ATAC-seq

signals between co-occupied regions and non-co-occupied regions from EHF and AJUBA. (H, I) ATAC-seq signal fold change in the co-

occupied and non-co-occupied regions after interference of EHF and AJUBA.
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Figure 5 EHF and AJUBA cooperate to promote KRAS pathway signaling in GEA cells. (A) ATAC-seq signals of downstream genes in AGS

cells transfected with shRNA against EHF and AJUBA. (B, C) GSEA plots showing the enrichment of KRAS signaling in AGS cells after EHF

and AJUBA interference. (D) Heatmaps displaying the mRNA expression of KRAS signaling-related genes in AGS and OE33 cells transfected

with siRNA against EHF (siEHF) or AJUBA (siAJUBA), as determined with RNA-seq data (left), and the binding of KRAS signaling-related

genes with EHF and AJUBA, as determined by the respective ChIP-seq data (right). (E) qRT-PCR showing the mRNA expression levels of

KRAS signaling-related genes in AGS cells (left) and OE33 cells (right) transfected with siEHF. (F, G) qRT-PCR determination of the mRNA

expression levels of KRAS signaling-related genes in AGS and OE33 cells transfected with siAJUBA. (H, I) Immunoblotting showing the protein

content of KRAS signaling-related genes after transfection of siRNA against EHF (left) and AJUBA (right) in AGS and OE33 cells.
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KLF5, GATA6 and EHF was observed in GEA. First, we inspected
the expression correlation of these four master TFs at the mRNA
level and verified that the expression of the four candidate genes
ELF3, KLF5, GATA6 and EHF showed a significantly positive
correlation with each other in EAC tissues in a GEO dataset
(Supporting Information Fig. S9A) and TCGA database
(Fig. S9B). Similar results were found in GAC samples
(Fig. S9C‒S9F). To validate the interconnected transcriptional
regulation of these genes, siRNAs were used to interfere with the
expression of each of the master TFs. Knocking down the
expression of TFs ELF3, KLF5 or GATA6 led to downregulated
mRNA expression of the three TF genes and EHF, as indicated by
qRT-PCR (Fig. S9G, S9H). Consistent with the qRT-PCR data, the
protein expression levels of ELF3, KLF5, GATA6 and EHF
decreased in AGS and OE33 cells transfected with siRNAs of the
three TF genes (Fig. S9I, S9J). Moreover, the overexpression of
ELF3, KLF5, or GATA6 demonstrated similar results, further
validating their mutual regulatory interplay forming a CRC and
upregulating EHF expression (Supporting Information Fig. S10A,
S10B). Additionally, both ChIP-seq and ChIP-qPCR results
consistently showed the upregulatory effects of ELF3, KLF5, or
GATA6 on EHF, highlighting their modulating roles on EHF
expression (Supporting Information Fig. S11A‒S11F). However,
with the knockdown of EHF expression, the expression of ELF3,
KLF5 and GATA6 was not decreased in GAC cells, as indicated
by RNA-seq, qRT-PCR and immunoblotting (Supporting
Information Fig. S12A‒S12F). These results indicated that the
three master TFs, ELF3, KLF5 and GATA6, form a CRC in GEA,
and this CRC upregulates EHF . In addition, according to the pan-
cancer RNA-seq data obtained from both the TCGA and CCLE
samples, the candidates ELF3, KLF5 and GATA6 were generally
highly expressed in EAC and GAC samples compared to most
other tumor types (Supporting Information Fig. S13A‒S13F).

3.4. AJUBA is a novel cofactor of EHF in GEA cells

Most eukaryotic transcription factors generally do not act alone
but perform their functions by interacting with cofactors25,26. To
identify the cofactors that interact with TF EHF, a co-IP assay
combined with MS analysis was performed. A total of 97 EHF-
interacting proteins were identified in both AGS and OE33 cells,
of which five were cofactors (POLR2A, SNW1, AJUBA, ZNF638
and UXT) (Fig. 3A, B). We next analyzed the expression of these
five cofactors in GEA tissues. A prominent increase was observed
in the expression of AJUBA, but not in the expression of
POLR2A, UXT, SNW1 or ZNF638, in both the EAC (Fig. 3C) and
GAC samples (Fig. 3D). Based on the above results, we chose
cofactor AJUBA for further study (Fig. 3E). A co-IP assay fol-
lowed by immunoblotting validated the EHF interaction with
AJUBA in AGS and OE33 cells (Fig. 3F). Moreover, AJUBAwas
found to interact with EHF (Fig. 3G). Similar results were
observed by GST pull-down assays (Supporting Information
Fig. S14A, S14B). Colocalization of EHF and AJUBA in the
nucleus of AGS and OE33 cells was observed by immunofluo-
rescence assay (Fig. 3H, I). These data suggested that EHF in-
teracts with cofactor AJUBA in the nucleus of GEA cells.

3.5. Transcriptional cooperativity between EHF and its
coactivator AJUBA

The activity of enhancers is mediated through the binding of TFs
and cofactors27,28. To observe the cooperative effects between
the master TF EHF and its cofactor AJUBA on transcription, we
first performed RNA-seq with AGS and OE33 cells transfected
with siEHF or siAJUBA (Supporting Information Fig. S15A‒
S15H). GSEA based on the RNA-seq data obtained from AGS
cells showed that the genes decreased following EHF knock-
down were significantly enriched in a gene set downregulated
upon AJUBA knockdown (Fig. 4A). The same method was used
with the RNA-seq data obtained from OE33 cells (Fig. 4B).
Similarly, the genes with reduced expression after AJUBA
silencing were prominently enriched in a set of genes down-
regulated upon EHF interference in AGS (Fig. 4C) and OE33
cells (Fig. 4D).

To further explore whether EHF and its newly identified
cofactor AJUBA cooperatively affect chromatin accessibility,
ATAC-seq was carried out with AGS cells in which EHF or
AJUBA expression had been knocked down. Notably, 69.83% of
the lost peaks in AGS cells overlapped following knockdown of
EHF or AJUBA (Fig. 4E, F), suggesting that these two factors
comodulated the accessibility of tens of thousands of cis-
regulatory regions across the genome. In addition, the enhancer
regions occupied in both EHF and AJUBA showed considerably
greater accessibility (Fig. 4G). Importantly, interference of EHF or
AJUBA expression markedly decreased the ATAC-seq signals in
the co-occupied regions compared with the non-co-occupied re-
gions (Fig. 4H, I). These ATAC-seq data indicated that the alter-
ation of chromatin accessibility was a result of transcriptional
cooperativity between TF EHF and its cofactor AJUBA. Collec-
tively, the above results demonstrated that the master TF EHF and
its coactivator AJUBA orchestrate the identified transcriptional
network in GEA cells.

3.6. EHF and AJUBA cooperate to promote the KRAS signaling
pathway in GEA cells

Combined analysis of RNA-seq data and ATAC-seq data showed
that the ATAC-seq signal of downregulated downstream genes
also decreased significantly after EHF and AJUBA knockdown
(Fig. 5A). To determine downstream signaling molecules cor-
egulated by EHF and AJUBA, GSEA based on the RNA-seq
analysis data obtained from GEA cells with EHF or AJUBA
interference was performed. KRAS signaling was conspicuously
downregulated in the AGS and OE33 cells upon silencing of either
EHF or AJUBA (Fig. 5B, C). Focusing on the constituents of
KRAS signaling, we chose 33 genes with downregulated expres-
sion upon EHF and AJUBA knockdown (Fig. 5D). ChIP-Seq data
showed that more than 95% of these 33 downregulated genes were
directly occupied by TF EHF or its cofactor AJUBA (Fig. 5D),
validating that the alterations in the expression of these genes were
caused by direct transcriptional regulation. Moreover, the genes
that were downregulated in the KRAS signaling pathway were
concurrently occupied by EHF and AJUBA (Fig. 5D), providing
evidence of transcriptional cooperativity between EHF and
AJUBA.

To confirm the regulatory effect of EHF and AJUBA on the
KRAS pathway, the downregulated genes in the KRAS signaling
pathway were first examined by qRT-PCR following siRNA tar-
geting of EHF or AJUBA in AGS and OE33 cells. Among the
candidate downregulated genes in the RNA-seq data, eight genes
(KRAS, DUSP6, LAT2, TMEM158, AMMECR1, TRAF1, CROT
and F2RL1) were confirmed by qRT‒PCR (Fig. 5E‒G). Then,
immunoblotting verified that the protein expression levels of these
eight genes were also downregulated (Fig. 5H, I). Furthermore, we



Figure 6 Composition and characterization of NPs with encapsulated siRNA against EHF (siEHF) or AJUBA (siAJUBA). (A) Molecular

constitution and schematic interpretation of the lipid-based NP platform for the delivery of siRNA as a GEA treatment. (B) Morphology of blank

NPs after treatment with different siRNA-encapsulated NPs (NPs_siNC, NPs_siEHF, NPs_siAJUBA, and NPs_siEHFþsiAJUBA), as determined

by TEM with corresponding images. Scale bars: 50 mm. (C) Dimension distribution of blank NPs and different siRNA-encapsulated NPs, as

determined by DLS. (D) Zeta potential of the blank NPs and different siRNA-encapsulated NPs, as determined by DLS. (E, F) CLSM images

displaying the cellular uptake of siRNA_FAM in AGS and OE33 cells. Cells were incubated with free siRNA_FAM or siRNA_FAM-encapsulated

NPs in a 37 �C incubator for 6 h. siRNA_FAM transfected with RNAiMAX was the positive control. Membranes were stained with phalloidin-

iFluor 555 (red signal), and nuclei were stained with DAPI (blue signal). Scale bar: 50 mm.
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examined the impact of EHF or AJUBA knockdown on the
downstream protein levels of KRAS, pMEK and pERK and found
that EHF or AJUBA knockdown reduced pMEK1/2 levels but had
no significant effect on pERK1/2 levels (Supporting Information
Fig. S16A, S16B). In addition, KRAS inhibitors exhibited
similar effects to EHF and AJUBA silencing (Supporting
Information Fig. S17A‒S17G).

3.7. Characterization of siEHF- and siAJUBA-encapsulated
NPs

Targeting TFs, except for TFs in the nuclear receptor family, with
small molecules is challenging29 since these TFs do not have an
active pocket. Nanotechnology has revolutionized the therapy of
many diseases, including cancers30, and has gradually attracted
attention because of the effective mRNA vaccines that were
developed to combat COVID-1931. In this study, a polymeric NP
system consisting of the FDA-approved polymer polyethylene
glycol (PEG)-poly(lactic-co-glycolic acid) (PLGA) and the
cationic lipid 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP) (Fig. 6A) was used to deliver siRNA into tumor cells.
After encapsulating siRNA, NP size and zeta potential were
determined by TEM and DLS. The siRNA-encapsulated NPs were
well-defined spheroidal nanostructures (Fig. 6B), with an average
hydrodynamic diameter and zeta potential of w58.8 nm (Fig. 6C)
and 20.6 mV (Fig. 6D), respectively.

Efficient cellular uptake of siRNA is a prerequisite for siRNA-
mediated genetic silencing32. However, the cell membrane is awell-
characterized barrier to siRNA delivery. Therefore, we assessed the
uptake of siRNA-encapsulated NPs by GEA cells. NPs were loaded
with scramble siRNA marked with the fluorescent label FAM
(NPs_siNC-FAM), and the cell-internalized NPs were visualized
with CLSM. Cells treated with free siNC-FAM (the negative con-
trol) showed a negligible fluorescent signal, but cells transfected
with transfection reagents (the positive control) emitted a strong
signal (Fig. 6E, F), as expected. Importantly, a strong fluorescent
signal was observed in cells incubated with NPs_siNC-FAM
(Fig. 6E, F), demonstrating successful cellular uptake of the
siRNA-encapsulatedNPs byGEAcells in vitro.We further explored
whether siRNA-encapsulated NPs were enriched at tumor sites
in vivo. NPs_siNC-FAM were first injected into tumor-free and
tumor-bearing mice through the tail vein. The mice were then
anesthetized after different treatment durations (1 and 24 h), and the
fluorescence distribution in the mice in vivo was observed with an
optical imaging system designed for small animal studies (IVIS
Spectrum imaging; Supporting Information Fig. S18A, S18B). The
mice were sacrificed after 24 h, the main organs and tumor tissue
were isolated, and the fluorescence intensity of NPs_siNC-FAM
was detected by IVIS Spectrum imaging (Fig. S18C). These re-
sults indicated that siRNA-encapsulated NPs injected through the
tail vein were enriched at the tumor site in vivo.

3.8. siEHF- and siAJUBA-encapsulated NPs cooperate to
repress GEA malignancy in vitro and in vivo

After validating the effective internalization of siRNA-
encapsulated NPs in target cells, the gene silencing efficacy and
therapeutic potential in tumors were determined at the cellular and
PDX levels. We first detected the interference effects of siEHF-
and siAJUBA-encapsulated NPs in GEA cells. NPs encapsulating
siEHF and siAJUBA prominently knocked down the expression of
EHF and AJUBA in GEA cells at both the mRNA and protein
levels (Supporting Information Fig. S19A‒S19D). To directly
confirm that EHF and AJUBA can be potential therapeutic targets
for the treatment of GEA, the proliferation of GEA cells following
treatment with siEHF- or siAJUBA-encapsulated NPs was
examined by both EdU and CCK-8 assays. Treatment with either
siEHF- or siAJUBA-encapsulated NPs observably inhibited the
proliferation of GEA cells compared with that of GEA cells
internalizing siNC-encapsulated NPs (Fig. S19E, S19F). Taken
together, these data verified that both siEHF and siAJUBA
delivered by NPs substantially decelerated GEA cell growth
in vitro.

Encouraged by the therapeutic efficacy observed in vitro, we
further evaluated the in vivo therapeutic performance of siEHF-
and siAJUBA-encapsulated NPs in a PDX model. We established
a treatment protocol on the basis of previously published studies
that involved a repetitive three-day regimen (Fig. 7A). When tu-
mors reached 50e100 mm3, mice received either vehicle (PBS),
blank NPs, siNC-encapsulated NPs (NPs_siNC), siEHF-
encapsulated NPs (NPs_siEHF), siAJUBA-encapsulated NPs
(NPs_siAJUBA), siEHF-encapsulated NPs combined with
siAJUBA-encapsulated NPs (NPs_siEHFþsiAJUBA) or oxali-
platin (positive control) treatment. Unsurprisingly, the positive
control PDX model group, which was treated with oxaliplatin,
showed a markedly decreased tumor burden (Fig. 7B, C).
Consistent with our in vitro experiment, siEHF-encapsulated NPs,
siAJUBA-encapsulated NPs and siEHF-encapsulated NPs com-
bined with siAJUBA-encapsulated NPs efficiently decelerated
tumor growth compared to the effect of siNC-encapsulated NPs
(Fig. 7B, C; Supporting Information Fig. S20A). Importantly, the
most striking effect was observed for the combination group of
siEHF- and siAJUBA-encapsulated NPs (Fig. 7B, C).

Additionally, the body weights of the mice did not vary notably
among all groups (Fig. S20B), indicating an absence of toxicity.
H&E staining was employed to evaluate the architectural integrity
of the main internal organs. No obvious pathological alterations in
the architecture of the main internal organs, including heart
(Fig. S20C), liver (Fig. S20D), spleen (Fig. S20E), lung
(Fig. S20F) or kidney (Fig. S20G), were observed in the mice
treated with vehicle (PBS), blank NPs, or any of the siRNA-
encapsulated NPs, demonstrating that no visible adverse side ef-
fects manifested in these tissues. H&E staining obviously showed
nests of neoplastic cells in the tumors of each group (Fig. 7D).
Furthermore, Ki67 and TUNEL staining showed that siEHF-
encapsulated NPs, siAJUBA-encapsulated NPs, siEHF- com-
bined with siAJUBA-encapsulated NPs and oxaliplatin all
decreased the number of proliferating cells (Fig. 7E) and increased
the number of apoptotic cells (Fig. 7F). In summary, the results
demonstrated that interference with EHF and AJUBA expression
mediated by NPs led to synergistic antitumor effects in GEA both
in vitro and in vivo.

Furthermore, we extended our investigation to the impact of
siEHF- and siAJUBA-encapsulated NPs on KRAS pathway
signaling in GEA cells. Our findings revealed that these NPs
effectively downregulated the mRNA and protein levels of key
genes in the KRAS pathway (Supporting Information Fig. S21A‒
S21D). These results not only align with our earlier observations
on the influence of siEHF and siAJUBA on the KRAS pathway
(Fig. 5) but also further illuminate the underlying molecular
mechanisms, reinforcing the potential of EHF and AJUBA as
valuable molecular targets in GEA therapy.



Figure 7 siEHF- and siAJUBA-encapsulated NPs cooperate to repress GEA development in PDX models. (A) Schematic formulation of tumor

xenograft establishment and therapy map of the PDX model. Groups of NSG mice were treated with PBS (vehicle), blank NPs (NPs), siNC-

encapsulated NPs (NPs_siNC), siEHF-encapsulated NPs (NPs_siEHF), siAJUBA-encapsulated NPs (NPs_siAJUBA) or siEHF- and siAJUBA-

encapsulated NPs (NPs_siEHFþsiAJUBA) by tail intravenous injection (40 mg/kg, once every three days). NPs_siNC (tail intravenous injec-

tion, isovolumetric among groups, once every three days) was used as the negative control. Oxaliplatin (tail intravenous injection, 5 mg/kg, once

every three days) was used as the positive control. (B) Growth curves of the tumors from the PDX mice in each group; n Z 10. The data are

presented as the means � SEM, *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant. (C) Tumor weight of the PDX mice in each group,

n Z 10. The data are presented as the means � SEM, *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant. (D) Representative H&E

staining of tumor samples from the PDX mice in the respective groups. Scale bar: 100 mm. (E) Representative images of Ki-67 staining of tumor

samples from the PDX model mice in each group. Scale bar: 100 mm. (F) Representative photos of TUNEL staining of tumor samples from the

PDX model mice in each group. Scale bar: 100 mm.
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4. Discussion

Transcription factors are of interest in medicine because of their
importance in gene transcription and biological processes. As an
epithelial-specific ETS-like factor, EHF binds to the enhancer or
promoter of target genes through its purine-rich GGAA/T core
motif. Here, we observed the expression, alteration and chromatin
accessibility of EHF and found that EHF was relatively highly
expressed and showed higher variations in frequency and tran-
scriptional activity in GEA. These results are in accordance with
the property of EHF as a master TF in GEA. EHF has been
investigated as a carcinogenic factor in lung adenocarcinoma33,
gastric cancer34 and intestinal cancers18, while it has also been
found to play a cancer-suppressive role in pancreatic cancer35,36,
head and neck squamous cell carcinoma (HNSCC)37 and oral
squamous cell carcinoma (OSCC) 38. In the current study, the
mRNA and protein expression levels of EHF were upregulated in
GEA, and high EHF expression indicated a poor prognosis for
GAC patients. Moreover, EHF promoted cell viability and cell
migration and suppressed cell apoptosis in GEA. These results all
point to EHF as a cancer-promoting molecule in GEA.

Most TFs do not work alone. TFs can form an interregulatory
circuit by binding to their own super-enhancers (SEs) and can also
form an interconnected loop with other master TFs and their SEs,
a program termed the CRC27,39,40. Previous studies have identified
certain CRCs in multiple cancer types, such as Ewing sarcoma11,
esophageal squamous cell carcinoma (ESCC)41 and EAC15. We
previously revealed that four master TFs, EHF, ELF3, KLF5 and
GATA6, form a CRC by interacting with the SEs of each other in
EAC15, and another group identified a CRC formed by three TFs,
ELF3, EHF and TGIF1, in lung adenocarcinoma33. However, no
CRC in gastric cancer or GEA has been characterized to date. In
addition, EHF has been reported to regulate gene expression by
maintaining enhancer-promoter connections and a chromatinic
state42, indicating the involvement of EHF in transcriptional
dysregulation. Therefore, we tried to discern whether the expres-
sion of the master TF EHF was increased in GEA from the
perspective of transcriptional regulation. We characterized a CRC
formed by the master TFs ELF3, KLF5 and GATA6 in GEA and
found that EHF was transcriptionally activated through this CRC
loop. Of note, ELF3 contributed to the formation of CRC in
several adenocarcinomas, including EAC, lung adenocarcinoma
and GAC. ELF3 plays a vital role in the occurrence and pro-
gression of cancers, including ampullary carcinoma43, biliary tract
cancer44 and neuroendocrine carcinoma45. In recent years, phase
separation has made some breakthroughs in the field of life sci-
ence and has been proven to play a key role in gene transcription.
It was reported that the CRC components HOXB8 and FOSL1
formed phase-separated condensates at super-enhancers to regu-
late gene transcription in osteosarcoma46. We speculate that our
CRC may upregulate EHF by phase separation formation of CRC
constituents, ELF3, KLF5 and GATA6. This hypothesis needs to
be verified in future studies.

TFs not only refine CRC through their interactions with other
TFs and their SEs but also form complexes with cofactors to
mediate transcriptional regulation47. In this study, we first found
and verified that cofactor AJUBA interacted with EHF. Shuttling
between the cytoplasm and nucleus, the LIM domain-containing
protein AJUBA interacts with various proteins in the cytoplasm
and nucleus, including TFs, to form various complexes48. On the
one hand, AJUBA functions as a corepressor of snail/slug49,50 and
nuclear receptor51 activity to weaken the transcription of their
target genes. On the other hand, AJUBA serves as a coactivator
that enhances the transcriptional activities of ERa52, Aurora-A53

and Rac54. In summary, AJUBA is a transcriptional corepressor
or coactivator of TFs. Our study revealed, for the first time, that
AJUBA functions as a coactivator of the TF EHF to cooperatively
orchestrate a transcriptional network in GEA cells.

Tumorigenic activation of KRAS plays a leading role in the
initiation, growth, progression, metastasis, drug resistance and
recurrence of cancers55,56. Although many studies have been
performed to identify the central roles played by KRAS mutations
in cancers57e59, less research has directly focused on the role of
the KRAS protein or signaling pathway. Direct targeting of the
KRAS protein has been thought impossible due to the absence of
pockets for drug binding in the KRAS protein60. Hence, targeting
a protein upstream or downstream of KRAS has been an alter-
native way to inhibit tumorigenic signaling. Potential drugs
directly or indirectly targeting KRAS signaling have entered into
preclinical or clinical trials. For example, deltarasin impaired
oncogenic KRAS signaling by inhibiting the KRAS‒PDEd
interaction61. To date, no study on the regulation of the KRAS
pathway by EHF or AJUBA has been reported. Our integrative
analysis involving both RNA-seq and ChIP-seq identified KRAS
signaling as a key signaling pathway downstream of EHF and
AJUBA, which was validated by qRT-PCR and immunoblotting.

The research focus shifted from directly targeting the KRAS
protein to targeting molecules upstream or downstream of
KRAS. Notably, we identified EHF and AJUBA as proteins up-
stream of the KRAS pathway. Targeting EHF and AJUBA can
directly inhibit oncogenic KRAS signaling. However, targeting
TFs with small molecules is thought to be difficult, except with
the nuclear receptor family29. The overwhelming success of
COVID-19 vaccines delivered through NPs has greatly increased
public trust and universally influenced the applications of
nanotechnology62e65. Indeed, numerous drugs based on lipid
NPs have been approved for disease prevention and therapy66e68.
Lipid NPs can provisionally compromise the permeability barrier
and allow nucleic acids to enter cells69. In this study, we
employed lipid-based NPs to deliver siRNAs against EHF and
AJUBA into cancer cells and found that anchoring EHF and
AJUBA through lipid-based NPs cooperatively facilitated GEA
remission in cell lines and PDX models. Our results suggested
that targeting EHF and AJUBA with lipid nanoparticles is an
attractive potential treatment for fatal GEA.

5. Conclusions

In conclusion, EHF phenotypically facilitates the malignant bio-
logical behavior of GEA cells, and it is upregulated in GEA
samples. Mechanistically, EHF is upregulated by the ELF3-KLF5-
GATA6 CRC in GEA. We found for the first time that EHF in-
teracts with cofactor AJUBA to cooperatively orchestrate a tran-
scriptional network. Furthermore, we identified KRAS signaling
as a common downstream pathway of EHF and AJUBA. In
application, targeting EHF and AJUBA using lipid nanoparticles
cooperatively attenuated the malignant behavior of GEA in vitro
and in vivo, providing a promising novel therapeutic strategy.
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