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NF-κB signaling pathway and inducing  
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Abstract: Objectives: HORMAD1 is a cancer/testis antigen (CTAs) that regulates DNA homologous recombina-
tion, mismatch repair, and other tumor characteristics. However, its role and regulatory mechanisms in gastric 
cancer remain unclear. Methods: We performed transcriptomic profiling on seven gastric cancers and paired tis-
sues; HORMAD1 was significantly upregulated in gastric cancer samples and was related to poor prognosis sur-
vival. Furthermore, cancer pathway microarray, bioinformatic analysis, western blot, and immunochemistry assay 
demonstrated that HORMAD1 affected the NF-κB signaling pathway. Results: In vitro and vivo studies confirmed 
that HORMAD1 knockdown inhibited cell growth and invasion, whereas overexpression reversed these effects. 
Mechanistically, HORMAD1 regulates the epithelial-mesenchymal transition process (EMT) via the NF-κB pathway 
by increasing the phosphorylation levels of NF-κB (p-65) and Iκκ-β. Downstream target genes of the NF-κB signal-
ing pathway, such as c-Myc, CyclinD1, may be involved in HORMAD1-induced tumorigenesis in gastric cancer (GC). 
Conclusions: HORMAD1 plays an important role in gastric cancer progression and could be a promising prognostic 
biomarker and therapeutic target.
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Introduction

Gastric cancer (GC) is the fifth most common 
cancer and the third leading cause of cancer 
death globally. In East Asian countries, espe-
cially China, the incidence of GC is as high as 
42% [1, 2]. Presently, the diagnosis and treat-

ment of gastric tumors have been greatly im- 
proved with advances in diagnostic and surgi-
cal techniques [3]. However, because of the low 
early diagnosis rate, most patients are diag-
nosed at an advanced GC stage, leading to a 
30-50% five-year mortality rate [4]. Therefore, 
exploring the mechanisms underlying GC pro-
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gression and identifying novel therapeutic tar-
gets and biomarkers for diagnosis and treat-
ment is vital.

Studies suggest that the NF-κB signaling path-
way has been widely demonstrated as one of 
the most commonly activated and essential 
pathways for EMT and GC progression [5, 6]. 
Moreover, NF-κB as a transcription factor has 
also been identified in many cancers and is 
thought to promote tumor progression [7]. 
Furthermore, several studies have suggested 
the activation of the transcription factor NF-κB 
by numerous regulatory proteins involved in cell 
cycle, proliferation, apoptosis, and migration 
[8] that is composed of two distinct subunits 
(p50 and p65) and is subject to regulation at 
multiple levels [9]. Under normal conditions, 
NF-κB remains inactive in the cytoplasm due to 
its binding with inhibitor proteins known as IκBs 
[10]. Upon activation, phosphorylation of the 
inhibitor by IκB kinase (IKK) triggers the degra-
dation of IκB-α, allowing the NF-κB subunit p65 
to translocate to the nucleus, where it induces 
its transcriptional activity [11]. Thus, activating 
the NF-κB signaling pathway plays an important 
role in tumor progression; however, the molecu-
lar function of NF-κB activation in GC remains 
unclear.

HORMAD1 was originally identified as cancer/
testis antigen (CTA46), a member of the CTAs 
family, normally expressed in the testes and 
diverse cancers [12]. HORMAD1, like other 
CTAs proteins, participates in tumor initiation, 
progression, metastasis, and drug resistance 
and is closely correlated with poor prognosis. 
For instance, previous studies have shown  
that HORMAD1 promotes EMT and enhances 
growth and metastasis through the Wnt signal-
ing pathway in lung cancer [13]. Another study 
found that HORMAD1 can induce chemo- 
resistance and radioresistance by promoting 
homologous recombination to ensure DNA 
damage repair in lung adenocarcinoma [14, 
15]. Moreover, compelling evidence shows that 
HORMAD1 expression and poor prognosis are 
associated with increased mutation load and 
genomic instability in many cancers [12, 16]. 
Furthermore, reports have indicated that the 
down-regulation of HORMAD1 enhances apop-
tosis when combined with docetaxel, leading to 
reduced levels of VEGF protein and microvessel 
density in human epithelial ovarian cancer both 

in vivo and in vitro [17]. Recently, it has been 
indicated that HORMAD1 is an independent 
prognostic factor in triple-negative breast can-
cers with cyclophosphamide treatment [18]. 
Notably, it has also been documented that 
HORMAD1 was over-expressed in > 45% of GC 
specimens tested [19]. However, the role of 
HORMAD1 in gastric cancer growth and pro-
gression and the potential underlying mecha-
nism has not been investigated. 

In our study, we focused on the clinical impor-
tance and biological function of HORMAD1  
in GC. Using RNA-seq, we discovered that 
HORMAD1 was significantly up-regulated in GC 
tissues and confirmed by the TCGA database to 
be associated with a poor prognosis. Further 
experiments showed that HORMAD1 had a 
higher expression in GC tissues and cell lines. 
Additionally, loss- and gain-of-function demon-
strated that HORMAD1 promotes the prolifera-
tion, migration, and invasion of GC cells in vitro 
and in vivo. Mechanistically, HORMAD1 pro-
motes EMT and GC progression through acti-
vating the NF-κB signaling pathway.

Materials and methods

Clinical tissue collection

In this study, 46 GC tissue samples and 
matched normal adjacent gastric tissues were 
studied at the First Affiliated Hospital of USTC, 
University of Science and Technology of China 
(USTC), from 2019 to 2021, and none of the 
patients were treated with any preoperative 
therapy. All patients provided written informed 
consent for the clinical research use of their 
tumor tissues. This study was approved by  
the Ethics Committee of USTC (No. 2019-X(H)- 
001).

RNA-sequencing

RNA-seq analysis of cells and tissue samples 
was performed by Gene Denovo Biotechnology 
Co. (Guangzhou, China). RNA was purified and 
fragmented to construct the RNA-seq library  
for sequencing. The cDNA fragments were  
purified using a QiaQuick PCR extraction kit. 
After agarose gel electrophoresis, suitable  
fragments were used as templates for PCR 
amplification. Real-time PCR was used to char-
acterize the sample library. Finally, the library 
was sequenced using Illumina HiSeq™ 4000.
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Analysis of HORMAD1 gene expression and 
Kaplan-Meier survival analysis based on The 
Cancer Genome Atlas database 

HORMAD1 gene expression data were ob- 
tained from The Cancer Genome Atlas (TCGA, 
http://tcgadata.nci.nih.gov/tcga/). To evaluate 
the effect of HORMAD1 expression on survival, 
we conducted Kaplan-Meier analysis and gen-
erated corresponding survival curves, hazard 
ratios (HRs), 95% confidence interval (CIs), and 
log-rank p-values (p) using the Kaplan-Meier 
plotter (http://kmplot.com) platform. 

Immunohistochemical staining

For patient tissues, Immunohistochemical (IHC) 
staining was performed following standard pro-
tocols [20]. The percentage of positive cells 
was scored as follows: 0 (negative), 1 (≤ 10%),  
2 (> 10%-50%), 3 (> 50%-80%), and 4 (> 80%). 
Staining intensity was rated as 0 (negative), 1 
(weak), 2 (moderate), or 3 (strong). The target 
protein expression was determined using the 
following criteria: low (score < 6) and high (score 
≥ 6). As previously described, IHC staining was 
performed for the mice plant tumor using anti-
Ki67, anti-HORMAD1, and anti-p-NF-κB (p-p65) 
antibodies. Two pathologists independently 
assessed the results. 

Cell culture 

All human gastric cell lines were stored at the 
Anhui Provincial Key Laboratory of Tumour 
Immunotherapy and Nutrition Therapy. RPMI 
1640 medium (RPMI 1640, Gibco, USA) was 
used, and all cells were supplemented with 
10% fetal bovine serum (FBS, Gibco, USA) and 
2% penicillin/streptomycin (Trans Gen Biotech, 
Beijing, China). For inhibition treatment, cul-
tured cells were incubated with 10 μmol/L BAY-
117082 (Selleck, USA) for 48 h. 

Lentivirus infection

The lentivirus expressing short hairpin RNA 
(shRNA) targeting HORMAD1 was designed  
and synthesized by Genechem (Shanghai, Chi- 
na). The lentivirus overexpressing HORMAD1 
was designed and synthesized by Genechem 
(Shanghai, China). The sh-RNA target sequence 
is described in Supplementary Table 1. The effi-
ciency of the lentivirus infection was validated 
using western blot and qRT-PCR.

RNA extraction and RT-qPCR analysis

Total RNA was isolated from the tissues and 
cells using an RNA extraction kit (Analytik Jena, 
Germany) for qRT-PCR. The complementary 
DNA (cDNA) was reverse transcribed using  
the Trans-Script All-in-One First-Strand cDNA 
Synthesis kit (Trans Gen Biotech, Beijing). The 
analysis was performed using Green qPCR 
Super Mix kits (Trans Gen Biotech, Beijing). The 
primer sequences used in this study are listed 
in Supplementary Table 2.

Western blotting (WB) analysis

Total protein was extracted from the cells and 
tissues using the RIPA buffer. The cell and con-
trol nuclear and cytoplasmic protein extracts 
were prepared using nuclear and cytoplasmic 
protein extraction kits. Protein concentrations 
were detected using BCA kits and heated at 
97°C for 10 min. The heated proteins were sep-
arated on a 10% SDS-PAGE gel and transferred 
to polyvinylidene difluoride (PVDF) membranes. 
These membranes were then incubated for 15 
min at room temperature with a protein-free 
rapid-blocking buffer. Subsequently, the blots 
were incubated with HORMAD1, CyclinD1, 
E-cadherin, p21, vimentin, c-Myc, NF-κB (p65), 
phospho-NF-κB (p-p65), phospho-IκBα, IκBα, 
phospho-Iκκ-β, Iκκ-β, β-actin, and GAPDH pri-
mary antibodies at 4°C overnight. After wash-
ing with TBST, membranes were hybridized with 
an appropriate secondary antibody at room 
temperature for 1 h. Finally, images of the WB 
bands were obtained using ChemiCapture, and 
the intensity in each group was measured using 
ImageJ software. GAPDH and β-actin were used 
as internal controls. The antibodies in this study 
are shown in the Supplementary Table 3.

Cell counting kit 8 (CCK-8) assay

For the CCK-8 assay, stably transfected cells 
were seeded in 96-well plates at a density of 
2,000 cells per well after various treatments. 
The absorbance was measured at 450 nm.

Colony formation 

The stably transfected cells were plated into 
6-well plates and cultured in a medium contain-
ing 10% FBS and 2% penicillin/streptomycin; 
the medium was changed every 2-3 days. After 
10-14 days, if colonies were observed, the 
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plates were washed with PBS, and the cells 
were fixed and stained with crystal violet for 20 
min. After that, cells were observed under a 
microscope (BX51; OLYMPUS, Japan).

EDU assay 

EDU staining was conducted using the Beyo- 
Click™ EdU Cell Proliferation Kit with Alexa 
Fluor 594 (Beyotime Biotechnology, China) per 
the manufacturer’s instructions. Images were 
acquired using a fluorescence microscope 
(BX51; OLYMPUS, Japan) and quantified using 
ImageJ software.

Cell migration and invasion assay 

The invasive potential of the GC cells was mea-
sured using Matrigel (BD, Franklin Lakes, NJ, 
USA) and transwell inserts (8 μm, Costar, Ma- 
nassas, VA, USA) containing polycarbonate fil-
ters with 8-μm pores. The inserts were coated 
with 50 μl of 1 mg/ml Matrigel matrix according 
to the manufacturer’s instructions. Images 
were acquired using a fluorescence microscope 
and quantified using ImageJ software.

Xenograft tumor formation assay

All animal experiments were approved and 
were performed on 12 five-week-old male 
BALB/c nude mice that were purchased from 
the Laboratory Animal Centre of Anhui Medical 
University. Moreover, the MKN-45 cells were 
stably transfected with NC-shRNA or HORMAD1-
shRNA. Subsequently, 0.1 ml MKN-45 cells 
(2×107 cells/ml) were subcutaneously injected 
into the right and left sides of the abdomen  
of each nude mouse. The mice were randomly 
distributed to the NC-shRNA and HORMAD1-
shRNA groups (n = 6). Tumour volume was 
measured every 3 days for 30 days and calcu-
lated using the following formula: volume = 
(Length × Width2)/2. The tumor tissues were 
weighed, and IHC staining was used to identify 
tissue sections expressing Ki-67, HORMAD1, 
and p-p65. All animal experiments followed the 
institutional guidelines and were approved by 
the experimental Animal Ethics Committee of 
USTC (No. 2021-N(A)-258).

Statistical analysis 

All experiments were repeated three times. 
Statistical analyses were conducted using 

SPSS 23.0, and the results were visualized 
using GraphPad Prism 8.0 (V8, USA). Student’s 
t-test (two-tailed) or one-way ANOVA was used 
to compare the means of two or three groups, 
whereas the correlation between HORMAD1 
expression and clinicopathological variables 
was calculated using either the chi-square or 
Fisher’s exact test. Spearman’s correlation 
analysis was used to evaluate the correlation 
between HORMAD1 and p-p65. Statistical sig-
nificance was set at P < 0.05.

Results

HORMAD1 is upregulated in GC tissues 

To explore the unique genes contributing to GC 
progression, RNA-seq analysis was performed 
using total RNA isolated from seven GC sam-
ples and seven paired matched adjacent nor-
mal tissues; 1,894 upregulated and 167 down-
regulated genes were identified using threshold 
fold change > 1.0 and P < 0.05. These samples 
were further classified into three subgroups: 
tumor vs matched adjacent tissues (n = 7), high 
differentiated tumor vs matched adjacent tis-
sues (n = 4), and low differentiated tumor vs 
matched adjacent tissues (n = 3). Of these 
screened genes, 823 crossover upregulated 
genes were selected for further study, including 
HORMAD1, KLK5, MAGEA10, CST1, HOXC-10, 
MUC-2, DKK4, REG3G, POU3F3, and SERPINB4 
(Figure 1A). Subsequently, following differential 
gene expression analysis between the three 
groups and upstream gene set enrichment 
analysis, Gene Ontology (GO) enrichment analy-
sis indicated that the most abundant biological 
processes mainly included epithelial-mesen-
chymal cell proliferation and migration process-
es (Figure 1B). Regarding cellular components, 
the most enriched categories included “junc-
tion” and “passive transmembrane transporter 
activity” (Figure 1C). Next, functional enrich-
ment of differential gene expression (DEGs) 
was performed using the Kyoto Encyclopaedia 
of Genes and Genomes (KEGG) pathway analy-
sis and Gene Ontology (GO) terminology analy-
sis. KEGG analysis showed that these differ- 
entially expressed genes were significantly 
enriched in multiple cancer-related signaling 
pathways, such as metabolism-related and 
focal adhesion-related pathways (Figure 1D). 
Consistent with these findings, Gene Set 
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Enrichment analysis (GSEA) revealed that the 
epithelial-mesenchymal transition signatures, 
the interferon alpha response, and TNF-α via 

NF-κB signaling were more represented in the 
GC tissues than in the adjacent tissues (Figure 
1E). 

Figure 1. HORMAD1 was upregulated in GC tissues by RNA-seq. A. Venn diagrams show the overlap between the dif-
ferentially expressed genes (P < 0.05) from GC and adjacent tissues (n = 7) with low differentiation tumour group vs 
matched adjacent samples and high differentiation tumour group (n = 4) vs matched adjacent samples for upregu-
lated clusters. B, C. GO enrichment analysis of DEGs was mainly related to regulating epithelial cell proliferation, 
migration, and mesenchymal cell differentiation and development. D. KEGG pathway enrichment analysis of DEGs 
was mainly related to focal adhesion based on the high-throughput RNA sequencing database. E. GSEA analysis 
revealed that HORMAD1 was mainly related to epithelial-mesenchymal transition and TNF-α and NF-κB signaling 
and interferon-gamma response based on a high-throughput RNA sequencing database. mRNAs.
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HORMAD1 overexpression was associated 
with clinicopathological characteristics in GC

Firstly, we analyzed HORMAD1 expression in 
34 types of human cancer. HORMAD1 was 
upregulated in 33 cancer types and markedly 
increased in 12 cancer types compared with 
levels in normal tissues (Figure 2A). Sub- 
sequently, we analyzed TCGA cohort and found 
that HORMAD1 expression was significantly 
higher in 375 gastric adenocarcinoma tissues 
than in 34 adjacent normal tissues (Figure  
2B). Next, we first used RT-qPCR to confirm 
HORMAD1 expression in GC to examine 
HORMAD1 mRNA levels in 46 GC and adjacent 
tissues. We observed significant upregulation 
of HORMAD1 in GC tissues compared to adja-
cent tissues (Figure 2C). Furthermore, Kaplan-
Meier survival analysis showed that patients 
with highly-expressed HORMAD1 had signifi-
cantly lower post-progression survival (P < 
0.01) and relapse-free survival (P < 0.05) rates 
than patients with low-expressed HORMAD1 
(Figure 2D, 2E). To further validate HORMAD1 
protein levels in GC, we detected HORMAD1 in 
GC tissue containing seven gastric tumor tis-
sues and corresponding adjacent tissues by 
western blot. Similarly, HORMAD1 protein was 
significantly increased in GC samples com-
pared to adjacent tissues (Figure 2H). We 
examined a small cohort of 46 pairs of GC and 
paired adjacent tissues using IHC analysis. 
Expression patterns of HORMAD1 in GC and 
adjacent tissues were classified according to 
IHC scores, and detailed demographic and clin-
icopathological parameters of these patients 
are presented in Table 1. GC tissues tended  
to show stronger cytoplasmic staining of 
HORMAD1, and adjacent tissues exhibited  
a lower or negative expression of HORMAD1 
(Figure 2F). Subsequently, we analyzed the 
relationship between HORMAD1 expression 
with cancer subtypes and clinicopathological 
features. Elevated HORMAD1 expression was 
detected in tumor samples with larger tumor 
sizes and in older patients (Table 1). Moreover, 
patients with advanced GC showed higher lev-
els of HORMAD1 expression than patients with 
early-stage GC. Overall, we found that increased 
HORMAD1 expression was associated with age 
(P < 0.01), tumor volumes (P < 0.01), and TNM 
stage (P < 0.01) but not with sex, differentia-
tion, or lymph node metastases. Ultimately, 
these results indicate that HORAMAD1 plays an 
essential role in GC development and patholo-

gy. Meanwhile, we further revealed that 
HORMAD1 was observed in GC cell lines com-
pared to the healthy gastric epithelial GES-1 
cell line according to our western blotting  
and RT-qPCR results. We also observed that 
HORMAD1 was highly expressed in MKN-45 
and AGS cells and less expressed in MKN-74 
and HCG-27 cells (Figure 2G, 2I). These results 
indicate that HORMAD1 is frequently upregu-
lated in GC and may function as a tumor-pro-
moting factor in human GC. 

HORMAD1 promotes proliferation, migration, 
and invasion of GC cells in vitro

To determine whether HORMAD1 affects GC 
cell proliferation, we transduced MKN-45 and 
AGS cell lines with shRNAs targeting HORMAD1 
or controls. We knocked down HORMAD1 effi-
ciency using selected shRNA-1 and shRNA-2 
from four distinct shRNAs in MKN-45 and AGS 
cells confirmed by western blot and RT-qPCR 
analysis (Figure 3A-D). Next, we used CCK-8, 
colony formation, and EDU assays to detect cell 
proliferation, colony formation capacity, and 
DNA synthesis. Compared with control cells, 
the proliferation rate (MKN-45-sh-HORMAD1,  
P < 0.001; AGS-sh-HORMAD1, P < 0.001) and 
the number of colony formations (MKN-45-sh-
HORMAD1, P < 0.001; AGS-sh-HORMAD1 P < 
0.001) of GC cells were significantly reduced 
(Figure 3E-G). Subsequently, EDU was per-
formed to assess the effect of sh-HORMAD1  
on DNA synthesis in AGS and MKN-45 cells 
(Figure 3I, 3J). The results showed that HOR- 
MAD1 downregulation inhibited cell growth in 
both cells. Conversely, HORMAD1-overexpress- 
ing plasmids were introduced into HCG-27 and 
MKN-74 cells, and HORMAD1 expression was 
confirmed by RT-qPCR and western blot as- 
say (Figure 4A, 4B). We found that ectopic 
HORMAD1 expression significantly promoted 
HCG-27 and MKN-74 cell proliferation, colony 
formation capacity and viability compared to 
the empty vector (Figure 4C-E, 4H, 4I). Fur- 
thermore, to investigate the role of HORMAD1 
in GC migration and invasion, we observed that 
ectopic overexpression of HORMAD1 resulted 
in significantly increased migration and inva-
sion of HCG-27 and MKN-74 cells (Figure 4F, 
4G). Conversely, HORMAD1 depletion in MKN-
45 and AGS cells significantly reduced cell mi- 
gration and invasion (Figure 3H). These results 
suggest that HORMAD1 is associated with GC 
cell proliferation, migration, and invasion. 
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Figure 2. Expression of HORMAD1 and the prognostic role of HORMAD1 mRNA expression in GC. A. Expression of 
HORMAD1 across 34 cancer types and the corresponding normal tissues using data from The Cancer Genome 
Atlas (TCGA) database. Data were analyzed using the Wilcoxon test. B. HORMAD1 mRNA levels in gastric tissues 
(n = 373) and adjacent normal tissues (n = 34) were assessed using the online TCGA database. C. Relative mRNA 
expression of HORMAD1 was analyzed using RT-qPCR in tumor tissues and matched adjacent normal tissues  
(n = 46). GAPDH was used for the normalization of RT-qPCR results (***P < 0.001). D, E. The effect of HORMAD1 
mRNA expression in GC tissue on patient’s overall relapse-free survival and post progression survival was assessed 
based on the database of the Kaplan-Meier plotter platform. F. HORMAD1 protein expression is significantly higher 
in GC than in the matched normal tissues by IHC staining. IHC score analysis for HORMAD1 expression in 46 GC 
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tissues compared with that in the matched normal tissues (**P < 0.01). G. RT-qPCR analysis of HORMAD1 mRNA 
expression in gastric cell lines (MKN-45 vs GES-1, AGS vs GES-1, ***P < 0.001). H. WB analysis of HORMAD1 in 
seven pairs of GC (T) and the matched adjacent (N) tissues (n = 7). I. WB analysis of HORMAD1 protein expression 
in gastric cell lines. The number indicates the relative band intensity of HORMAD1 protein normalized against that 
of β-actin. Representative images and statistical plots are shown in the upper and lower panels, respectively. IHC, 
immunohistochemistry; GC, gastric cancer.

Table 1. Correlation between HORMAD1 expression and clinicopathologic characteristics in 46 gastric 
cancer patients

Clinicopathological features Category
HORMAD1 expression (%)

χ2 p value
High (> 6) Low (< 6)

Total 46
Age 10.435 0.004
    < 53 8 2 6
    ≥ 53 38 31 7
Sex 0.023 0.347
    Male 36 28 8
    Female 10 8 2
Tumor size 3.622 0.007
    < 5 8 4 4
    ≥ 5 38 31 7
Location 5.895 0.752
    GEJ-Cardia 30 19 11
    Fundus-Body 9 2 7
    Antrum-Pylorus 6 4 2
    Remnant + multi-sites 1 1 0
Lauren type 1.759 0.193
    Intestinal 36 26 10
    Diffuse + mixed 10 5 5
pT stage 18.892 0.150
    T1 + T2 15 2 13
    T3 + T4 31 25 6
pN stage 0.810 0.955
    N0 9 6 3
    N1 12 8 4
    N2 14 10 4
    N3 11 6 5
M stage 0.378 0.601
    M0 44 31 13
    M1 2 1 1
TNM stage 10.388 0.0001
    I + II 9 2 7
    III + IV 37 29 8

HORMAD1 promotes GC progression in xeno-
graft mouse models

To study the in vivo function of HORMAD1 in GC 
tumor growth, we used a subcutaneous xeno-
graft tumor model, wherein MKN-45 GC cells 

(2×107) were injected into the right flank of 
mice. Thirty days post-transplantation, we 
observed that tumors derived from control 
MKN-45 cells were significantly larger in size 
when compared to those from HORMAD1-de- 
pleted cells (Figure 5A). Furthermore, tumors 



HORMAD1 promotes gastric cancer progression

5816 Am J Transl Res 2023;15(9):5808-5825

formed in the control group had a larger tumor 
volume and heavier weight than those in the 
sh-HORMAD1 group (Figure 5B, 5C). Further- 
more, the IHC results showed that tumors dis-
sected from the sh-NC group exhibited a stron-

ger HORMAD1 staining than those from the sh-
HORMAD1 group. Meanwhile, IHC analysis con-
firmed that sh-HORMAD1 inhibited the expres-
sion of the proliferation marker Ki-67 (Figure 
5F). Moreover, tumors derived from sh-HOR-

Figure 3. Knockdown of HORMAD1 inhibits cell proliferation and colony formation. A-D. WB and RT-qPCR analysis of 
the transfection efficiency of sh-HORMAD1 in MKN-45 and AGS cells (**P < 0.01 vs sh-NC). E, F. Cell proliferation 
activities of sh-HORMAD1-transfected MKN-45 and AGS cells were measured using CCK8 analysis (*P < 0.05 vs 
NC; **P < 0.01 vs NC). G. Analysis of cell colony formation capacity of sh-HORMAD1-transfected MKN-45 and AGS 
cells (**P < 0.01 vs NC). H. The cells’ invasive and migration potential was assessed using the Transwell assay in 
sh-HORMAD1 transfected MKN-45 and AGS cells (**P < 0.01 vs sh-NC). All histograms represent the results of 
three independent experiments. I, J. The EDU assay was used to observe the effects of HORMAD1 knockdown on 
the DNA synthesis of MKN-45 and AGS cells.
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MAD1 with MKN-45 cells had lower levels of 
p-NF-κB/p65 proteins than sh-NC cells by  
western blot and IHC analysis (Figure 5D). 
Furthermore, Pearson’s analysis showed that 
p-p65 protein levels were positively correlated 
with HORMAD1 in xenograft tissues (Figure 
5E). We confirmed this phenomenon in GC  
by assessing the p-p65 expression in GC  
and adjacent tissues. As shown in Figure 5H, 
p-p65 expression was stronger in GC tissues 

than in adjacent tissues. Furthermore, GC  
tissues with high HORMAD1 expression had a 
higher p-p65 expression than GC tissues with 
low HORMAD1 expression (Figure 5G). Further, 
Pearson’s analysis demonstrated that p-p65 
protein levels were positively correlated with 
HORMAD1 in GC tissues (Figure 5I). These 
results suggest that HORMAD1 promotes 
tumor growth, possibly through the NF-κB/p65 
pathway. 

Figure 4. Overexpression of HORMAD1 promotes cell growth and invasion. A, B. RT-qPCR analysis of the transfection 
efficiency of HORMAD1 in MKN-74 and HCG-27 cells (**P < 0.01 vs OE-NC). C-E. Cell proliferation activity and colony 
formation capability were estimated using CCK-8 and colony formation assays, respectively, in HORMAD1-transfect-
ed MKN-74 and HCG-27 cells (**P < 0.01 vs OE-NC). F, G. Transwell invasion assay was performed to assess cell 
invasive and migration potential in MKN-74 and HCG-27 cells overexpressing HORMAD1 (*P < 0.05 vs OE-NC, **P 
< 0.01 vs OE-NC). H, I. The results of EdU assay effects on DNA synthesis of HGC-27, MKN74-cells. 
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Figure 5. HORMAD1 knockdown inhibits GC tumor formation and growth in nude mice. A. Tumor xenografts were 
generated using HORMAD1-silencing MKN-45 cells. Images of tumors are shown (n = 6). B. The tumors formed in 
mice were surgically collected 30 days after the injection. Tumor tissues in sh-NC and sh-HORMAD1 groups were 
weighed after 30 days. C. Tumor growth curve of the xenograft tumor growth tendency in the sh-HORMAD1 and NC 
groups (**P < 0.01 vs sh-NC). D. Protein levels of HORMAD1, phospho-NF-κB (p-p65), p65, and GAPDH in tumor 
tissues were measured using western blotting assay of sh-HORMAD1 groups vs sh-NC (n = 6). E. Positive correla-
tion between the expression level of HORMAD1 and the level of phosphorylated NF-κB (S473) by IHC in nude mice 
xenograft gastric tumors (**P < 0.01 vs sh-NC). F. Representative photomicrographs of IHC staining of HORMAD1, 
p-p65, and Ki-67 in GC nude mice tissues (Magnification: ×200). G. Percentages of specimens showing low or high 
HORMAD1 expression relative to the levels of p-p65. H. Significantly higher expression of p-p65 protein was ob-
served in GC tissues compared with that in matched normal tissues, as indicated by IHC staining. IHC score analysis 
of p-p65 expression in 46 GC tissues revealed a significant difference (***P < 0.001) compared to that in matched 
normal tissues. I. Pearson’s correlation coefficient (r) was calculated to assess the correlation between HORMAD1 
and p-p65 in the 46 pairs of GC tissues.
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HORMAD1 enhances the activity of the NF-κB 
signaling pathway 

To further explore the molecular mechanism by 
which HORMAD1 promotes GC development, 
we analyzed differentially upregulated gene 
expression in 237 and 112 downregulated 
genes in MKN-45 sh-HORMAD1 cells using 
RNA sequencing. We found that HORMAD1 
silencing significantly regulated the expression 
of 349 genes in MKN-45 cells (log2 ratio > 1  
or < -1, P < 0.05), containing 112 downregulat-
ed and 237 upregulated mRNAs in HORMAD1-
silenced GC cells, compared to that in the nega-
tive control groups (Figure 6A, 6B). KEGG cate-
gorization significantly enriched these differen-
tially expressed genes in multiple cancer-relat-
ed signaling pathways, including NF-κB and 
TNF-α as the top-ranked signaling pathways 
(Figure 6C). Furthermore, GSEA showed that 
the NF-κB signaling pathway was strongly 
enriched in the control group (Figure 6D). 
Based on RNA-seq results, western blotting 
confirmed that HORMAD1 knockdown in MKN-
45 cells decreased NF-κB activity. Notably, 
NF-κB activation requires translocation of the 
p65 subunit from the cytoplasm to the nucleus, 
during which IKK-β is a key kinase to facilitate 
translocation by releasing the p65 subunit  
from IκB-α. Therefore, we investigated whe- 
ther HORMAD1 affects the status of Iκκ-β and  
IκB-α in GC cells. The results suggested that 
HORMAD1 knockdown decreased the abun-
dance of both p-Iκκ-β (atThr188) and p-IκB-α 
(atSer32), while total IKK-β and IκB-α levels 
were unchanged (Figure 6E). Overall, these 
findings suggested HORMAD1 plays a role in 
transactivating the NF-κB signaling pathway. 

HORMAD1 promoted EMT and proliferation in 
gastric cancer cells 

Because EMT is considered a prominent fea-
ture of most cancers and plays a crucial role in 
cancer progression and invasion, it was worth 
investigating whether HORMAD1 was involved 
in regulating the EMT process of GC cells. 
Therefore, by western blotting assay, we exam-
ined EMT markers in HORMAD1 overexpressed 
in HCG-27 and MKN-74 cells. The data revealed 
the downregulation of the cohesive epithelial 
marker E-cadherin and a corresponding upreg-
ulation of the mesenchymal markers Vimentin 
and N-cadherin upon HORMAD1 overexpres-

sion (Figure 6F). As shown in (Figure 6G), 
HORMAD1 knockdown exerted the opposite 
effect in MKN-45 and AGS cells. Furthermore, 
we found that HORMAD1 could enhance NF-κB 
downstream proliferation-related gene expres-
sion. Moreover, the HORMAD1 knockdown gr- 
oup showed the downregulation of c-Myc and 
CyclinD1 and the upregulation of p21, whereas 
the HORMAD1 overexpressed group showed 
the opposite (Figure 6F, 6G). Thus, the function-
al changes induced by HORMAD1 suggest that 
HORMAD1 may be an important facilitator of 
EMT and proliferation in GC.

HORMAD1 facilitates the GC progression 
through the NF-κB signaling pathway

To determine whether HORMAD1 promotes 
proliferation and invasion of GC cells via the 
NF-κB signaling pathway, we treated HORMAD1-
overexpressed MKN-74 cells with the IKK inhib-
itor Bay-117082 (20 µmol/l) for 2 h. Compar- 
ed to Dimethyl sulfoxide (DMSO), Bay-117082 
treatment resulted in a significant reduction in 
cell proliferation (P < 0.001) and colony forma-
tion (P < 0.001) in MKN-74-HORMAD1 cells 
(Figure 7A-C). Similarly, migration and invasion 
assays showed that MKN-74-HORMAD1 cells 
treated with IKK inhibitor showed reduced inva-
sion capacity compared to the DMSO group 
(Figure 7D) (P < 0.001). To ascertain whether 
EMT mediates the role of HORMAD1 in the 
migration and invasion of GC cells, we treated 
MKN-74 cells with Bay-117082; the results of 
the western blot assay showed that it was  
possible to rescue the expression changes  
of E-cadherin, N-cadherin, and Vimentin upon 
HORMAD1 overexpression (Figure 7E). In short, 
EMT was partly responsible for the promotion 
effect of HORMAD1 on the migration and inva-
sion of GC cells. Furthermore, we characterized 
the signaling mechanism by which HORMAD1 
regulates the NF-κB signaling pathway in GC 
cells. Our results demonstrated that overex-
pression of HORMAD1 increased Ser32 phos-
phorylation of IκB-α and Thr188 phosphoryla-
tion of Iκκ-β, which attenuated p-NF-κB degra-
dation (p-p65) and promoted its nuclear trans-
location (Figure 7F). In addition, the IKK inhibi-
tor Bay-117082 partially restored increased 
levels of p-Iκκ-β (Thr188) and p-IκB-α (atSer32), 
accompanied by a partial reversal of HORM- 
AD1 overexpression-induced changes in p-NF-
κB (p-p65) expression levels and transcription-
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Figure 6. HORMAD1 is involved in the regulation of the NF-κB signaling pathway. A. Heatmap of the differentially ex-
pressed genes from the RNA-seq experiment following HORMAD1 knockdown. Red and blue represent upregulation 
and downregulation, respectively. B. The number of differentially expressed mRNAs. C. KEGG enrichment analysis 
of the 10 most important enriched pathways regulating HORMAD1 in GC cells. Based on KEGG signaling pathways, 
this analysis allowed for the functional categorization of differentially expressed mRNAs triggered by the knockdown 
of HORMAD. D. GSEA analysis comparing the sh-HORMAD1 group (red) to the sh-control group (blue) of MKN-45 GC 
transfect cells. E. Western blotting analysis of the expression of HORMAD1, p-p65, p65, p-Iκκ-β, Iκκ-β, p-IκB-α, IκB-α, 
and GAPDH in the cochlea. GAPDH was used as an internal control (**P < 0.01 vs OE-NC, ***P < 0.001 vs sh-NC). 
F. Western blot assay analysis of the expressions of EMT and proliferation relative gene (E-cadherin, N-cadherin, vi-
mentin, p21, CyclinD1, and c-Myc) on HCG-27 and MKN-74 with overexpressed HORMAD1. G. Western blot analysis 
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of the expression of EMT and proliferation related gene (E-cadherin, N-cadherin, vimentin, p21, CyclinD1, and c-Myc) 
by HORMAD1 knockdown in MKN-45 and AGS cells. β-actin was used as an internal control.

Figure 7. HORMAD1 enhances GC cells’ proliferative and invasive abilities by the NF-κB signaling pathway. A. Rep-
resentative image of the colony formation assay for MKN-74 cells transfected with HORMAD1 and their control cells 
with DMSO or Bay117082 (**P < 0.01 vs DMSO, ***P < 0.001 vs DMSO). B. The number of colonies formed by 
each group is shown in the histogram. C. The cell growth curve of MKN-74 cells transfected with HORMAD1 and 
their control cells with DMSO or Bay117082 (**P < 0.01 vs DMSO). D. Representative images of the Matrigel in-
vasion assay for MKN-74 cells transfected with HORMAD1 and their control cells with DMSO or Bay117082 (**P 
< 0.01 vs DMSO, ***P < 0.001 vs DMSO). The invasive cell number for each group is shown in the histogram. E. 
The MKN-74 cells with HORMAD1 overexpression were treated with Bay117082 for 48 h, then the protein levels of 
EMT markers were measured by western blotting. F. HORMAD1-overexpressed or control MKN-74 cells were treated 
with Bay117082 or DMSO for 2 h. Subsequently, the protein levels were measured by western blotting. Lamin B1 
or GAPDH was used as an internal control (*P < 0.05 vs DMSO, **P < 0.01 vs DMSO, ***P < 0.001 vs DMSO).
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al activity. Therefore, we identified that Bay-
117082 treatment significantly inhibited p-NF-
κB (p-p65) and p-NF-κB (p-p65) nuclear trans-
location induced by HORMAD1 overexpression 
in MKN-74 cells, suggesting that HORMAD1-
mediated p-NF-κB activation is indeed in the 
p-NF-κB/Iκκ-β pathway. These results demon-
strated that HORMAD1 activates GC cell prolif-
eration and invasion by regulating the activa-
tion of the NF-κB signaling pathway.

Discussion

Previous studies have shown that HORMAD1,  
a meiosis-specific protein, is widely expressed 
in various cancer types, including lung, ova- 
rian, and breast cancer [13-17]. Furthermore, 
HORMAD1 has been implicated in tumour 
development and chemotherapeutic resist-
ance. However, the precise biological functions 
of HORMAD1 in GC progression and its underly-
ing mechanisms remain unclear. This study 
attempted to reveal the role and mechanisms 
of HORMAD1 in GC progression. We identified a 
significant increase in HORMAD1 expression in 
GC tissues and cell lines. Specifically, high lev-
els of HORMAD1 expression correlated with 
poor prognosis, higher tumor stage, and incre- 
ased lymph node metastasis rates. Moreover, 
we found that HORMAD1 facilitated the prolif-
eration, migration, and invasion of gastric can-
cer cells, consistent with previous research 
[13, 17]. Interestingly, our study also showed  
a positive association between HORMAD1 
expression and p-NF-κB expression based on 
IHC score analysis, confirmed by vivo experi-
ments. Therefore, our findings strongly suggest 
that HORMAD1 may act as an oncogenic gene 
in GC’s development and progression.

The initial stage of metastatic progression  
is essentially dependent on EMT [21, 22]. Spe- 
cifically, the activation of EMT allows cancer 
cells to migrate and invade beyond the extra-
cellular matrix of surrounding tissues in the 
metastatic cascade [4]. During cancer progres-
sion, EMT can alter the adhesion of epithelial 
cancer cells and allow them to invade and 
migrate to distant sites, thus contributing to 
tumor metastasis [23]. Recent studies have 
highlighted the role of CTAs in promoting tumor 
metastasis through the induction of EMT. For 
instance, Testes-specific protease 50 (TSP50) 
has been shown to promote invasion and meta- 

stasis in GC by inducing EMT [24]. Moreover, 
studies showed that HORMAD1 promotes EMT 
and metastasis through the Wnt/β-catenin 
pathway [13]. To date, no studies have investi-
gated the role of HORMAD1 (CTA46) as a CTAs 
in EMT and tumor progression in GC. Moreover, 
the mechanism underlying its pathogenesis is 
rather lacking evidence. In this context, our 
study provided mechanistic evidence support-
ing HORMAD1’s vital role in promoting EMT and 
proliferation in GC. We report that HORMAD1-
knockdown GC cells have low levels of Vimen- 
tin, N-Cadherin, and c-Myc and high levels of 
E-cadherin, suggesting that HORMAD1 is a 
potent inducer of EMT, resulting in more inva-
sive and proliferation biological behavior in GC 
cells.

It is well known that the NF-κB signaling path-
way is involved in cell migration and invasion 
and plays a key role in promoting and maintain-
ing the invasiveness of cancer cells via regulat-
ing EMT processes in different tumors, includ-
ing GC [6, 25]. Multiple lines of evidence have 
implicated the NF-κB signaling pathway in regu-
lating various pathophysiological processes, 
including inflammation, malignant transforma-
tion, transcription, cell apoptosis, metastasis, 
and proliferation [26]. Furthermore, a previous 
study showed that NF-κB is required for TSP50-
induced migration and invasion of breast can-
cer cells [27]. Moreover, NF-κB/p65, as a tran-
scription factor involved in EMT or proliferation, 
has been reported to play an important role  
in tumors. However, the effect of HORMAD1  
on NF-κB in GC has not been investigated. 
Therefore, based on our RNA-seq results of 
GSEA and KEGG analysis, it is strongly sug- 
gested that the NF-κB pathway is highly rele-
vant to HORMAD1. Moreover, identifying and 
understanding specific modulators regulating 
the NF-κB pathway in GC cells could offer new 
insights into the molecular mechanisms under-
lying EMT and potentially lead to the discovery 
of novel therapeutic targets for GC. This stu- 
dy revealed that HORMAD1 promotes p-p65 
expression by increasing cytoplasmic accumu-
lation and subsequent nuclear translocation, 
leading to NF-κB signaling activation. It is well 
known c-Myc as an oncogene in several carci-
nogenesis processes, which are involved in cell 
proliferation and growth, cell cycle regulation, 
cell adhesion, metabolism, ribosome biogene-
sis, protein synthesis, and mitochondrial func-



HORMAD1 promotes gastric cancer progression

5823 Am J Transl Res 2023;15(9):5808-5825

tion [28, 29]. Several studies showed that 
c-Myc can promote the growth and proliferation 
of gastric cancer cells and help them maintain 
malignant phenotype [30, 31]. Meanwhile, 
CyclinD1 acts as a growth factor drives cell 
cycle progression and promote cell prolifera-
tion in many different types of cancer [32]. 
Previous studies have indicated that CyclinD1 
as a key cell cycle-related molecules are 
involved in the occurrence and progression of 
GC [33]. Consistent with our finding, upregula-
tion of HORMAD1 was observed to increase  
the expression of CyclinD1 and c-Myc while 
decreasing the expression of p21. Conversely, 
the knockdown of HORMAD1 reversed these 
effects, resulting in decreased expression of 
CyclinD1 and c-Myc and increased expression 
of p21. Notably, both c-Myc and CyclinD1 play 
important roles in cell proliferation.

We report that HORMAD1 induces malignant 
phenotypes in GC cells by activating the NF-κB 
pathway in GC cells. Our results demonstrate 
that HORMAD1 overexpression increases the 
phosphorylation of NF-κB (Ser536) and Iκκ-β 
(Thr188), which promotes its nuclear transloca-
tion. Moreover, the Iκκ-β inhibitor partially re- 
duced the levels of p-NF-κB and p-Iκκ-β, which 
were initially inhibited by HORMAD1 knock-
down. Furthermore, treatment of HORMAD1-
overexpressing cells with the specific Iκκ-β 
inhibitor, BAY-117082, partially restored the 
levels of p-NF-κB (Ser536) and transcriptional 
activity of NF-κB. Meanwhile, the treatment 
with Iκκ-β inhibitor, BAY-117082, partly res- 
tored the level of EMT markers in HORMAD1-
overexpressed MKN-74 cells. These above 
results indicate that HORMAD1 overexpression 
activates the NF-κB signaling pathway, thus 
promoting EMT in GC cells. These findings  
collectively demonstrate the upregulation of 
HORMAD1 in GC and its promotion of GC prolif-
eration. Additionally, HORMAD1 was found to 
partially regulate the EMT process by activating 
the NF-κB signaling pathway. Until now, the role 
of HORMAD1 in gastric cancer still has some 
limitations. Accordingly, in our present finding 
provides an effective strategy and potential the 
therapeutic target for GC. Moreover, we specu-
lated that GC patients with high HORMAD1 
expression may benefit more from treatment 
with inhibitors of the NF-κB pathway, which pro-
vide novel insights that could be used to 
improve the clinical efficacy of these inhibitors. 

However, our research has not been adequate-
ly verified, therefore, comprehensive research 
is needed to confirm the regulated mechanism 
remain to be investigated in the future.
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Supplementary Table 1. sh-RNA sh-HORMAD1 and primer sequences used in the study
Sh-NC TTCTCCGAACGTGTCACGT
Sh-1 GAAGATGAACAGGAGCATTAT
Sh-2 GCATTCTCCTCATTCGCAAGA
Sh-3 GATCTACACAGTTAGTGAAAT

Supplementary Table 2. RT-qPCR Primer sequence
Gene Primer F Primer R
HORMAD1 5’-GCCCAGTTGCAGAGGACTC-3’ 5’-TCTTGTTCCATAAGCGCATTCT-3’
GAPDH 5’-GAGTCAACGGATTTGGTCGT-3’ 5’-GACAAGCTTCCCGTTCTCAG-3’

Supplementary Table 3. Western blot antibody in this study
Gene Ratio Brand Art. NO
HORMAD1 1:1000 Proteintech #13917
p21 1:1000 Proteintech #10355
E-Cadherin 1:5000 Proteintech #20874
N-cadherin 1:5000 Proteintech #22018
Vimentin 1:1000 cst #5741
c-Myc 1:1000 cst #9402
CyclinD1 1:10000 Proteintech #60186
MMP-9 1:500 ZenBio #380831
NF-κB p65 1:500 cst #13008
phospho-NF-κB p65 1:1000 cst #3033
IκBα 1:1000 Proteintech #10268
IKKβ 1:1000 Abcam #ab32135
Phospho-IKKβ 1:1000 Immunoway #YP0637
Phospho-IκBα 1:1000 Immunoway #YP1372


