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Abstract. HORMA domain‑containing protein 1 (HORMAD1), 

is normally expressed only in the germline, but is frequently 

re‑activated in human triple‑negative breast cancer (TNBC); 

however, its function in TNBC is largely unknown. In the present 

study, the expression and biological significance of HORMAD1 
in human TNBC was evaluated. Bioinformatics analysis and 

reverse transcription‑quantitative PCR were used to evaluate 

HORMAD1 expression in datasets and cell lines. HORMAD1 

protein expression was detected in TNBC samples using 

immunohistochemical assays, and the effect of HORMAD1 on 

cell proliferation was determined using Cell Counting Kit‑8, 

plate colony formation and standard growth curve assays. Cell 

cycle, reactive oxygen species (ROS) and apoptosis analyses 

were conducted using flow cytometry. The activity of caspases 
was measured using caspase activity assay kit. The levels of key 

apoptosis regulators and autophagy markers were detected by 

western blot analysis. TNBC cell survival and apoptosis were 

not influenced by small interfering RNA targeting HORMAD1 
alone; however, HORMAD1 knockdown enhanced autophagy 

and docetaxel (Doc)‑induced apoptosis, compared with the 

control group. Furthermore, higher ROS levels and caspase‑3, 

‑8 and ‑9 activity were detected in MDA‑MB‑436 TNBC cells 

with HORMAD1 knockdown upon exposure to Doc. The levels 

of the induced DNA damage marker γH2AX were also higher, 

while those of the DNA repair protein RAD51 were lower in 

TNBC cells with HORMAD1 knockdown compared with the 

controls. Furthermore, the expression of the autophagy marker 

P62 was enhanced in MDA‑MB‑231 cells in response to 

HORMAD1 overexpression. Notably, Doc‑induced apoptosis 

was similarly increased by both HORMAD1 overexpression 

and treatment with the autophagy inhibitor, 3‑methylade‑

nine (3MA); however, the Doc‑induced increase in autophagy 

was not inhibited by 3MA. The present data indicated that 

HORMAD1 was involved in autophagy and that the inhibition 

of autophagy can partially enhance the induction of apoptosis 

by Doc. The role of HORMAD1 in the DNA damage toler‑

ance of tumor cells may be the main reason for Doc resistance; 

hence, HORMAD1 could be an important therapeutic target in 

TNBC.

Introduction

Breast cancer has overtaken lung cancer as the most common 

type of cancer in women, with an estimated 2.3 million 

new cases in 2020, according to the latest cancer statistics 

report (1). Triple‑negative breast cancer (TNBC) is a breast 

cancer subtype. Patients with TNBC exhibit a shorter median 

time to relapse and death, due to the lack of effective treat‑

ment targets. This lack of specific therapies is the leading 
cause of recurrence and mortality in patients with TNBC, 

alongside treatment resistance (2). In addition to surgical 

treatment, chemotherapy remains the main systematic treat‑

ment for breast cancer (3). Although several large randomized 

controlled trials have been conducted to explore novel 

treatment options for TNBC, such as programmed death 

ligand 1, a biomarker that has been included in the National 

Comprehensive Cancer Network (NCCN) guidelines (4), the 

results have been unsatisfactory. To date, taxanes remain the 

primary chemotherapy option for patients with TNBC in the 

clinic, as current international guidelines support the use of a 

single taxane and/or anthracyclines as first‑line treatment (5,6). 
Chemotherapy resistance and the lack of TNBC‑targeted 

therapies lead to poor patient prognosis (7).

Multiple studies have demonstrated that the pathologic 

complete response (pCR) rate of TNBC to neoadjuvant chemo‑

therapy (NAC) is superior to that of non‑TNBC subtypes (8,9) 

by up to 37.8% (10). NAC can not only lead to a reduction in 

the stage and shrinking of the breast tumor but also detect 

the sensitivity of the tumor to chemotherapy regimens. In 
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early‑stage breast cancer, the association between pCR rate 

and long‑term survival is most obvious in patients with 

TNBC (4). The search for chemotherapy‑sensitive markers 

and ways to overcome tumor resistance in TNBC are current 

research foci.

Cancer testis antigens (CTAs) are genes named after their 

expression patterns, since they are usually expressed only 

in the testes, where they play important roles in homolo‑

gous chromosome recombination during meiosis, but also 

exhibit an abnormally high expression in a variety of malig‑

nant tumors (11). HORMA domain‑containing protein 1 

(HORMAD1; also referred to as CT46) is a CTA normally 

expressed in the testes, which has also been revealed to be 

expressed in female gametes and to have important physiological 

functions (12), with abnormally high levels in TNBC (13,14). It 

has been indicated that HORMAD1 plays an important carci‑

nogenic role in basal‑like breast cancer (BLBC) (14) and it 

may induce a spontaneous antibody response in patients with 

cancer, due to its immunogenic properties (13). Meanwhile, 

several basic research studies have indicated that HORMAD1 

can reduce or enhance the susceptibility of different tumors to 

docetaxel (Doc) and poly‑ADP‑ribose polymerase I inhibitor 

(PARPi) in different types of cancer (15‑17). Therefore, in the 

present study, the association between the aberrant expres‑

sion of HORMAD1 in tumors and the clinicopathological 

characteristics of patients was explored, and certain abnormal 

biological behaviors caused by the aberrantly high expression 

of HORMAD1 in tumor cells and its influence on the tolerance 
to common chemotherapy drugs were studied through a series 

of functional experiments, with the aim of providing evidence 

to support drug treatment choice for patients with TNBC and 

explore a new therapeutic target for TNBC.

Materials and methods

Bioinformatic methods and data analysis. Data derived from 

1,208 breast cancer samples were downloaded from The 

Cancer Genome Atlas (TCGA) database (https://cancerge‑

nome.nih.gov). A detailed analysis of HORMAD1 expression 

was conducted as previously described (18). Gene expression 

data in breast cancer cell lines were obtained from the Broad 

Institute Cell Cancer Line Encyclopedia (CCLE; https://portals.

broadinstitute.org/ccle).

TNBC samples. This study was a retrospective analysis. A total 

of 640 TNBC samples were obtained at the time of diagnosis at 

The First Affiliated Hospital of Chongqing Medical University 
between November 2013 and August 2018. Data from patients 

(20‑76 years old) with TNBC with complete treatment records, 

who had undergone NAC combined with surgical treatment 

and subsequent chemotherapy, were selected. The exclusion 

criteria for all participants were as follows: i) Patients who 

achieved pCR after NAC; and ii) patients with previous cancer, 

concomitant cancer or bilateral breast cancer. Written informed 

consent was obtained from all patients and the study was 

approved (approval no. 2020‑279) by the Ethics Committee of 

the First Affiliated Hospital of Chongqing Medical University 
(Chongqing, China). Tumor size was measured by B‑mode 

ultrasound image or X‑ray mammography. Response to 

chemotherapy was assessed according to RECIST 1.1 (19), to 

determine whether the patient had achieved pCR. All post‑

operative chemotherapy cycles were completed, and imaging 

re‑examination was conducted regularly.

Immunohistochemical quantification of TNBC tissue samples. 
HORMAD1 expression levels and tumor infiltrating lympho‑

cyte (TIL) numbers in TNBC samples were investigated using 

4‑µm thick tissue sections cut from paraffin wax‑embedded 
specimens preserved by the Department of Pathology (First 

Affiliated Hospital of Chongqing Medical University). 

According to standard immunohistochemical operating 

procedures, sections were boiled at 100˚C for 3 min for antigen 
retrieval in 0.01 M citric acid buffer (pH 6.0) and quenched 

for endogenous peroxidase activity with 0.3% H2O2 solution 

for 15 min. The samples were then blocked for non‑specific 
binding with 10% normal goat serum at room temperature for 

15 min and incubated with specific rabbit primary antibody 
against HORMAD1 (1:500; cat. no. HPA037850; Merck KGaA) 

overnight at 4˚C. Subsequently, sections were treated with 
goat anti‑rabbit secondary antibody (1:200, cat. no. PV‑9000; 

Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.; 

OriGene Technologies, Inc.) for 30 min at room temperature. 

Following staining with diaminobenzidine (cat. no. ZLI‑9018; 

Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.; 

OriGene Technologies, Inc.) at room temperature for 10‑60 sec, 

representative images were captured using a Nikon Eclipse 80i 

light microscope (x200 magnification; Nikon Corporation). 
Each section was semi‑quantified by a professional pathologist 
using a relative scale (13).

Cell lines. The MCF7, T47D, ZR75‑1, SK‑BR‑3, MDA‑MB‑231, 

MDA‑MB‑436, BT549 and MDA‑MB‑468 human breast 

cancer cell lines were purchased from the American Type 

Culture Collection and cultured in DMEM (Thermo Fisher 

Scientific, Inc.) containing 10% fetal calf serum (Thermo 

Fisher Scientific, Inc.), 4.5 g/l D‑glucose, L‑glutamine and 
110 mg/l sodium pyruvate in a humidified incubator with 

5% CO2 at 37˚C. The medium was refreshed every 2‑3 days. 
Subsequently, transfection experiments were performed.

HORMAD1 knockdown and overexpression. Cells were plated 

in six‑well plates and transfected with specific small interfering 
RNAs (siRNAs) using LipoFiter™ Liposomal Transfection 

reagent (Hanbio Biotechnology Co., Ltd.), according to the 

manufacturer's instructions. Specific siRNA sequences were 
screened out from multiple candidate siRNA molecules and 

the sequences of the siRNAs (100 pM) used were as follows: 

siRNA‑negative control (NC) sense, 5'‑UUC UCC GAA CGU 

GUC ACG UTT‑3' and antisense, 5'‑ACG UGA CAC GUU 

CGG AGA ATT‑3'; HORMAD1‑siRNA1 (si‑HORMAD1#1 

sense, 5'‑CCA UGA GUG CAC UGG UAU UTT‑3' and anti‑

sense, 5'‑AAU ACC AGU GCA CUC AUG GTT‑3') equal to 

si‑HORMAD1 (si‑HORMAD1#2 sense, 5'‑GCA UUC UCC 

UCA UUC GCA ATT‑3' and antisense, 5'‑UUG CGA AUG AGG 

AGA GUG CTT‑3'). All siRNA oligomers were purchased 

from Shanghai GenePharma Co., Ltd. A lentiviral vector 

(hU6‑MCS‑Ubiquitin‑EGFP‑IRES‑puromycin; 1x108 TU/ml; 

MOI=10) including the same siRNA sequence was purchased 

from GeneChem, Inc., as certain experiments required that 

the knockout efficiency be maintained over a long period of 
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time. Experiments were performed following transfection 

at 37˚C for 72‑96 h. HORMAD1‑overexpressing plasmid 
(1 µg/ml) was constructed at Chongqing City Key Lab of 

Translational Medical Research in Cognitive Development 

and Disorders (Children's Hospital of Chongqing Medical 

University, Chongqing, China) using the following primers: 

Forward, 5'TAA GCT TGG TAC CGA GCT CGG ATC CGC CAC 

CAT GGC CAC TGC CCA GTT G‑3' and reverse, 5'ACG GGC 

CCT CTA GAC TCG AGT TAT ATA TGT TCC TTT GGT TCA 

CTA AAC TTT CTC CTT TTT GG‑3'. The pcDNA3.1 plasmid 

(1 µg/ml) was kindly provided by Dr Shipeng Guo and used as 

the vector to clone HORMAD1. Experiments were performed 

following transfection at 37˚C for 24‑48 h, as indicated.

RNA isolation and reverse transcription‑quantitative 

(RT‑q)PCR. Total RNA was extracted from cancer cells using 

a Simply P Total RNA Extraction kit (cat. no. BSC52S1; 

Hangzhou Bioer Technology Co., Ltd.) and reverse‑tran‑

scribed using the PrimeScript RT reagent kit according to 

the manufacturer's instructions. Fluorescence RT‑qPCR was 

performed using SYBR Premix Ex Taq™ II (Takara Bio, 

Inc.) in a 10‑µl PCR mixture on a Bio‑Rad CFX96 Real‑Time 

PCR system (Bio‑Rad Laboratories, Inc.), according to 

the manufacturer's instructions. HORMAD1 gene‑specific 

primers (forward, 5'‑GCC CAG TTG CAG AGG ACT C‑3' 

and reverse, 5'‑TCT TGT TCC ATA AGC GCA TTC T‑3') were 

designed (17) and purchased from Thermo Fisher Scientific, 
Inc. GAPDH (forward, 5'‑CTC TGC TCC TCC TGT TCG AC‑3' 

and reverse, 5'‑GCG CCC AAT ACG ACC AAA TC‑3') was 

used as an endogenous control for each reaction. The cycling 

conditions were 94˚C for 2 min, 39 cycles of 95˚C for 30 sec, 
58˚C for 30 sec and 72˚C for 20 sec, and 72˚C for 7 min. Each 
reaction was repeated three times. HORMAD1 expression was 

reported as a mean Cq (20) value (average fold‑change rela‑

tive to GAPDH) using CFX Manager™ software (version 3.0; 

Bio‑Rad Laboratories, Inc.).

Cell proliferation, colony formation and drug susceptibility 

assays. Cell proliferation and drug‑mediated inhibition 

were detected using the Cell Counting Kit‑8 (CCK‑8; 

MedChemExpress) assay, according to the manufacturer's 

instructions. Cells were plated at a density of 2‑8x104 cells/well 

in 96‑well plates, with or without different concentrations 

of Doc (cat. no. HY‑B0011; MedChemExpress), and cell 

viability was assessed after 24 h. The absorbance of each well 

at a wavelength 450 nm was measured using a Synergy H1 

microplate reader (BioTek Instruments, Inc.). Empty wells 

containing the same volume of medium served as the blank 

controls. Cells were treated with different concentrations 

of Doc for various periods of time (0.1‑40 nm; 0‑96 h). The 

IC50 of Doc was calculated according to a standard curve 

and the most appropriate drug concentration was selected for 

subsequent experiments.

For the colony formation assay, 5x102 cells were plated in 

each of the six wells of the culture plate and incubated at 37˚C 
for 1‑2 weeks. Cells were then fixed with 4% paraformaldehyde 
at room temperature for 20 min and stained with 0.1% crystal 

violet (Merck KGaA) at room temperature for 10 min, and the 

cell colonies (>50 cells/colony) were counted and analyzed by 

ImageJ v1.8.0 (National Institutes of Health).

Treatment with 3‑methyladenine (3MA). The autophagy 

inhibitor 3MA was purchased from MedChemExpress 

(cat. no. HY‑19312). Following 6 h after transfection with 

si‑HORMAD1 or negative control siRNA (si‑NC), cells were 

incubated with 10 µM 3‑MA with or without 40 nM Doc at 37˚C 
for 24 h. Cell proliferation was evaluated as aforementioned.

Treatment with Earle's balanced salt solution (EBSS). EBSS 

(cat. no. H2040; Beijing Solarbio Science & Technology Co., 

Ltd.) was used to simulate the autophagy phenotype induced 

by cell starvation. The two TNBC cell lines (MDA‑MB‑468 

and BT549) were placed in a six‑well plate according to their 

growth conditions, and the growth density was 80‑90% on the 

second day. The complete medium was replaced with calcium‑ 

and phosphorus‑free EBSS, and the cells were collected for 

protein extraction after being treated for different time‑points 

(0, 2 and 4 h) (21).

Flow cytometry. The cell cycle was analyzed by flow cytometry. 
Briefly, following transfection with si‑NC or si‑HORMAD1 
for 48 h, cells were exposed to Doc (40 nM) at 37˚C for 24 h. 
Cells were then digested with trypsin and washed twice with 

ice‑cold PBS, and 75% alcohol was added to the cell suspen‑

sion, followed by vortex mixing. Fixed cells were suspended 

in PI (100 mg/ml; excitation wavelength, 488 nm; emission 

wavelength, 630 nm) and RNase (10 mg/ml) and incubated at 

37˚C for 30 min in the dark. All samples were assessed using 
a FACSCanto system (BD Biosciences). Data were analyzed 

using Cell Quest software 5.1 (BD Biosciences).

Detection of apoptosis. Apoptosis was measured using an 

Annexin V‑FITC/7‑AAD kit (cat. nos. FXP014 and FXP145; 

4A Biotech., Co., Ltd.). Cells were treated with 40 nM Doc 

following transfection with si‑NC or si‑HORMAD1 for 48 h or 

lentiviral transfection for 96 h. The cells were then collected 

and resuspended in medium, washed twice with cold PBS, and 

suspended in binding buffer at a cell density of 1x106 cells/ml. 

Cells were stained with 5 µl Annexin V‑FITC at room temper‑

ature for 5 min and 10 µl PI (20 µg/ml) at room temperature for 

5 min, according to the manufacturer's instructions. Samples 

were analyzed by flow cytometry (FACSCanto) following 
incubation in the dark at room temperature for 10 min. The 

proportion of apoptotic cells was determined using FlowJo_V10 

(FlowJo LLC), with 30,000 cells analyzed per well.

Detection of reactive oxygen species (ROS). Intracellular ROS 

levels in the form of cellular peroxides were assessed using a 

ROS Assay kit according to the manufacturer's instructions (cat. 

no. D6883; Merck KGaA), following treatment with or without 

Doc. MDA‑MB‑436 cells were treated with 40 nM Doc for 

24 h, at 48 h after the siRNA transfection. Cells were collected, 

exposed to 10 µM 2',7'‑dichlorofluorescein diacetate, and incu‑

bated at 37˚C for 20 min. They were then washed three times 
with cold PBS, and fluorescence intensity was analyzed by flow 
cytometry (FACSanto657338). ROS levels are expressed as the 

mean fluorescence intensity of 30,000 cells.

Evaluation of caspase activity. Cell caspase activity was 

measured using a Caspase‑3/8/9 Activity Assay kit (cat. 

nos. C1115/C1152/C1157, respectively; Beyotime Institute of 
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Biotechnology). Cells were treated with Doc (40 nM) 24 h 

after transfection with si‑NC or si‑HORMAD1, and total cells 

were collected according to the manufacturer's instructions. 

Next, 100 µl cell lysate and test reagent per well was incu‑

bated in 96‑well plates at 37˚C for 2 h. Caspase activity was 
determined using an enzyme standard instrument at 405 nm 

and transformed using a standard conversion curve.

Western blot analysis. Cells were washed once with cold 

PBS before harvesting. Protein lysates were prepared from 

MDA‑MB‑436, MDA‑MB‑468, BT549 and MDA‑MB‑231 

cells using a total protein extraction kit (cat. no. KGP2100; 

Nanjing KeyGen Biotech, Co., Ltd.) according to the manu‑

facturer's instructions, and protein concentration was assessed 

using a Pierce™ BCA Protein Assay kit (Thermo Fisher 

Scientific, Inc.), followed by standard western blot analysis, as 
outlined below. Protein samples (30 µg/lane) were separated 

by 10‑12% SDS‑PAGE and transferred to 0.2‑µm PVDF 

membranes (EMD Millipore). Following blocking with 5% 

skim milk for 1 h at room temperature, the membranes were 

incubated with specific primary antibodies at 4˚C overnight. 
Next, following washing 3 times with Tris‑buffered saline 

containing 0.1% Tween‑20, the membranes were incubated 

with horseradish peroxidase‑conjugated secondary anti‑

bodies for 1 h at room temperature. Proteins were visualized 

by chemiluminescence, using enhanced chemiluminescent 

substrate (cat. no. P10300; New Cell & Molecular Biotech 

Co., Ltd.). Immunoreactive bands were examined using 

the ChemiDoc Imaging System (Bio‑Rad Laboratories, 

Inc.). The primary antibodies used included HORMAD1 

(1:1,000; cat. no. HPA037850; Merck KGaA), Bax (1:2,000; 

cat. no. 50599‑2‑Ig; ProteinTech Group, Inc.), Bcl‑2 (1:500; 

cat. no. 60178‑1‑lg; ProteinTech Group, Inc.); P62 (1:1,000; cat. 

no. 66184‑1‑lg; ProteinTech Group, Inc.), Beclin 1 (1:1,000; cat. 

no. 11306‑1‑AP; ProteinTech Group, Inc.), light chain 3 (LC3; 

1:1,000; cat. no. 12741S; Cell Signaling Technology, Inc.), 

RAD51 (1:1,000; cat. no. 14961‑1‑AP; ProteinTech Group, Inc.), 

phospho‑histone H2AX‑S139 also named γH2AX (1:1,000; cat. 

no. AP0099; ABclonal Biotech Co., Ltd.), cleaved caspase‑3 

(1:1,000; cat. no. 25546‑1‑AP; ProteinTech Group, Inc.), 

GAPDH (1:5,000; cat. no. 10494‑1‑AP; ProteinTech Group, 

Inc.) and β‑actin (1:5,000; cat. no. 20536‑1‑AP; ProteinTech 

Group, Inc.). The secondary antibodies used were horseradish 

peroxidase‑conjugated goat anti‑rabbit antibodies (1:3,000; 

cat. no. 7074S; Cell Signaling Technology, Inc.). GAPDH or 

β‑actin was used as an internal control for each blot. ImageJ 

software v1.8.0 was used to quantify western blot analysis, and 

GraphPad Prism 7 software (GraphPad Software, Inc.) was 

used for plotting and statistical analysis.

Hoechst staining. Hoechst stain was measured using TUNEL 

Apoptosis Assay Kit (cat. no. T2190; Beijing Solarbio Science 

& Technology Co., Ltd.). Cells were transfected with si‑NC 

or si‑HORMAD1 for 24‑48 h and then plated at a density of 

2‑3x105 cells/well in 24‑well plates with a sterile glass slipper at 

the bottom for 12‑24 h. They were then treated with or without 

Doc at 37˚C for 24 h. Subsequently, the Hoechst staining 
was carried out according to the manufacturer's instructions. 

Briefly, TNBC cells were fixed with a 4% paraformaldehyde 
fixation solution at room temperature for 20 min, and then 

rinsed three times with 0.01 mol/l PBS for 5 min. Cells were 

then stained with 1X Hoechst working solution at room 

temperature for 15 min in the dark, followed by washing three 

times with PBS, for 5 min each time. Next, anti‑fluorescence 
quenching agents were used to fix the cell slide onto the 

cover glass and observed under a fluorescence microscope 
(magnification, x200). The dye was a DNA‑specific fluores‑

cent probe, and the nucleus exhibited bright blue fluorescence. 
The number of nuclear fragmentations in three random fields 
were observed and counted, and the results were statistically 

analyzed.

Statistical analysis. Survival analysis was carried out using 

R2 (http://r2.amc.nl), a genomics analysis and visualization 

platform. All experiments were performed independently at 

least three times. Statistical analyses were performed using 

GraphPad Prism 7.0 (GraphPad Software Inc.). Metrological 

data are presented as the mean ± SD. An unpaired Student's 

t‑test was used for two individual comparisons and the mean 

of multiple groups was compared by one‑way analysis of vari‑

ance (ANOVA). Multiple comparisons were performed using 

Bonferroni correction following ANOVA. The categorical 

variables are presented as numbers and percentages and were 

compared using χ2 and Fisher's tests. P<0.05 was considered to 

indicate a statistically significant difference.

Results

Expression level of HORMAD1 in TNBC. To evaluate 

HORMAD1 expression in breast cancer, bioinformatics anal‑

ysis was first conducted. As shown in Fig. 1, compared with 
paired peritumoral controls, there was no significant differ‑
ence in HORMAD1 expression among the Luminal A (n=40, 

P>0.05), Luminal B (n=30, P>0.05) or human epidermal 

growth factor receptor 2 overexpression (n=17, P>0.05) breast 

cancer subtypes, while HORMAD1 expression was signifi‑

cantly higher in TNBC tumors compared with adjacent normal 

tissue (n=20, P<0.001; Fig. 1A). These data demonstrated that 

HORMAD1 was abnormally, and almost exclusively, expressed 

at higher levels in TNBC tumors; however, no association was 

detected between HORMAD1 levels and the prognosis of 

patients with breast cancer (Fig. 1B).

Next, bioinformatics analysis was performed to evaluate 

HORMAD1 expression in breast cancer cell lines from the 

CCLE. The results demonstrated similar trends to that of 

tumor tissue analyses, in that HORMAD1 was almost exclu‑

sively highly expressed in TNBC or BLBC cell lines, including 

BT549 and MDA‑MB‑436 (Fig. 1C).

Next, HORMAD1 mRNA and protein expression were 

tested in various breast cancer cell lines commonly used in the 

laboratory. A high HORMAD1 expression was only detected 

in MDA‑MB‑468 cells, with no HORMAD1 expression 

revealed in non‑TNBC cell lines (P<0.001; Figs. 1D and S1A), 

which was consistent with a previous study (14).

Current chemotherapy regimens for TNBC include both 

Doc and anthracyclines (14,15). Therefore, TNBC cases 

treated with NAC were selected for comparative expres‑

sion analysis, according to specific inclusion and exclusion 
criteria as aforementioned. Finally, 154 TNBC cases were 

enrolled, among which the pCR rate was 24.0% (37/154). 
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To further explore the expression of HORMAD1 in patients 

with TNBC with residual disease, paraffin‑embedded tumor 
biopsy specimens were sectioned from 109 cases (8 cases 

were excluded due to the lack of tissue availability) without 

pCR for hematoxylin and eosin (preserved at the Department 

of Pathology, First Affiliated Hospital of Chongqing Medical 

University), and immunohistochemical staining; TIL scores 

were determined concurrently. High levels of HORMAD1 

expression were specifically detected in the spermatogenic 
positive control (Fig. 1E, left), and HORMAD1 protein 

expression was also detected in some TNBC tissue samples 

(Fig. 1E, right). Furthermore, statistical analysis demonstrated 

Figure 1. HORMAD1 expression in TCGA database and clinical samples. (A) Paired boxplot of HORMAD1 expression in 107 samples of different breast 

cancer subtypes. There was a significant difference in TNBC samples compared with the other three subtypes. (B) Kaplan‑Meier analysis of overall survival 
was performed for different breast cancer subtypes using the R2 database, and no significant differences were observed. (C) HORMAD1 expression in the 
majority of breast cancer cell lines in the CCLE (https://portals.broadinstitute.org/ccle). The enlarged images shown in the red box are all TNBC cell lines. 

(D) HORMAD1 gene expression in certain breast cancer cell lines was determined by reverse transcription‑quantitative PCR using HORMAD1 primers. 

A high HORMAD1 expression was only detected in MDA‑MB‑468 cells. (E) HORMAD1 protein expression in tissues determined by immunohistochemistry. 

The HORMAD1 positive control (normal testis) is presented on the left (magnification, x100) and the expression of HORMAD1 in one TNBC sample is 
presented in the middle (magnification, x100) and right (magnification, x400) images. ****P<0.001. HORMAD1, HORMA domain‑containing protein 1; 

TCGA, The Cancer Genome Atlas; CCLE, Cell Cancer Line Encyclopedia; TNBC, triple‑negative breast cancer.
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that HORMAD1 was expressed in 23.9% (26/109) of patients 

with TNBC who had residual disease (Table I), similar to the 

29.7% expression rate reported in samples from patients with 

untreated TNBC (22). No associations were found between 

HORMAD1 expression and patient clinicopathological 

characteristics (Table I).

TILs are a manifestation of host immune system recog‑

nition and defense against malignant cells (23). Several 

studies have reported that HORMAD1 was a potential neoan‑

tigen (24,25); however, Pearson correlation coefficient testing 
demonstrated no correlation between HORMAD1 and the 

number of TILs (R=0.09, P=0.345) (data not shown). In addi‑

tion, survival analysis indicated that HORMAD1 expression 

does not represent a prognostic factor for patients with TNBC 

(data not shown). Notably, it was revealed that the TIL number 

was an independent prognostic factor for both progression‑free 

survival and overall survival in patients with primary TNBC, 

particularly those without a decreased Ki67 index following 

NAC (data not shown); however, to the best of our knowledge, 

the role of HORMAD1 in TNBC biology remains unknown. 

High HORMAD1 expression cell lines were selected for use 

in follow‑up studies, due to their high HORMAD1 expression 

levels (Fig. 1C).

Biological effect of HORMAD1 on the Doc sensitivity 

of TNBC cells. Due to the potential oncogenic role of 

HORMAD1 in breast carcinoma (13,16), a series of experi‑

ments was conducted to understand the biological effects of 

HORMAD1 depletion. Specific siRNA targeting HORMAD1 
(si‑HORMAD1, equal to si‑HORMAD1#1) was used to 

reduce the expression of endogenous HORMAD1 (P<0.001; 

Fig. 2A). To determine whether targeting HORMAD1 can 

decrease TNBC cell viability and potentially complement 

and improve the efficacy of Doc treatment, a series of experi‑
ments was carried out. MDA‑MB‑436 and MDA‑MB‑468 cell 

proliferation were not affected by HORMAD1 knockdown 

Table I. Associations between HORMAD1 expression and clinicopathologic features of 109 TNBC cases.

 HORMAD1 expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑

Characteristics Negative n=83(%) Positive n=26 (%) P‑value

Age at diagnosis (years)   0.216

  ≤50 53 (63.9) 20 (76.9) 
  >50 30 (36.1) 6 (23.1) 

Menopausal status   0.197

  Pre/peri 49 (59.0) 19 (73.1) 

  Post 34 (41.0) 7 (26.9) 

Histologic subtype   0.491

  IDC 74 (87.1) 25 (96.2) 

  No IDC 9 (10.8) 1 (3.8) 

Post‑NAC tumor size (cm)   0.856

  ≤2.0 40 (48.2) 12 (46.2) 
  >2.0 43 (51.8) 14 (53.8) 

Post‑NAC lymph node involvement   0.251

  Yes 31 (37.3) 13 (51.9) 

  No 52 (62.7) 13 (48.1) 

Post‑Ki67 expression   0.500

  ≤14% 26 (31.3) 10 (38.5) 
  >14% 57 (68.7) 16 (61.5) 

Ki67 status   0.844

  Decrease 59 (71.1) 19 (73.1) 

  No decrease 24 (28.9) 7 (26.9) 

Curative effect of NAC   0.903

  No 34 (41.0) 11 (42.3) 

  Yes 49 (59.0) 15 (57.7) 

RD TILs level   0.341

  <30%   44 (53.0) 11 (42.3) 

  ≥30   39 (47.0) 15 (57.7) 

HORMAD1, HORMA domain containing protein 1; TNBC, triple‑negative breast cancer; TILs, tumor infiltrating lymphocytes; IDC, invasive 
ductal carcinoma; NAC, neoadjuvant chemotherapy; RD, residual disease.
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alone, compared with si‑NC (P>0.05; Figs. 2B and S1B). 

Consistent results were obtained using a colony formation 

assay (Fig. S1D). Flow cytometry indicated that a relatively 

high proportion of MDA‑MB‑436 cells was in the G0/G1 and S 

phases compared with the G2/M phase, and that HORMAD1 

knockdown did not affect the proportion of MDA‑MB‑436 cells 

in each phase (S‑phase, 40.91±0.909 vs. 40.30±1.15%; P>0.05; 

Fig. 2E and F). Consistent results were obtained using another 

Figure 2. Biological effects of HORMAD1 in triple‑negative breast cancer. (A) Specific si‑HORMAD1 knockdown in MDA‑MB‑436 cells, as examined by 
RT‑qPCR and western blot analysis. (B) The proliferation rate of MDA‑MB‑436 cells was not affected by HORMAD1 expression knockdown. (C) HORMAD1 

overexpression in MDA‑MB‑231 cells using a specific overexpression plasmid by RT‑qPCR. (D) The MDA‑MB‑231 cell proliferation rate was not affected 
by HORMAD1 overexpression. (E) Representative images of the MDA‑MB‑436 cell cycle with si‑NC/HORMAD1. (F) Cell cycle data from flow cytometry 
presented as a histogram plot. There was no significant difference in the MDA‑MB‑436 cell cycle between the HORMAD1 knockdown and control groups. 
(G) Representative images of MDA‑MB‑436 cell apoptosis. (H) Apoptosis analysis through flow cytometry presented as a histogram. Compared with the control 
group, HORMAD1 knockdown did not influence MDA‑MB‑436 cell apoptosis; the histogram demonstrated the lack of a significant difference. (I) Compared 
with the controls, HORMAD1 knockdown led to a higher apoptotic rate in docetaxel‑exposed cells (40 nM) for 48 h. Error bars represent the standard devia‑

tion and were derived from three independent experiments. ****P<0.001. HORMAD1, HORMA domain‑containing protein 1; si‑HORMAD1, small interfering 

RNA‑HORMAD1; RT‑qPCR, reverse transcription‑quantitative PCR; si‑NC, siRNA negative control; ns, no significance.
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breast cancer cell line expressing high HORMAD1 levels, 

MDA‑MB‑468 (S‑phase, 10.67±0.142 vs. 10.34±0.166%; 

P>0.05; Fig. S1C).

Similarly, HORMAD1 overexpression in MDA‑MB‑231 

cells, using the pcDNA3.1 plasmid vector (P<0.001; Fig. 2C), 

did not affect MDA‑MB‑231 cell proliferation (Fig. 2D), which 

was consistent with the findings of a previous study that used 
SUM159 cells (16). Furthermore, there was no significant 

difference in total apoptosis between MDA‑MB‑436 cells 

with and without HORMAD1 knockdown (7.06±0.185% vs. 

7.42±0.181%, P>0.05; Fig. 2G and H). Collectively, compared 

with the siRNA‑NC, siRNA‑HORMAD1 had no effect on cell 

survival; however, similar to the findings of a study in epithelial 
ovarian cancer cells (15), exposure to Doc for 48 h resulted in a 

noticeable increase in MDA‑MB‑436 cell apoptosis, compared 

with negative controls (early, 11.07±0.35 vs. 21.19±0.39%, 

P<0.001; total, 15.67±0.35 vs. 27.4±0.21%, P<0.001; 

Fig. 2G and I). Finally, additional HORMAD1 silencing resulted 

in an apoptotic rate that was almost double compared with that 

caused by Doc treatment alone (Fig. 2I). These results indicated 

that HORMAD1 may exert biological effects on the sensitivity 

of MDA‑MB‑436 cells to chemotherapy drugs.

Effect of HORMAD1 on Doc‑induced changes in TNBC 

cell apoptosis. To determine whether HORMAD1 expres‑

sion influences Doc sensitivity, specific siRNAs were used 
to knock down HORMAD1 in MDA‑MB‑436 and BT549 

cells, which were then treated with 40 nM Doc (based on the 

IC50 value of MDA‑MB‑436; Fig. S2A). CCK‑8 assays were 

used to investigate whether there was a difference in Doc 

sensitivity of cells with or without HORMAD1 knockdown, 

based on MDA‑MB‑436 cell proliferation rates. Compared 

with the si‑NC group, the si‑HORMAD1 group demonstrated 

lower proliferation rates following treatment with various 

concentrations of Doc for 24 h, in both MDA‑MB‑436 

(40 nM, 81.23±2.488 vs. 61.78±1.095%, P<0.005; Fig. 3A) and 

MDA‑MB‑468 (40 nM, 67.32±1.422 vs 36.89±2.46, P<0.001; 

Fig. S2B) cells. Similar results were confirmed by growth 

curve analysis of MDA‑MB‑436 cells treated with or without 

lentiviral‑HORMAD1 (RNAi‑HORMAD1) at the same 

concentration as that of Doc (96 h, 4.08±0.125 vs. 2.85±0.070, 

P<0.01; Fig. 3C). The same result trends were observed 

in BT549 cells using two different specific siRNAs 

(Fig. 3B and D). These results demonstrated that the reduction 

of HORMAD1 expression could increase the drug sensitivity 

of TNBC cells positively expressing HORMAD1 to Doc.

Flow cytometry confirmed that there was a significant 

difference in the apoptotic rate between MDA‑MB‑436 cells 

with or without RNAi‑HORMAD1 treatment exposed to 

Doc for 24 h (early apoptosis, 13.8±0.058 vs. 19.43±0.567%, 

P<0.005; total apoptosis, 20±0.306 vs. 25.7±0.651%, P<0.01; 

Fig. 3E and F). The same result trends were also observed in 

BT549 cells using specific siRNA (Fig. 3G).
Compared with Doc for 6 h, Doc for 24 h produced 

obvious apoptotic signals. Moreover, cleaved caspase‑3 

levels were significantly increased in the si‑HORMAD1 

group compared with the NC group in MDA‑MB‑436 cells 

(Fig. 3H). Meanwhile, a similar phenomenon was observed 

in MDA‑MB‑468 cells (Fig. S2C). Analysis of common 

markers of apoptosis revealed that Bcl‑2/Bax was significantly 

decreased in the si‑HORMAD1+Doc group (Fig. 3I). These 

results indicated that HORMAD1 knockdown could promote 

the sensitivity of TNBC cells to Doc.

HORMAD1 depletion is associated with autophagy in certain 

TNBC cells. Autophagy is closely associated with drug resis‑

tance (26). To explore whether HORMAD1 can affect TNBC 

drug sensitivity through autophagy, changes in autophagy 

markers in TNBC cells treated with si‑NC or si‑HORMAD1 

were examined. Significant changes were observed in 

several typical autophagy markers in MDA‑MB‑436 and 

MDA‑MB‑468 cells with on HORMAD1 knockdown 

(Fig. 4A and B). The expression level of P62 was significantly 
decreased (P<0.05), while that of Beclin 1 was significantly 
increased (P<0.05), compared with the control group. 

Conversely, HORMAD1 overexpression in MDA‑MB‑231 

cells, led to a significant increase in P62 compared with control 
cells (P<0.05; Fig. 4C and D), while the addition of Doc was 

also accompanied by autophagy. It was hypothesized that 

HORMAD1 can inhibit autophagy in TNBC. Flow cytometry 

revealed that HORMAD1 overexpression in MDA‑MB‑231 

cells had the same effect as the addition of the autophagy 

inhibitor 3MA in MDA‑MB‑436 cells (Fig. 4F and G), both 

of which increased Doc‑induced apoptosis to a similar degree 

(MDA‑MB‑231, 1 vs. 1.27±0.007, P<0.001; MDA‑MB‑436, 

1 vs. 1.22±0.05, P<0.05; Fig. 4E and H), indicating the inhibi‑

tion of autophagy could increase drug sensitivity.

Cell viability assessment also indicated that Doc‑induced 

cell damage was increased by 3MA, while this effect 

was attenuated with increasing concentrations of Doc 

(20 nM, 61.17±1.1.193 vs. 53.05±0.833%, P<0.01; 40 nM, 

60.1±0.819 vs. 57.24±0.54%, P<0.05; Fig. 4I). Drug sensitivity 

was further detected following HORMAD1 knockdown. 

However, in the HORMAD1‑knockdown group, Doc‑induced 

cell damage was not affected by the addition of 3MA (40 nM, 

47.78±1.556 vs. 47.35±1.496%, P>0.05; Fig. 4J). These results 

indicated that the enhancement of autophagy induced by 

HORMAD1 knockdown was not responsible for its effects in 

sensitizing cells to Doc. Therefore, the present study aimed 

at exploring the reason why HORMAD1 plays a role in Doc 

resistance in tumors through its basic physiological functions.

However, not all TNBC cell lines with a high HORMAD1 

expression exhibited this phenomenon, as for instance BT549 

cells (Fig. S1E). In addition, compared with autophagy induced 

by EBSS‑induced starvation (Fig. S1F), the autophagy associ‑

ated with HORMAD1 knockdown may be more complex.

HORMAD1 depletion promotes Doc‑induced DNA damage in 

TNBC cells. Next, the mechanism through which HORMAD1 

influences TNBC cell resistance to Doc was explored. Since 
lung cancer cells expressing high levels of HORMAD1 can 

achieve resistance to piericidin A by reducing ROS‑processing 

mechanisms (24), a ROS assay kit was used to detect differ‑

ences in ROS levels in MDA‑MB‑436 cells treated with 

si‑NC or si‑HORMAD1 exposed to Doc. The intracellular 

ROS production induced by Doc was higher in cells with 

HORMAD1 knockdown (1 vs. 1.17±0.007; P<0.001; Fig. 5A), 

indicating that, under Doc‑induced oxidative stress conditions, 

HORMAD1 may participate in the upregulation of antioxidant 

enzyme systems in TNBC cells to enhance anti‑apoptosis, 
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Figure 3. Effects of HORMAD1 knockdown on triple‑negative breast cancer cell apoptosis. (A) Cell viability following treatment with different concentrations 

of Doc for 24 h in cells with HORMAD1 knockdown was lower than that in control group cells. (B) Similar trends were observed in BT549 cells using two 

different specific siRNAs. (C) A lentivirus was used as vector to knockdown HORMAD1 expression. The cell growth rate of the RNAi‑HORMAD1 group was 
lower than that of the control group. (D) Similar trends were observed in BT549 cells using two different specific siRNAs. (E and F) Representative images of 
apoptosis in each group exposed to different treatment concentrations. Doc‑induced apoptosis was higher in the HORMAD1 knockdown group compared with 

the control group. (G) Similar trends were observed in BT549 cells using two different specific siRNAs. (H) Compared with the si‑NC group, cleaved caspase‑3 
expression was significantly increased in the HORMAD1 knockdown group exposed to Doc from 6 to 24 h. (I) HORMAD1 knockdown resulted in a lower 
Bcl‑2/Bax expression upon exposure of MDA‑MB‑436 cells to Doc for 24 h. (J) The concurrent overexpression of HORMAD1 plasmid‑rescued cell survival, 

compared with the HORMAD1‑knockdown group upon exposure of BT549 cells to Doc for 48 h. **P<0.01, ***P<0.005 and ****P<0.001; HORMAD1, HORMA 

domain‑containing protein 1; Doc, docetaxel; siRNA, small interfering RNA; RNAi‑HORMAD1; RNA interfering‑HORMAD1; si‑NC, siRNA‑negative 

control; si‑HORMAD1, siRNA‑HORMAD1; ns, no significance.
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which may be a major contributor to the induction of 

chemotherapy resistance.

Caspase activity analysis demonstrated that, compared 

with controls, HORMAD1 knockdown could significantly 

increase the levels of active caspase‑3 (1 vs. 1.63±0.03; 

P<0.001), caspase‑8 (1 vs. 1.29±0.05; P<0.01) and caspase‑9 

(1 vs. 1.73±0.061; P<0.005), following exposure to Doc 

(Fig. 5B). These findings could also explain the increased 

apoptosis observed in the knockdown group and suggest that 

the knockdown of HORMAD1 can promote both extrinsic and 

intrinsic pathways induced by Doc to increase apoptosis.

The detection of DNA damage markers revealed that 

γH2AX expression was significantly higher in the HORMAD1 
knockdown group (P<0.05), while that of the DNA repair 

protein RAD51 was lower (P<0.05) than that in the control 

in MDA‑MB‑436 cells (Figs. 5C and S2D), MDA‑MB‑468 

(Fig. S2E) and BT549 (Fig. 5D) cells, indicating that there 

was a significant increase in double‑strand breaks in the 

knockdown group and that the Doc‑induced damage tolerance 

was reduced. The potential role of HORMAD1 in improving 

DNA damage tolerance has previously been studied in 

lung cancer (24); in the present study, it was indicated that 

HORMAD1 plays a similar role in TNBC.

The main changes of apoptosis are the progressive degra‑

dation of DNA and the formation of apoptotic bodies. Hoechst 

staining revealed that cells in different treatment groups 

demonstrated different proportions of chromatin clumps and 

nucleate fragmentation. Compared with the control group, 

cells with Doc treatment exhibited significant nuclear frag‑

mentation. Compared with the si‑NC group, the HORMAD1 

Figure 4. HORMAD1 promotes Doc resistance by not enhancing autophagy. (A and B) Western blot analysis of autophagy markers in MDA‑MB‑436 and 

MDA‑MB‑468 cells. P62 and LC3A were decreased and Beclin 1 was increased in the HORMAD1‑knockdown group. (C and D) P62 expression was signifi‑

cantly increased in response to HORMAD1 overexpression in MDA‑MB‑231 cells. (E) Doc‑induced apoptosis for 24 h in MDA‑MB‑231 cells overexpressing 

HORMAD1 was higher than that in the control group. (F and G) The addition of 3MA significantly inhibited the expression of Beclin 1, while the addition of 
Doc significantly increased the expression of Beclin 1. (H) Apoptotic rates induced by Doc for 24 h in MDA‑MB‑436 cells treated with 3MA were higher than 
those in the control group. (I) The viability of MDA‑MB‑436 cells treated with 3MA was lower than that of cells in the control group following exposure to 

Doc for 24 h. (J) Cell viability of MDA‑MB‑436 treated with si‑HORMAD1 was not altered by treatment with Doc for 24 h, with or without 3MA. GAPDH was 

used as an internal reference protein. *P<0.05, **P<0.01 and ****P<0.001. HORMAD1, HORMA domain‑containing protein 1; Doc, docetaxel; 3MA, 3‑methyl‑

adenine; si‑NC, small interfering RNA‑negative control; si‑HORMAD1, siRNA‑HORMAD1; ns, no significance; oe, overexpression.
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knockdown group showed a higher proportion of nuclear 

fragmentation (P<0.01; Fig. 5E).

Apoptosis is closely associated with autophagy (27), and 

there have been several studies evaluating the correlation 

between autophagy and drug resistance. These results indi‑

cated that HORMAD1 depletion promotes Doc susceptibility 

caused by a DNA repair defect, which is attributable to a lack 

of contribution from HORMAD1 to homologous recombina‑

tion (HR) during TNBC cell mitosis (16).

Discussion

This study innovatively examined the histological expres‑

sion of HORMAD1 in TNBC samples with residual lesions 

after NAC. Concurrently, the present study demonstrated that 

HORMAD1 and autophagy substrate P62 may be closely 

related. The role of HORMAD1 in DNA damage tolerance of 

tumor cells may be the cause of Doc resistance. In the present 

study, it was demonstrated that HORMAD1 was preferentially 

overexpressed in the BLBC breast cancer subtype, based on 

the analysis of TCGA datasets, and that the aberrant expres‑

sion of HORMAD1 was likely to have a specific biological 
significance in TNBC. In previous studies, the detection 

of high HORMAD1 expression levels has generally been 

conducted at the gene level, with protein levels rarely reported. 

The proportion of clinical and database samples with high 

HORMAD1 mRNA expression levels was 52.2‑83.6% (17), 

while the protein levels of HORMAD1 only detected in TNBC 

samples were only 29.7% (22). This difference between gene 

and protein levels may be due to post‑transcriptional transla‑

tion and modification (28), or the rapid degradation of the 
protein. In the present study, the analysis of clinical samples 

Figure 5. HORMAD1 promotes Doc resistance by enhancing DNA damage tolerance. (A) The induction of intracellular ROS generation was increased by 

Doc in MDA‑MB‑436 cells treated with si‑HORMAD1 compared with the control group. (B) Caspase enzyme activity in MDA‑MB‑436 cells treated with 

si‑NC/HORMAD1 following exposure to 40 nM Doc for 24 h. The activity of caspases‑3, ‑8 and ‑9 was higher than that in the control group. (C) Western blot 

analysis of DNA damage and repair markers in MDA‑MB‑436 cells. The γH2AX expression in the HORMAD1‑knockdown group was significantly higher not 
only in the 20 nM group (lane 3 vs. lane 5) but also in the 40 nM group (lane 4 vs. lane 6) than that induced by Doc (40 nM) in the control group. (D) Western 

blot analysis of DNA damage and repair protein markers in BT549 cells. The result trend was consistent with that in MDA‑MB‑436 cells. GAPDH was used as an 

internal reference protein. (E) Hoechst staining revealed that, compared with the si‑NC group, the HORMAD1 knockdown group exhibited a higher proportion 

of nuclear fragmentation (magnification, x200; red arrow). *P<0.05, **P<0.01, ***P<0.005 and ****P<0.001. HORMAD1, HORMA domain‑containing protein 1; 

ROS, reactive oxygen species; Doc, docetaxel; si‑HORMAD1, small interfering RNA‑HORMAD1; si‑NC, siRNA‑negative control; ns, no significance.



ZONG et al:  HORMAD1 INHIBITION OF APOPTOSIS12

also revealed that HORMAD1 protein expression was 23.9% 

in TNBC tumors from patients treated with NAC. Given the 

differences in detection reagents and sample processing, this 

result could reflect the expression of HORMAD1 in TNBC 
samples; however, HORMAD1 was not found to be a prognostic 

indicator for TNBC. Based on the results of the bioinformatics 

analysis of paired tumor and peritumoral samples, and the 

findings of the laboratory experiments, the present study 

concluded that HORMAD1 is unlikely to be an independent 

predictor of prognosis in patients with TNBC, which was 

inconsistent with the results reported by Chen et al (22), who 

reported that HORMAD1 is a key differential gene associated 

with poor outcome in TNBC. This difference may also be 

due to the fact that the present study followed different types 

of TNBC patients with or without NAC treatment. Further 

studies with larger sample sizes and a longer follow‑up periods 

are required to confirm the conclusion of the present study.
HORMAD1 is a specific germ cell protein known to be 

reactivated in certain cancer types (11). HORMAD1 belongs 

to a family of proteins [meiosis‑specific protein HOP1, mitotic 
arrest deficient 2 like 2, mitotic arrest deficient 2 like 1 (Mad2)] 
characterized by a HORMA domain that is present in several 

DNA repair pathways (29). The best characterized HORMA 

domain protein, Mad2, is an essential spindle assembly check‑

point mediator. A previous study of HORMAD1 in mice has 

revealed that it plays an important role in the early detection 

of meiosis by ensuring the successful search for homologous 

DNA double‑strand breaks and the rapid dissociation and 

degradation following the formation of normal synaptic 

complexes (30). HORMAD1 has been proposed to play roles 

in genomic instability and drug resistance (31) and encodes 

a HORMAD that binds to DNA double‑strand breaks during 

meiosis, promotes synapsis formation and activates HR (32). 

In the present experiments, it was demonstrated that cells with 

HORMAD1 knockdown had a higher apoptotic rate when 

exposed to Doc treatment; however, the proliferation, cycle 

and apoptosis of TNBC was not affected by HORMAD1 

knockdown with siRNA alone. It was indicated that the role 

of HORMAD1 in DNA fragmentation and recombination 

may be the main reason for its role in chemotherapeutic drug 

resistance.

Autophagy is an evolutionarily conserved, lysosomal 

dependent, self‑degradation pathway that not only plays an 

important role in maintaining genomic integrity and homeo‑

stasis but is also closely associated with tumor development 

and drug resistance (26). Protective autophagy can promote 

the survival of drug‑resistant cells; however, as a mechanism 

of programmed cell death, autophagy can directly promote the 

death of drug‑resistant tumor cells. Autophagy can be induced 

by several factors, such as starvation, growth factor deficiency, 
microbial infection, organelle damage, protein misfolding or 

aggregation, DNA damage, radiation and chemotherapy (26). 

It was confirmed that the transient knockdown of HORMAD1 
expression in MDA‑MB‑436 and MDA‑MB‑468 cells 

resulted in changes in autophagy markers, but not in BT 

549 cells. In addition, compared with autophagy induced by 

EBSS‑induced, the autophagy associated with HORMAD1 

knockdown may be more complex. A previous study 

reported that autophagy‑related protein (Atg) 101, which is a 

HORMAD, could interact with and stabilize the N‑terminal 

HORMA domain of Atg13; meanwhile, Atg101 is capable of 

interacting with the C‑terminal domain of Atg1, suggesting 

that this unique subunit might have functions beyond that of 

stabilizing Atg13 (33). Future studies should focus on whether 

HORMAD1, which also contains the HORMA domain, is 

linked to autophagy.

Treatment with Doc was also accompanied by the acti‑

vation of autophagy. P62 has been established to contribute 

to both autophagy and apoptosis in tumor cells. The 

ubiquitin‑associated (UBA) domain of P62 can recruit ubiq‑

uitinated proteins, particularly those exposed to oxidants and 

proteasome inhibitors (34). Therefore, it was hypothesized 

that autophagy may play a role in Doc resistance. The results 

revealed that 3MA increased apoptosis in Doc‑induced 

MDA‑MB‑231 cells with a markedly low HORMAD1 expres‑

sion, indicating that the inhibition of autophagy could increase 

drug sensitivity. Concurrently, in MDA‑MB‑436 cells with a 

high HORMAD1 expression, 3MA increased the Doc‑induced 

cell viability decrease at low concentrations of Doc (20 nM), 

indicating that the inhibition of autophagy could increase 

drug sensitivity. However, with the increase of Doc (40 nM) 

concentration, this sensitization effect decreased, and the 

high expression of HORMAD1 was considered to have played 

an unknown role in it. Drug sensitivity was further detected 

following HORMAD1 knockdown. The results indicated 

that HORMAD1 knockdown and the inhibition of autophagy 

by 3MA in MDA‑MB‑436 cells did not further increase 

sensitivity to Doc.

Cells in the HORMAD1‑knockout group produced more 

ROS following the addition of Doc, which may have been 

the cause of the increased autophagy in that group. In the 

present study, the expression of P62 was both increased by 

the autophagy inhibitor 3MA and induced by HORMAD1 

overexpression. Furthermore, both 3MA and HORMAD1 

overexpression enhanced the Doc‑induced reduction of 

cell proliferation. In a previous study of glioma (27), it was 

revealed that caspase‑8 could be activated by wild‑type 

P62 overexpression and then promote HAMLET‑induced 

apoptosis, whereas P62 knockdown had the opposite effect. 

Furthermore, it was demonstrated that P62 function following 

HAMLET treatment requires its C‑terminus UBA domain. 

The aforementioned study indicated that, in addition to being 

a marker of autophagy activation in HAMLET‑treated glioma 

cells, P62 could also function as an important mediator of 

the activation of caspase‑8‑dependent cell death (27). In the 

present study, HORMAD1 knockdown alone could reduce P62 

levels and activate autophagy, while HORMAD1 overexpres‑

sion increased P62 expression; however, the present results also 

demonstrated that HORMAD1 functioned as an antioxidant 

and was involved in DNA damage tolerance in TNBC, which 

potentially plays critical roles in Doc resistance, rather than in 

its association with autophagy. Whether P62 is important in 

this process will be addressed in future research.

These results suggested that autophagy may not be the 

main factor affecting the sensitivity to Doc, but an accompa‑

nying effect of the transient knockdown of HORMAD1, which 

indicates the need for further investigations into the underlying 

mechanisms. Therefore, the reason why HORMAD1 plays a 

role in Doc resistance in tumors through its basic physiological 

functions was explored (32,35).
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Chemotherapy is an important TNBC treatment approach, 

and taxane chemotherapy is considered one of the most 

effective strategies (4). Doc is a semi‑synthetic derivative of 

paclitaxel, a widely used chemotherapeutic agent in a variety of 

cancers. Nevertheless, drug resistance is an urgent problem in 

the current treatment of tumors, particularly for patients with 

TNBC. Several studies have investigated the signaling path‑

ways involved in sensitized Doc. Baicalin induced apoptosis, 

inhibited metastasis and enhanced Doc sensitivity through the 

NF‑κB signaling pathway in breast cancer cells (36). Another 

study investigating the effects of HORMAD1 silencing 

on the gene expression profile of ovarian cancer cells also 
indicated that the NF‑κB pathway was inhibited (15). The 

PI3K/AKT (37,38) and JNK pathways (39) have also been 

revealed to be involved. The study of these involved pathways 

may contribute to the treatment of cancer.

There are several reasons for Doc resistance, one of which 

is the abnormal expression of apoptosis‑related genes. BRCA1 

DNA repair associated (BRCA1) and BRCA2 play an impor‑

tant role in cell proliferation, apoptosis and DNA damage 

repair. The BRCA1 mutation rate in TNBC is as high as 71%, 

and the efficacy of Doc combined with doxorubicin for NAC 
is poor in patients with breast cancer with germline BRCA1 

mutations (40). MDA‑MB‑436 is a BRCA1 mutant TNBC cell 

line (41). Cancer cells are highly heterogeneous and cancer 

cell subtypes can result from the same mutations, while 

further mutations lead to different subpopulations, which 

may be partly due to individual decisions made by cells about 

which survival mechanisms to employ, including HR repair, 

fork protection or both (42). In BRCA1 mutant tumors, the 

recovery of HR repair may promote tumor cell survival (43). 

In a study of TNBC, HORMAD1 was revealed to drive 

53BP‑1‑dependence of non‑homologous end‑joining (NHEJ) 

DNA repair (16), while an investigation of non‑small cell lung 

cancer demonstrated that the high HORMAD1 expression led 

to the expression of a set of HR‑related genes, contributing to 

the formation of RAD51 filaments (24), which also explains 
the reduced RAD51 expression on HORMAD1 knockdown 

with Doc treatment, indicating impaired DNA repair ability. 

A recent study reported that HORMAD1 compromises DNA 

mismatch repair in cancer cells. It was demonstrated by mass 

spectrometry that HORMAD1 interacted with MCM8‑MCM9 

complex and prevented its efficient nuclear localization. As 
a consequence, HORMAD1‑expressing cancer cells exhib‑

ited reduced mutL homolog 1 chromatin binding and DNA 

mismatch repair defects. Therefore, HORMAD1 expression 

was associated with an increased mutation load and genomic 

instability in several types of cancer (11). However, whether 

this is related to the increased Doc sensitivity caused by 

HORMAD1 knockdown still requires further study. Therefore, 

it was indicated that, in certain types of TNBC tumors, over‑

expressing HORMAD1 can repair damaged DNA reduced by 

Doc, not only through NHEJ but also through HR.

The various mechanisms of cancer resistance that have 

been identified suggested that tumor cells respond uniquely to 
individual defects in molecular function rather than to overall 

genetic defects, to rebalance the intracellular environment 

and ensure tumor cell survival (43). HORMAD1 reactivation 

may be one of the manifestations of this mechanism. Several 

studies have examined the association between HORMAD1 

expression and PARPi resistance (16,17,44). It was hypoth‑

esized that conventional chemotherapy combined with PARPi 

or sequential PARPi could be selected for tumors expressing 

high levels of HORMAD1 (45). The inhibition of PARP 

expression in cancer tissues may result in minimal side effects 

from tumor‑specific treatment. Given the rapid development of 
siRNA technology (43), determining the role of HORMAD1 

in TNBC, and particularly its mechanism of action in tumor 

resistance, could enable the relatively specific targeting of 
HORMAD1 transcripts in TNBC, providing reliable sensitiza‑

tion to treatment. Therefore, the limitation of the present study 

was that no animal experiments were conducted to verify the 

results of the cell experiments.

 In conclusion, the level of HORMAD1 was revealed 

to be increased in TNBC tissues and cells. HORMAD1 

silencing did not affect TNBC cell proliferation and apoptosis; 

however, it increased the sensitivity of TNBC cells to Doc. 

Human TNBC cells were treated with Doc, which led to a 

significantly decreased cell viability, with an accompanying 
activation of autophagy; however, the regulatory association 

between HORMAD1 and autophagy is not the cause of drug 

resistance; rather the role of HORMAD1 in HR and DNA 

repair may be the main factor leading to its effects on Doc 

sensitivity. The present results provided the basis for future 

studies on the biological functions of HORMAD1 in tumors, 

particularly TNBC, and for the development of additional 

therapeutic clinic approaches. Although further biochemical 

studies are required to characterize the physiological proper‑

ties of HORMAD1 as an important player in Doc‑resistant 

TNBC cells, the current findings suggested that HORMAD1 
may be an attractive target for chemotherapy‑mediated TNBC 

therapy.
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