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Abstract 

Background Macrophage-like transformation of vascular smooth muscle cells (VSMCs) is a risk factor of ath-
erosclerosis (AS) progression. Transcription factor homeobox A1 (HOXA1) plays functional roles in differentiation 
and development. This study aims to explore the role of HOXA1 in VSMC transformation, thereby providing evidence 
for the potential mechanism of AS pathogenesis.

Methods High fat diet (HFD)-fed apolipoprotein E knockout  (ApoE−/−) mice were applied as an in vivo model 
to imitate AS, while 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POV-PC)-treated VSMCs were applied 
as an in vitro model. Recombinant adeno-associated-virus-1 (AAV-1) vectors that express short-hairpin RNAs targeting 
HOXA1, herein referred as AAV1-shHOXA1, were generated for the loss-of-function experiments throughout the study.

Results In the aortic root of AS mice, lipid deposition was severer and HOXA1 expression was higher than the wide-
type mice fed with normal diet or HFD. Silencing of HOXA1 inhibited the AS-induced weight gain, inflamma-
tory response, serum and liver lipid metabolism disorder and atherosclerotic plaque formation. Besides, lesions 
from AS mice with HOXA1 knockdown showed less trans-differentiation of VSMCs to macrophage-like cells, 
along with a suppression of krüppel-like factor 4 (KLF4) and nuclear factor (NF)-κB RelA (p65) expression. In vitro 
experiments consistently confirmed that HOXA1 knockdown suppressed lipid accumulation, VSMC-to-macrophage 
phenotypic switch and inflammation in POV-PC-treated VSMCs. Mechanism investigations further illustrated 
that HOXA1 transcriptionally activated RelA and KLF4 to participate in the pathological manifestations of VSMCs.

Conclusions HOXA1 participates in AS progression by regulating VSMCs plasticity via regulation of NF-κB p65 
and KLF4. HOXA1 has the potential to be a biomarker or therapeutic target for AS.
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Introduction
Atherosclerosis (AS) is the fundamental pathological 
state of many vascular disorders, and a leading cause 
of fatal heart attacks and strokes worldwide (Falk 2006; 
Frostegård 2013). AS begins with the infiltration and 
retention of apolipoprotein B that contains lipoproteins 
in the subendothelial region of the artery, and processes 
with the recruitment and accumulation of inflammatory 
cells, extracellular matrix and lipids (Skålén et al. 2002). 
Macrophages are the major leukocyte subset in the sub-
endothelial area of blood vessels. During AS develop-
ment, macrophages could become foam cells by ingesting 
residual lipoproteins, and trigger pro-inflammatory 
responses by oxidation modification or other stimulus 
(Chistiakov et  al. 2017). Then, the modified endothelial 
smooth muscle cells or other sources of cells migrate and 
enter into the intima, leading to the formation of colla-
genous fibrous cap that coats lipid-rich plaque core (Har-
man and Jørgensen 2019). The plaques develop in the 
context of oxidative lipids, foam cells, persistent inflam-
matory stimulation and defective clearance of dead cells 
(Castaño et al. 2020). Over time, the integrity of the col-
lagenous fibrous cap may be compromised, resulting in 
plaque rupture and acute occlusive thrombosis.

One of the fundamental bioprocesses of AS progres-
sion is the functional variation of vascular smooth mus-
cle cells (VSMCs) (Chistiakov et  al. 2015). VSMCs are 
one of the major cell types existing at all stages of an 
atherosclerotic plaque (Basatemur et al. 2019). The his-
torical view of VSMCs in AS pathogenesis is that the 
contractile VSMCs undergo phenotypic conversion to 
proliferative synthetic cells, generating extracellular 
matrix to form the fibrous cap, to cover the necrotic 
core and to stabilize the plaques (Bennett et  al. 2016; 
Mitchell and Sidawy 1998). However, recent line-
age tracing experiments in apolipoprotein E knockout 
 (ApoE−/−) mice reveal that VSMCs are more plastic 
than previously recognized and are able to adopt alter-
native phenotypes, including phenotypes resembling 
macrophage-like, foam cell-like, osteochondrogenic-
like, and mesenchymal stem cell-like cells, which makes 
positive or negative contribution to disease progres-
sion (Chappell et  al. 2016; Gomez et  al. 2018). Some 
in vitro studies also documented that under the action 
of cholesterol, VSMC could transdifferentiate into 
macrophage-like cells, with ensuing formation of lipid-
filled foam cells (Rong et  al. 2003; Vengrenyuk et  al. 
2015). Unlike monocyte-derived macrophages with 
a powerful phagocytic ability, these VSMC-derived 
macrophage-like cells have a much weaker phagocytic 
ability and tend to accumulate in plaques, leading to 
high absorption of lipids and deficient efferocytotic 
removal of apoptotic cells and debris, which further 

accelerates the formation of plaques (Harman and Jør-
gensen 2019). However, current therapeutic approaches 
to vulnerable plaques are very limited and the mecha-
nisms involved in VSMC phenotypic transition are not 
well understood. Therefore, deciphering the underly-
ing mechanisms in plaque development has important 
implications for understanding AS pathogenesis and 
developing therapeutic strategies.

The homeobox (HOX) gene family encode a series of 
homeodomain-containing transcription factors that par-
ticipate in mammalian tissue growth and differentiation 
(Mohankumar et  al. 2007; Primon et  al. 2019). Home-
obox A1 (HOXA1), the first HOX gene found to be asso-
ciated with gastrulation, is critical for the developmental 
program that coordinates the behaviour of cells during 
embryogenesis (Gouti et  al. 2011; Makki and Capecchi 
2010; McNulty et al. 2005). However, the misexpression 
of HOXA1 in differentiated cells could make it become 
an oncogene to participate in cancer development (Bitu 
et al. 2012; Xiao et al. 2014). In particular, our previous 
work showed that overexpression of miR-99a-5p could 
ameliorate atherosclerotic lesions in high-fat diet (HFD)-
fed  ApoE−/− mice, accompanying with a decrease in 
HOXA1 expression (Han et  al. 2019). Another work by 
Yu et al. also documented that the mechanism by which 
lncRNA ROR influences AS involves let-7b-5p/HOXA1 
axis (Yu et  al. 2021). Notably, an earlier study reported 
that HOXA1 is a target of miR-10a, and HOXA1 is up-
regulated in the athero-susceptible regions (inner aor-
tic arch and aorto-renal branches) than elsewhere (Fang 
et al. 2010). Nevertheless, the explicit role of HOXA1 in 
AS progression remains undefined.

As a transcriptional factor, HOXA1 could bind with a 
gene’s promoter region to regulate its expression, thereby 
participating in the regulation of disease progression 
(Chen et  al. 2022). Nuclear factor (NF)-κB was discov-
ered long time ago and has become as a master regula-
tor of inflammation and immune homeostasis, playing a 
central role in diseases comprising a significant inflam-
matory component including AS (Mitchell and Carmody 
2018). Activation of NF-κB is a critical event in trigger-
ing VSMC functional alterations (Farina et al. 2022; Yeh 
et  al. 2019). In addition, krüppel-like factor 4 (KLF4) 
is also an essential regulator of AS development. The 
KLF4-dependent phenotypic modulation of VSMCs is 
vital for the atherosclerotic plaque pathogenesis (Shank-
man et al. 2015). Notably, with JASPAR’s prediction, we 
noticed there are binding regions of HOXA1 in both 
NF-κB RelA’s promoter and KLF4’s promoter. There-
fore, HOXA1 is likely to be involved in the regulation of 
VSMC alterations in AS progression by regulating NF-κB 
and KLF4. In the current study, we experimentally veri-
fied the functional role of HOXA1 in AS progression in 
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both in  vivo and in  vitro models, and investigated the 
involved molecular mechanisms.

Materials and methods
Construction of recombinant adeno‑associated virus‑1 
(AAV1) vectors
Short-hairpin RNAs (shRNAs) targeted to mouse or 
human HOXA1 and its scramble control (shNC) were 
synthesized. The sequences of shRNAs were: mus shH-
OXA1-1: GAA TCA TCT GAG AAA TCT AGC TTC AAG 
AGA GCT AGA TTT CTC AGA TGA TTC TTT TT; mus 
shHOXA1-2: AGT ACA TTC ACC ACT CAT ATG TTC 
AAG AGA CAT ATG AGT GGT GAA TGT ACT TTT TT; 
homo shHOXA1-1: CTC GGA CCA TAG GAT TAC ATT 
CAA GAG ATG TAA TCC TAT GGT CCG AGT TTTT; 
homo shHOXA1-2: GCT GTT TAC TCT GGA AAT CTT 
CAA GAG AGA TTT CCA GAG TAA ACA GCT TTTT; 
shNC: TTC TCC GAA CGT GTC ACG TTT CAA GAG 
AAC GTG ACA CGT TCG GAG AAT TTTTT; AAV1 vec-
tors were recombined with restriction enzyme digestion 
(HindIII and XhoI) to carry shRNA coding sequences. 
Virus particles were obtained from HEK293 cells.

Establishment of a mouse model of AS
To investigate the expression of HOXA1 in atheroscle-
rotic mice, 8-week-old wild-type (WT) male mice and 
 ApoE−/− male mice on the C57BL/6 background were 
used in this study.  ApoE−/− mice were fed with high-fat 
diet (HFD) to induce AS. WT mice with normal diet 
(ND) feeding or HFD were allocated as controls. Twelve 
weeks after HFD feeding, mice were euthanized by  CO2 
inhalation. Aortic root and liver tissues were collected for 
examination.

To investigate the role of HOXA1 in AS progres-
sion, 8-week-old  ApoE−/− male mice were injected with 
5 ×  1010 vector genome of AAV1-shNC, AAV1-shH-
OXA1-1 or AAV1-shHOXA1-2 via tail vein and then 
received HFD feeding for 12 weeks. Blood samples, aortic 
and liver tissues were collected for examination.

Western blot
Total proteins were extracted using RIPA lysis buffer 
(Beyotime Institute of Biotechnology, Shanghai, China). 
Nuclear and cytoplasmic proteins were extracted using 
nuclear and cytoplasmic protein extraction kit (Beyo-
time). Protein concentrations were determined by BCA 
assay (Beyotime). Twenty micrograms of proteins were 
separated by 8%, 10%, or 12% SDS-PAGE (Beyotime), and 
then transferred to polyvinylidene difluoride (Thermo 
Fisher Scientific, Pittsburgh, PA, USA) membranes. The 
membranes were blocked with 5% bovine serum albumin 
solution (Biosharp life sciences, Hefei, China) at room 
temperature for 1  h and then incubated with primary 

antibodies including anti‐HOXA1 (1:500 dilution; Cat. 
No. DF3187, Affinity Biosciences, Cincinnati, OH, USA), 
anti‐VCAM1 (1:2000 dilution; Cat. No. A0279, ABclonal 
Biotechnology, Wuhan, China), anti‐MMP2 (1:1000 dilu-
tion; Cat. No. 10373-2-AP, Proteintech Group, Rose-
mont, IL, USA), anti‐p65 (1: 1000 dilution; Cat. No. 
A19653, ABclonal), anti‐phospho-p65 (1:1000 dilution; 
Cat. No. AP0475, ABclonal), anti‐KLF4 (1: 1000 dilution; 
Cat. No. A13673, ABclonal), anti-Histone H3 (1:500 dilu-
tion; Cat. No. 17168-1-AP, Proteintech), and anti-β-actin 
(1:2000 dilution; Cat. No. 60008-1-Ig, Proteintech) at 
4 °C overnight. After washed with TBST, the membranes 
were incubated with secondary antibodies including 
HRP-labelled Goat anti-Mouse IgG (1:10,000 dilution; 
Cat. No. SA00001-1, Proteintech) or HRP-labelled Goat 
anti-Rabbit IgG (1: 10,000 dilution; Cat. No. SA00001-
2, Proteintech). The membranes were washed again and 
then visualized with an ECL kit (Seven-sea Pharmtech, 
Shanghai, China). β‐actin was used as the control for 
total proteins and Histone H3 was used as the control for 
nuclear fractions.

Immunofluorescence
The frozen sections of thoracic aortas and aortic roots 
were subjected to antigen retrieval and blocked with goat 
serum. Afterwards, the sections were incubated with 
anti-α-SMA antibody (1:200 dilution; Cat. No. sc-53142, 
Santa Cruz, Santa Cruz Biotechnology, Dallas, TX, USA), 
anti-HOXA1 antibody (1:100 dilution; Cat. No. DF3187, 
Affinity), anti-KLF4 antibody (1:50 dilution; Cat. No. 
11880-1-AP, Proteintech), or anti-Mac3 antibody (1:200 
dilution; Cat. No. 66301-1-Ig, Proteintech) overnight at 
4 °C, followed by incubation with Cy3-labeled goat anti-
mouse IgG (1:200 dilution; Cat. No. A0516, Beyotime) or 
FITC-labelled goat anti-mouse (1:200 dilution; Cat. No. 
A0562, Beyotime) at room temperature for 1  h in the 
dark. The sections were then counter-stained with DAPI 
(Aladdin Reagents, Shanghai, China) to identify cell 
nuclei and imaged with an Olympus BX53 microscope.

Real‑time quantitative polymerase chain reaction 
(real‑time qPCR)
Total RNAs in thoracic aortas or cultured VSMCs were 
extracted using an RNApure high-purity total RNA rapid 
extraction kit (BioTeke Corporation, Beijing, China) 
according to the manufacturer’s instructions. The first-
strand complementary DNAs were synthesized with 
oligo(dT)15 as primer using M-MLV reverse transcriptase 
(Takara Biomedical Technology, Beijing, China). Real-
time quantitative polymerase chain reaction (qPCR) 
was performed using SYBR Green I (BioTeke) in Bioneer 
Exicycler 96 instrument. The sequences for primers 
were: Homo HOXA1, 5’-CGC TCC CGC TGT TTA CTC 
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-3’ and 5’-AGG CTC TGG TGC TCC TGT CC-3’; Homo 
NF-κB RelA (p65), 5’-GGG GAC TAC GAC CTG AAT G-3’ 
and 5’-GGG CAC GAT TGT CAA AGA T-3’; Homo KLF4, 
5’-CGA ACC CAC ACA GGT GAG AA-3’ and 5’-TAC GGT 
AGT GCC TGG TCA GTTC-3’; Homo MAC2, 5’-ATG 
ATG CGT TAT CTG GGT CT-3’ and 5’-GGT GGC ACT 
TGG CTGTC-3’; Homo MAC3, 5’-CCA GAA GCT GGA 
ACCTA-3’ and 5’-CTG CCT GTG GAG TGAGT-3’; Homo 
ABCA1, 5’-TCA CCA CTT CGG TCTCC-3’ and 5’-CCA 
CCT TCA TCC CATCT-3’; Homo ACTA2 (α-SMA), 
5’-GGG GTG ATG GTG GGA ATG -3’ and 5’-GCA GGG 
TGG GAT GCT CTT -3’; Homo MYH11, 5’-CAG GAT 
AGG GCA GAG CAA -3’ and 5’-GCC AAG TAG CCA CGA 
CAC -3’; Homo CNN1, 5’-CCA CCC TCC TGG CTTTG-
3’ and 5’-ATG ATG TTC CGC CCT TCT -3’; Mus HOXA1, 
5’-AAG CAG AAG AAG CGT GAG A-3’ and 5’-GTG GGA 
GGT AGT CAG AGT GTC-3’.

Lipids measurement
Total cholesterol (TC), triglyceride (TG), low-density 
lipoprotein cholesterol (LDL-C), and high-density lipo-
protein cholesterol (HDL-C) levels in the serum and liver 
were examined using commercially available kits (Nan-
jing Jian Cheng Bioengineering Institute, Nanjing, China) 
according to the manufacturer’s instructions.

Histopathological examination
The thoracic aortas, aortic roots, or the livers were care-
fully isolated and fixed in 4% paraformaldehyde. The fixed 
thoracic aortas, aortic roots, or the livers sections were 
stained with oil red-O (Sigma-Aldrich, St. Louis, MO, 
USA) for examination of lesion lipid content. The aortic 
root sections were subjected to hematoxylin (Solarbio 
Science & Technology, Beijing, China) and eosin (Sangon 
Biotechnology, Shanghai, China) staining for examina-
tion of atherosclerotic lesions, and picrosirius red stain-
ing (Solarbio) for examination of collagen deposition. 
Staining images were captured using an Olympus BX53 
microscope.

Apoptosis assessment in plaques
Apoptotic cells in plaques were assessed using an In Situ 
Cell Death Detection Kit (Roche, Nutley, NJ, USA) fol-
lowing the manufacturer’s instructions. The staining 
results were imaged with an Olympus BX53 microscope.

Inflammatory cytokines measurement
Tumour necrosis factor-α (TNF-α), interleukin (IL)-1β 
and IL-6 levels in thoracic aorta, and TNF-α and 
matrix metalloproteinase 2 (MMP2) levels in VSMC 
culture, were measured using corresponding enzyme-
linked immunosorbent assay (ELISA) kits (USCN Life 

Science, Wuhan, China) according to the manufacturer’s 
instructions.

Electrophoretic mobility shift assay (EMSA)
The 5′ biotin-labelled mouse RelA promoter DNA probe 
and human RelA promoter DNA probe were synthesized 
by Sangon. Nuclear proteins in thoracic aorta plaques or 
in cultured VSMCs were extracted using nuclear protein 
extraction kit. Protein concentrations were determined 
by BCA assay. Electrophoretic mobility shift assays were 
performed with a chemiluminescent EMSA Kit (Beyo-
time). Negative control and competitor control were 
adopted as references according to the manufacturer’s 
instructions.

Human VSMCs culture, treatment, adeno‑associated virus 
infection and plasmid transfection
Human VSMCs were purchased from ScienCell (Beijing, 
China) and cultured in SMC culture medium (ScienCell). 
Human 293 T cells were purchased from Zhong Qiao Xin 
Zhou (Shanghai, China) and cultured in DMEM medium 
(Hyclone, Logan, UT, USA) supplemented with 10% fetal 
bovine serum (Bioind, Kibbutz Beit-Haemek, Israel).

VSMCs were infected with AAV1-shNC, AAV1-shH-
OXA1-1, or AAV1-shHOXA1-2 at a multiplicity of infec-
tion of 150 following the group information. Twenty-four 
hrs after adeno-associated virus infection, the super-
natant was changed with fresh complete medium. For 
detection of infection efficiency, cells were cultured for 
another 48 h and real-time qPCR and western blot were 
performed to detect infection efficiency the expression of 
HOXA1. For biological examinations, cells were cultured 
for another 24 h and then treated with 30 μg/mL 1-pal-
mitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine 
(POV-PC, Aladdin) for 24 h.

For the rescue experiments, VSMCs were infected with 
adeno-associated viruses for 24  h and then the super-
natant was changed with fresh complete medium. Cells 
were cultured for another 24 h and then transfected with 
RelA or KLF4 overexpression plasmid for 24 h. POV-PC 
was added to the medium together with the plasmids.

Detection of lipid accumulation in VSMCs
After POV-PC treatment for 24  h, VMSCs were fixed 
with 4% paraformaldehyde and stained with 0.5% oil 
red-O staining buffer. The staining results were imaged 
with an Olympus BX53 microscope.

Flow cytometry
After POV-PC treatment for 24  h, VMSCs were col-
lected and incubated with anti-human CD68 FITC 
(0.125  μg/106 cells; eBioscience, San Diego, CA, USA) 
for 30 min in the dark. A flow cytometry was performed 
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immediately in NovoCyte flow cytometer (ACEA Bio-
sciences, San Diego, CA, USA).

Luciferase reporter assay
Full length of homo HOXA1 was ligated into the plas-
mid expression vector pcDNA3·1 with restriction 
enzyme digestion (HindIII and XhoI). Empty vector was 
used as a negative control. The RelA promoter fragment 
(−  2000/ + 1) or KLF4 promoter fragment (−  2000/ + 1) 
was amplified by PCR and ligated into the pGL3-Basic 
vector. 293  T Cells grown at a confluence of 70% were 
transfected with pcDNA3·1 plasmid and pGL3-Basic vec-
tor. Forty-eight hours after transfection, the Firefly value 
and Renilla value in cells were detected and fold change 
was calculated as Firefly/Renilla.

Chromatin immunoprecipitation (ChIP)‑qPCR
ChIP assay was performed using a ChIP assay kit (Wan-
leibio, Shenyang, China) according to the manufacturer’s 
instructions. Briefly, cells were cross-linked with 1% for-
maldehyde for 10 min and the crosslinking reaction was 
stopped with 0.125 M glycine. Chromatin was sonicated 
to generate 500–1000  bp DNA fragments. Immunopre-
cipitation of HOXA1 from VSMCs was performed using 
anti-HOXA1 (Cat. No. sc-293257, Santa Cruz) and anti-
IgG with Protein G agarose beads. The complexes were 
de-crosslinked with 5 M NaCl and treated with Protein-
ase K. The eluted DNA fragments were then subjected 
to qPCR using primers specific to the RelA or KLF4 pro-
moter or the non-binding regions as negative controls. 
Positive and negative genomic regions for HOXA1 bind-
ing were amplified using the following primers: positive 
region (− 1840 to − 1542 upstream of TSS site) of RelA 
(F) CCA CTT TGG GAG GCT GAG  and (R) TGG GAC 
TAC GGG AGC ACA; negative region (−  794 to −  597 
upstream of TSS site) of RelA (F) GAG GTC CAG GGC 
AAA CAC  and (R) GCG CCA GCT TAC GAT ACA; posi-
tive region (−  1383 to −  1178 upstream of TSS site) of 
KLF4 (F) CTG AGC CGA AGG AAC GAG  and (R) TGA 
GCC ACT GCC TGT AAT; negative region (−  1010 to 
− 828 upstream of TSS site) of KLF4 (F) CAG GAG AAT 
CGC TTG GAC  and (R) GAA GAG GGA CTG TGA GGC .

Oligonucleotide pull‑down
The biotinylated double-stranded oligonucleotides 
specific for the RelA or KLF4 promoter or the non-
specific oligonucleotides were incubated with strepta-
vidin-conjugated agarose beads. Then the oligo/
streptavidin-conjugated beads were added to each reac-
tion. After incubation, beads were washed and the 
retrieved protein was collected. The affinity-purified pro-
teins were eluted with protein elution buffer. The elute 
proteins were then subjected to Western blot analysis.

Image quantification
All image quantifications were conducted with the Image 
J software by two independent researchers blinded with 
the group information. Quantifications of the plaque 
lipid (oil-red O stained sections), necrotic core (H&E 
stained sections), and collagen content (PSR stained sec-
tions) were defined using the colour thresholding option 
in Image J. In each case, the positive area was defined as 
a percentage of total plaque area in each aortic root sec-
tion. In addition, quantification of the immunofluores-
cence images was conducted by counting the positive cell 
number per field.

Statistical analysis
All experiments were performed at least in triplicate. 
All data were presented as mean ± standard deviation 
(SD). GraphPad Prism (version 8; San Diego, CA, USA) 
was applied to analyse all Data. Gaussian distribution 
of the residuals within the groups was evaluated using 
the Shapiro–Wilk test. Homogeneity of variance was 
assessed using Brown-Forsythe test. Data with residu-
als that met Gaussian distribution and with equal SD 
were analysed with ordinary one-way ANOVA followed 
by Tukey’s multiple comparison test. Data with residu-
als that met Gaussian distribution and with unequal SD 
were analysed with Brown-Forsythe and Welch ANOVA 
followed by Games-Howell’s multiple comparisons test. 
Data with residuals that not met the Gaussian distribu-
tion were analysed with Kruskal–Wallis test followed by 
Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, and 
***p < 0.001 were all considered statistically significant.

Results
HOXA1 expression is increased in the aortic root of AS mice
To ensure the expression pattern of HOXA1 in the 
context of AS, we established a mice model by feed-
ing  ApoE−/− mice with HFD for 12  weeks, whereas 
wild-type mice fed with normal diet (ND) or HFD were 
allocated as controls. Oil red O staining indicated that 
significant plaque formation occurred in the aorta root 
of  ApoE−/− mice that fed with HFD, whereas basically no 
plaques were observed in the aorta root of WT + ND or 
WT + HFD mice, implying that only  ApoE−/− mice with 
HFD developed AS (Fig. 1A). Results of immunofluores-
cence double staining in the aortic root showed the pres-
ence of many double-positive HOXA1/α-SMA cells in 
 ApoE−/− + HFD group, while a very small number of dou-
ble-positive HOXA1/α-SMA cells were seen in WT + ND 
or WT + HFD group (Fig.  1B). Results of Western blot 
confirmed the overall enhancement of HOXA1 expres-
sion in the aortic root of  ApoE−/− + HFD mice. These 
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findings suggested that HOXA1 expression showed an 
upward trend in AS lesions, and was associated with 
VSMCs (Fig. 1B, C).

Silencing of HOXA1 attenuates AS‑associated weight gain, 
aortic lesions and inflammation in mice
To evaluate the functional role of HOXA1 in AS-
associated characteristics, we knocked down HOXA1 
expression with AAV1-mediated delivery system in 
 ApoE−/− mice to perform loss-of-function experi-
ments. Two AAV1-shHOXA1 vectors, herein referred 
as AAV1-shHOXA1-1 and AAV1-shHOXA1-2, were 
generated to reduce the off-target effects. AAV1-shNC 
vector was applied as a non-specific control. The effi-
ciency of HOXA1 silencing was determined by real-time 
qPCR and Western blot. The results showed that AAV1-
shHOXA1-1/2 intervention successfully knocked down 
HOXA1 at both mRNA and protein levels in the vessels 
of mice (Additional file 1: Fig. S1A, B).

In AS mice with transduction of AAV-1 shHOXA1-1/2 
vectors, the final weights were significantly decreased 
compared to that with AAV-1 shNC vector (Fig.  2A). 
Histopathological examinations were then performed to 

show the change of plaques on the entire arterial trunk. 
The results presented that HOXA1 depletion by AAV1-
shHOXA1-1/2 significantly decreased the aortic plaque 
area in AS mice (Fig. 2B). Moreover, there is accumulat-
ing evidence that AS is a chronic inflammatory disease 
(Wolf and Ley 2019). AS-related inflammation is medi-
ated by pro-inflammatory cytokines, signalling path-
ways, lipids, enzymes, and adhesion molecules. We then 
detected the expression of several key inflammatory 
molecules including VCAM1, MMP2, TNF-α, IL-1β and 
IL-6. We observed that HOXA1 depletion significantly 
decreased the levels of these factors in AS mice (Fig. 2C, 
D).

Silencing of HOXA1 in the liver attenuates AS‑associated 
lipid metabolic disorder
Lipid metabolic disorder is one of the key features and 
incentives of AS pathogenesis (Poznyak et al. 2020). We 
next detected several parameters of lipid homeosta-
sis. It turned out that the serum levels of TC, TG and 
LDL-C were notably decreased, whereas HDL-C level 
was increased after HOXA1 inhibition (Fig.  3D). Since 
changes of serum lipid parameters are mainly mediated 

Fig. 1 HOXA1 expression is increased in the aortic root of AS mice. A Oil red-O staining for the aortic root of wild-type mice with ND, wild-type 
mice with HFD, or  ApoE−/− mice with HFD. Scale bar = 500 μm (40 ×). B Immunofluorescence double staining for HOXA1 (red) and α-SMA (green) 
in each group. DAPI (blue) was used for nucleus staining. Scale bar = 50 μm (400 ×). C Western blot for HOXA1 expression in aortic root of wild-type 
or HFD-fed  ApoE−/− mice. Data are expressed as mean ± SD (6 animals/group). Ordinary one-way ANOVA followed by Tukey’s multiple comparison 
test was used to calculate the P value in panel C ***P < 0.001
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by the liver (Zhang et al. 2022), and we used a systemic 
viral intervention system via tail vein in this work, we 
suspected that HOXA1 may have a direct effect on 
lipid synthesis in the liver. So we examined the HOXA1 
expression in liver. It was shown that HOXA1 expression 
was significantly higher in the liver of AS mice (Fig. 3A). 
AAV1-mediated HOXA1-shRNA delivery also decreased 
HOXA1 expression in the liver (Fig. 3B). Oil-red O stain-
ing presented that the AS-associated lipid accumula-
tion in the liver was inhibited by AAV1-shHOXA1-1/2 
transduction (Fig. 3C). Furthermore, the hepatic levels of 
TC, TG and LDL-C were notably decreased by HOXA1 
knockdown, whereas HDL-C level was increased slightly 
but with no significance (Fig.  3E). These findings impli-
cated that the effect of HOXA1 on AS may involve the 
changes on hepatic lipid metabolism.

Silencing of HOXA1 reduces atherosclerotic lesions 
by inhibiting cell apoptosis and macrophage‑like 
phenotype switching of AS mice
To further investigate the effect of HOXA1 silencing on 
the formation of atherosclerotic lesions, histopathologi-
cal examinations were performed. The paraffin-embed-
ded sections of thoracic aorta were subjected to oil red-O 
staining, and those sections of aortic root were subjected 
to oil red-O staining, HE staining, and PSR staining to 
determine lipid content, necrotic cores and collagen 

content in the plaque respectively (Fig. 4A). Quantitative 
analysis revealed that AAV1-mediated HOXA1 deple-
tion in AS mice markedly decreased lipid content and 
necrotic core, whereas increased collagen content in the 
aortic root (Fig.  4B–D). Moreover, it is well acknowl-
edged that the reduced apoptotic cell clearance links 
with plaque development (Thorp 2010). Herein, TUNEL 
staining was performed to detect apoptotic cells in the 
aortic root. Quantitative analysis showed that the apop-
totic cells in the plaques of aortic root were significantly 
reduced after HOXA1 depletion (Fig.  5A). Also, phe-
notype switching of SMC is pivotal in atherosclerotic 
lesions (Pan et al. 2020). By double-immunostaining with 
SMC marker α-SMA and macrophage marker Mac3, we 
observed a significant reduction in macrophage-like cell 
number, and a significant increase in VSMC number 
within plaques of aortic roots in AS mice with AAV1-
shHOXA1 injection (Fig.  5B), indicating that HOXA1 
may be involved in the VSMC-to-macrophage transdif-
ferentiation in AS.

Silencing of HOXA1 suppresses RelA and KLF4 expression 
of AS mice
Due to the importance of nuclear factors NF-κB RelA 
(p65) and KLF4 in AS progression, we investigated 
the potential of their involvement in HOXA1 regu-
latory mechanism. EMSA results exhibited that the 

Fig. 2 Silencing of HOXA1 reduces weight gain, aortic lesions, and inflammation in HFD-fed  ApoE−/− mice. A In vivo loss-of-function study 
was performed in AS model (HFD-fed  ApoE−/−) mice by transduction of AAV1-shNC, AAV1-shHOXA1-1 or AAV1-shHOXA1-2 via tail vein. The final 
wight in 12 weeks after mice receiving HFD feeding was recorded. B Oil red-O staining was performed on entire aortas and the positive regions 
(plaques) were quantified. C ELISA for TNF-α, IL-1β and IL-6 levels in thoracic aortas of mice in each group. D Western blot assay for VCAM1 
and MMP2 expression in thoracic aorta. Data are expressed as mean ± SD (6 animals/group). Ordinary one-way ANOVA followed by Tukey’s multiple 
comparison test was used to calculate the P value in panel A, B and D. Brown-Forsythe and Welch ANOVA followed by Games-Howell’s multiple 
comparisons test was used to calculate the P value in panel C. *P < 0.05, **P < 0.01, ***P < 0.001
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DNA-binding activities of NF-κB were significantly 
inhibited in AAV1-shHOXA1-1/2 groups (Fig.  6A). 
Western blot assay showed that HOXA1 depletion 
inhibited the phosphorylation and nuclear expression of 
NF-κB p65 (Fig. 6B). Further, immunofluorescence dou-
ble staining displayed that inhibition of HOXA1 sup-
pressed the KLF4 expression in the SMCs of aortic root 
plaques in AS mice (Fig. 6C).

Silencing of HOXA1 suppresses lipid accumulation, 
VSMC‑to‑macrophage transdifferentiation, 
and inflammation in POV‑PC treated VSMCs
Oxidized LDL (ox-LDL) affects AS progression through 
acting on multiple cells including VSMCs (Brito et  al. 
2009). We stimulated VSMCs with POV-PC in  vitro, 

followed with AAV1 mediated gene transferring. Suc-
cessful silencing of HOXA1 was observed at both 
mRNA and protein levels (Additional file  1: Fig. S1C, 
D). Results of oil-red O staining presented an increased 
accumulation of cellular lipid in VSMCs post POV-
PC stimulation, whereas HOXA1 depletion effec-
tively reduced the raised lipid content (Fig.  7A). Next, 
we investigated the effect of HOXA1 depletion on 
the VSMC-to-macrophage transdifferentiation. Mac-
rophage marker CD68 was used to label macrophage-
like VSMCs and flow cytometry was performed to 
analyse the ratio of  CD68−positive cells. It turned out 
that the ratio of  CD68+ cells were markedly increased 
in POV-PC treated VSMCs compared to control 
cells. Reversely, less  CD68+ VSMCs were observed in 

Fig. 3 Silencing of HOXA1 in the liver attenuates AS-associated lipid metabolic disorder. A Western blot for HOXA1 expression in the liver 
of wild-type mice with ND, wild-type mice with HFD, or  ApoE−/− mice with HFD. B Western blot for HOXA1 expression in the liver of HFD-fed 
 ApoE−/− mice without or with in vivo transduction of AAV1-shNC, AAV1-shHOXA1-1 or AAV1-shHOXA1-2. C Oil red-O staining for the liver of mice 
in each group. Scale bar = 100 μm (200 ×). D Levels of serum lipids TC, TG, LDL-C, and HDL-C in each group. E Levels of TC, TG, LDL-C, and HDL-C 
in the liver of each group. Data are expressed as mean ± SD (6 animals/group). Two tailed unpaired t-test was used to calculate the P value in panel 
A. Ordinary one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate the P value in panel B, D, E. *P < 0.05, **P < 0.01, 
***P < 0.001, ns: no significance.
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AAV1-shHOXV1 intervention groups compared to 
AAV1-shNC intervention group (Fig.  7B). Addition-
ally, we detected the expression of macrophage mark-
ers MAC2, MAC3, ABCA1 and SMC markers ACTA2 
(α-SMA), MYH11, CNN1 using real-time qPCR. The 
results showed that POV-PC stimulation significantly 
increased MAC2, MAC3, ABCA1, but decreased 
ACTA2 mRNA levels in VSMCs. Reversely, HOXA1 

depletion reduced Mac3 and increased ACTA2, 
MYH11, CNN1 mRNA levels, suggesting that HOXA1 
depletion suppressed the VSMC-to-macrophage trans-
differentiation in POV-PC treated VSMCs (Fig.  7C). 
Furthermore, the levels of two representative inflam-
matory molecules TNF-α and MMP-2 were also 
found increased in VSMCs after POV-PC stimulation, 
which was partially reverted by inhibition of HOXA1 
(Fig. 7D).

Fig. 4 Silencing of HOXA1 reduces atherosclerotic lesions of AS mice. A Oil red-O, HE, and PSR staining for thoracic aorta or aortic root sections 
of mice in each group. Scale bar = 500 μm (40 ×); Quantification for lipid content (Oil red-O, panel B), necrotic core area (HE, panel C) and collagen 
content (PSR, panel D). Data are expressed as mean ± SD (6 animals/group). Ordinary one-way ANOVA followed by Tukey’s multiple comparison test 
was used to calculate the P value in panel B–D. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 Silencing of HOXA1 inhibits apoptosis and reduces macrophage-like cells in plaques of AS mice. A TUNEL staining for plaque apoptosis 
and quantification for the positive staining regions. Sections were stained for TUNEL (red). DAPI (blue) was used for nucleus staining. Scale 
bar = 50 μm (400 ×). B Immunofluorescence staining for α-SMA and Mac3 in plaques and quantification for the α-SMA+/Mac3+ and α-SMA+/
Mac3− regions. Sections were co-stained for macrophage phenotype marker Mac3 (red) and smooth muscle cell marker α-SMA (green). DAPI (blue) 
was used for nucleus staining. Scale bar = 50 μm (400 ×). Data are expressed as mean ± SD (6 animals/group). Ordinary one-way ANOVA followed 
by Tukey’s multiple comparison test was used to calculate the P value in panel A. Brown-Forsythe and Welch ANOVA followed by Games-Howell’s 
multiple comparisons test was used to calculate the P value in panel B. **P < 0.01, ***P < 0.001
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Fig. 6 Silencing of HOXA1 inhibits NF-κB p65 and KLF4 expression of AS mice. A EMSA for HOXA1 binding to NF-κB RelA promoter in plaques 
of mice in each group. B Western blot assay for phospho-p65ser536 and nuclear p65 expression in plaques. C Immunofluorescence double staining 
for KLF4 (red) and a-SMA (green) in plaques of the aortic root. DAPI (blue) was used for nucleus staining. Scale bar = 50 μm (400 ×). Data are 
expressed as mean ± SD (6 animals/group). Ordinary one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate the P 
value in panel B. ***P < 0.001
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HOXA1 directly binds to RelA promoter and KLF4 promoter 
to regulate their expression
Mechanically, we observed that POV-PC treatment 
increased the levels of RelA mRNA (Fig.  8A), phos-
phorylated-p65 protein (Fig.  8B), nuclear p65 protein 
(Fig.  8B), KLF4 mRNA (Fig.  9A) and KLF4 protein 
(Fig.  9B) in VSMCs, whereas inhibition of HOXA1 
decreased these levels. According to the prediction by 

JASPAR (http:// jaspar. gener eg. net/), it was inferred 
that HOXA1 could directly bind to the RelA promoter, 
and also the KLF4 promoter. To verify this infer-
ence, we used biological testing methods to evaluate 
the transcriptional regulation of HOXA1 on RelA and 
KLF4 expression. EMSA results showed that HOXA1 
depletion notably reduced the elevated protein-DNA 

Fig. 7 Silencing of HOXA1 suppresses lipid accumulation, VSMC-to-macrophage transdifferentiation, and inflammation of POV-PC treated 
VSMCs. POV-PC treated VSMCs were applied as in vitro model of AS. Loss-of-function investigation was performed by transduction of AAV1-shNC, 
AAV1-shHOXA1-1 or AAV1-shHOXA1-2. A Oil-red O staining for lipids in POV-PC treated VSMCs. B Flow cytometry analysis and quantification 
for  CD68+ cells. C Real-time qPCR assay for MAC2, MAC3, ABCA1, ACTA2, MYH11 and CNN1 expression. D ELISA for TNF-α and MMP-2 levels. Data are 
expressed as mean ± SD (n = 3). Ordinary one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate the P value in panel 
B–D. **P < 0.01, ***P < 0.001

http://jaspar.genereg.net/
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complex content post POV-PC treatment (Fig.  8C). 
Luciferase reporter assays revealed that luciferase activ-
ity was significantly increased in 293  T cells co-trans-
fected with HOXA1 overexpression plasmid and RelA 
promoter vector compared to cells transfected with 
empty plasmid and RelA promoter vector (Fig.  8D). 

Same phenomenon was observed with co-transfection 
of KLF4 promoter vector (Fig.  9D). Besides, oligonu-
cleotide pull-down and ChIP-qPCR assays suggested 
that POV-PC treatment notably increased the HOXA1-
RelA promoter binding ability (Fig. 8E, F), as well as the 
HOXA1-KLF4 promoter binding ability (Fig.  9C, E). 

Fig. 8 HOXA1 transcriptionally activates RelA. A Real-time qPCR assay for NF-κB RelA expression in POV-PC treated VSMCs. B Western blot assay 
for phospho-p65ser536 and nuclear p65 expression. C EMSA for HOXA1 binding to NF-κB RelA promoter in POV-PC treated VSMCs. D 293 T cells were 
co-transfected with a GFP-HOXA1 expression vector and a RelA-promoter reporter plasmid for 72 h. The cell lysates were prepared for luciferase 
assay. E The cell lysates of VSMCs were subjected to oligonucleotide pull-down assay with biotinylated double-stranded oligonucleotides 
containing RelA-promoter as probe. Nonspecific oligonucleotide sequences were applied as a negative control. The retrieved protein was collected 
and analysed by Western blot with anti-HOXA1 antibody. F ChIP-qPCR assay was performed in VSMCs with anti-HOXA1 antibody and non-immune 
IgG was used as an internal control. Immunoprecipitated DNA was amplified by PCR using RelA-promoter primers. Negative regions (regions 
downstream of the RelA-promoter) was adopted as an amplification control. Data are expressed as mean ± SD (n = 3). Ordinary one-way ANOVA 
followed by Tukey’s multiple comparison test was used to calculate the P value in panel A, B, D. Two tailed unpaired t-test was used to calculate 
the P value in panel F. *P < 0.05, **P < 0.01, ***P < 0.001
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These data implicated that HOXA1 transcriptionally 
regulated RelA and KLF4 expression.

HOXA1 is involved in the pathological manifestations 
of VSMCs via RelA and KLF4
To further investigate whether RelA and KLF4 work as 
downstream effectors of HOXA1, we treated VSMCs 
with RelA or KLF4 overexpression plasmid to rescue the 
effect of HOXA1 silencing under POV-PC stimulation. 
The overexpression efficiencies of RelA and KLF4 after 
transfection were verified by real-time PCR and west-
ern blot (Additional file  2: Fig. S2). Pathological mani-
festations of VSMCs were next examined by oil-red O 
staining, flow cytometry, real-time PCR and ELISA as 
described above. Both overexpression of RelA and KLF4 
abolished the inhibitory effects of HOXA1 silencing on 
lipid accumulation, VSMC-to-macrophage transdiffer-
entiation, inflammatory molecules secretion in POV-
PC treated VSMCs (Fig. 10), implicating that HOXA1 is 
involved in the pathological manifestations of VSMCs via 
regulation of RelA and KLF4.

Discussion
HOXA1, a member of the HOX family, is a type of tran-
scription factor (Draime et  al. 2018). Its overexpression 
in atherosclerotic lesions has been previously reported by 
our lab (Han et al. 2019), but its role in AS has not been 
well-defined. In this work, we reveal for the first time 
that HOXA1 is a contributor to AS. Our findings experi-
mentally delineate that the AAV1-mediated depletion of 
HOXA1 reduces atherosclerotic lesions, and one of the 
key mechanisms is that HOXA1 silencing suppresses the 
pathological manifestations of VSMCs. Possible molecu-
lar mechanisms may be related to the HOXA1-depend-
ent regulation of RelA and KLF4.

AS originates as an innate immune response to the 
retained and modified cholesterol-rich lipoproteins 
in the intima of vessel wall, recruiting inflammatory 
cells from the circulation (Zimmer et al. 2016). As well 
known, rapid weight gain and lipid metabolism altera-
tions in adulthood frequently lead to an increased risk 
of cardiometabolic disorders. Treatment of weight 
and lipid disorders remains the common strategy to 

Fig. 9 HOXA1 transcriptionally activates KLF4. A Real-time qPCR assay for KLF4 expression in POV-PC treated VSMCs. B Western blot assay for KLF4 
expression. C ChIP-qPCR assay was performed in VSMCs with anti-HOXA1 antibody and non-immune IgG was used as an internal control. 
Immunoprecipitated DNA was amplified by PCR using KLF4-promoter primers. Negative regions (regions downstream of the KLF4-promoter) 
was adopted as an amplification control. D 293 T cells were co-transfected with a GFP-HOXA1 expression vector and a KLF4-promoter reporter 
plasmid for 72 h. The cell lysates were prepared for luciferase assay. E The cell lysates of VSMCs were subjected to oligonucleotide pull-down assay 
with biotinylated double-stranded oligonucleotides containing KLF4-promoter as probe. Nonspecific oligonucleotide sequences were applied 
as a negative control. The retrieved protein was collected and analysed by Western blot with anti-HOXA1 antibody. Data are expressed as mean ± SD 
(n = 3). Ordinary one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate the P value in panel A, B, D. Two tailed 
unpaired t-test was used to calculate the P value in panel C. **P < 0.01, ***P < 0.001
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attenuate AS (Li et  al. 2017; Zhou et  al. 2018). In our 
study, when HOXA1 expression was inhibited, the 
rapid weight gain and abnormal lipid metabolism 
were attenuated in HFD-induced AS mice. The rea-
son why HOXA1 silencing could inhibit the body 
weight and serum lipids is worthy of investigation. 
Liver is the principal site for lipoprotein synthesis and 

metabolism in the circulation (Luoma 1988). HOXA1 
has been reported to play an oncogenic role in hepato-
cellular carcinoma (Elfiky et  al. 2021; Zha et  al. 2012). 
Intriguingly, in the liver of HFD-fed  ApoE−/− mice, we 
observed HOXA1 was also raised. Due to the hepatic 
addictiveness of AAV1, it is possible that the AAV1-
mediated HOXA1-shRNA delivery system also works 

Fig. 10 HOXA1 affects lipid accumulation, VSMC-to-macrophage transdifferentiation, and inflammation of POV-PC treated VSMCs via regulation 
of RelA and KLF4. The POV-PC treated VSMCs were infected with AAV1-shNC or AAV1-shHOXA1-1 together with RelA and KLF4 overexpression 
plasmid. A Oil-red O staining for lipids in POV-PC treated VSMCs. B Flow cytometry analysis and quantification for  CD68+ cells. C Real-time qPCR 
assay for MAC2, MAC3, ABCA1, ACTA2, MYH11 and CNN1 expression. D ELISA for TNF-α and MMP-2 levels. Data are expressed as mean ± SD (n = 3). 
Ordinary one-way ANOVA followed by Tukey’s multiple comparison test was used to calculate the P value in panel B–D. *P < 0.05, **P < 0.01, 
***P < 0.001
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at the liver. Results of western blot confirmed this 
conjecture. Besides, the imbalanced lipid metabo-
lism in the liver was also mitigated by AAV1-mediated 
HOXA1 silencing in AS mice, implicating the effect 
of HOXA1 on AS may involve changes on the hepatic 
lipid metabolism.

Another characteristic feature of atherosclerotic lesions 
is the formation of plaques (Králová et  al. 2014). In an 
atherosclerotic plaque, there are extracellular lipid par-
ticles, foam cells, dead cells and debris accumulating in 
the intima of vascular walls, forming a necrotic core. The 
necrotic core is surrounded by a layer of collagen-rich 
matrix and SMCs covered by endothelial cells (Vergallo 
and Crea 2020). Oxidized lipids, accumulation of foam 
cells and apoptotic cells, and enhancement of inflamma-
tion would accelerate the progression of an atheroscle-
rotic plaque. The plaques may lead to many deleterious 
consequences including plaque rupture, vascular remod-
elling and necrosis (Kockx and Herman 1998; Sullivan 
2007). In this work, the AS mice with HOXA1 depletion 
presented less plaques in the artery. Also, the plaques 
exhibited a reduction in lipid content and necrotic core 
area, as well as an increase in collagen content. Moreover, 
the inflammatory and apoptotic cells in the plaque were 
significantly inhibited by HOXA1 silencing.

Cells that participate in atherosclerotic plaque forma-
tion include VSMCs, endothelial cells, macrophages, 
dendritic cells and regulatory T cells (Munjal and Khan-
dia 2020). VSMCs are predominant in all stages and play 
a vital role in AS progression. Loss of VSMCs causes 
fibrous cap thinning and leads to necrotic core forma-
tion and calcification. Ox-LDL and pro-inflammatory 
cytokines can induce VMSC injury and even apopto-
sis (Grootaert et  al. 2018). With regard to these events, 
it is meaningful to attenuate the oxidized lipids-induced 
VSMC dysfunction in AS. In the POV-PC (a type of 
ox-LDL) treated VSMCs, we observed that silencing of 
HOXA1 reduced the POV-PC induced lipid accumula-
tion and inflammatory response, suggesting a mecha-
nism of HOXA1 in regulating AS is the improvement of 
VSMCs dysfunction.

Following the “damage response” and “vulnerable 
plaque” hypotheses, the contractile VSMCs undergo phe-
notypic switch into synthetic VSMCs, producing extra-
cellular matrix to stabilize the plaques. However, recent 
data from lineage-tracing and transcriptomic stud-
ies have pointed out the view that VSMCs reduce con-
tractile markers during AS progression whilst adopting 
multiple alternative phenotypes, including phenotypes 
resembling foam cells and macrophages, which might be 
detrimental (Basatemur et  al. 2019; Grootaert and Ben-
nett 2021). Data from human (Allahverdian et  al. 2014) 
and mouse plaques (Feil et al. 2014) confirm that a subset 

of VSMCs that migrate from the medial layer into the 
plaque intima lose specific markers of contractile pheno-
type, such as smooth muscle protein 22 alpha (SM22α) 
and ACTA2 (α-SMA) (Oh et al. 2020), and obtain mac-
rophage specific markers such as CD68 or Mac-2 (Gian-
notti et al. 2019). These VSMC-derived macrophage-like 
cells are sensitive to lipid content and cholesterol loading, 
which allows them to engulf lipids, dead cells, and other 
substances perceived as danger signals and to secrete a 
plenty of harmful molecules (Tabas and Bornfeldt 2016). 
Notably, Feil et  al. demonstrated that targeting VSMC-
to-macrophage phenotypic switching might become a 
novel strategy for treating AS (Feil et  al. 2014). In this 
work, we observed that HOXA1 silencing reduced the 
macrophage-like cells in atherosclerotic plaque, as well as 
inhibited the VSMC-to-macrophage transdifferentiation.

As a highly conserved transcription factor, HOXA1 
plays diverse functional roles in differentiation and devel-
opment by transcriptionally regulating multiple genes. By 
using bioinformatic analysis, we preliminarily inferred 
that HOXA1 may transcriptionally activate RelA. NF-κB 
is regarded as a proatherogenic factor in responding to 
harmful cellular stimuli, as it regulates a lot of proin-
flammatory molecules that link AS (Pateras et al. 2014). 
Taminiau et  al. suggested a strong positive correlation 
between HOXA1 expression and TNF/NF-κB path-
way (Taminiau et  al. 2016). The activation of NF-κB by 
HOXA1 occurs upstream of NF-κB nuclear translocation. 
Post-translational modifications, especially phosphoryla-
tion on the RelA/p65 sub-unit, are critical for the cyto-
plasmic to nuclear translocation of NF-κB. In the current 
study, we experimentally demonstrated that NF-κB 
RelA is a direct transcription target of HOXA1. HOXA1 
influences the phosphorylation and nuclear transloca-
tion of NF-κB. The exact mechanism of the latter events 
has not been elucidated, but one hypothesis is that 
HOXA1 induces a positive feedback of pro-inflammatory 
cytokines to activate the NF-κB signalling. We also found 
that HOXA1 has binding sites on the promoter of KLF4 
by bioinformatic analysis. The KLF4-dependent phe-
notypic modulation of VSMCs to macrophage-like cells 
is proved to be critical in atherosclerotic plaque patho-
genesis (Rosenfeld 2015; Shankman et  al. 2015). With 
experimental evidence, we illustrated KLF4 is a direct 
transcription target of HOXA1 as well. Rescue experi-
ments confirmed that HOXA1 regulates the pathologi-
cal manifestations of VSMCs via NF-κB RelA and KLF4. 
Intriguingly, Ding et  al. discovered that pharmacologi-
cal or genetic inhibition of NF-κB decreases the expres-
sion of KLF4 in VSMCs from AMPKα2−/− mice (Ding 
et al. 2016). The positive feedback relationship in NF-κB 
and KLF4 gives a possible explanation for the molecular 
mechanism of HOXA1 in regulating AS progression.
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Regrettably, this study has limitations. First, we only 
examined HOXA1 in VSMCs. The expression pattern and 
function of HOXA1 in other AS-associated cells (such 
as endothelial cells and resident macrophages) remain 
uncertain. Second, the HOXA1 intervention in mice 
was global. To better clarify HOXA1’s role in VSMCs, it 
would get great significance if the intervention could be 
done in VSMCs. Third, the pathological observations in 
this study focus on the aortic root. However, blood flow 
is also a critical factor in AS pathogenesis, and the influ-
ence of shear force generated by blood flow is mainly 
reflected in the aortic arch. The current topic lacks the 
research and discussion on the aortic arch. Fourth, the 
HOXA1’s effects on KLF4 and p65 should be discussed 
specifically in VSMCs, but not in an overall artery with-
out distinguishing cell types. Nevertheless, our results 
are still attractive and promising as we propose a new 

molecular mechanism of AS progression: HOXA1 could 
influence VSMCs alterations by regulating NF-κB and 
KLF4. HOXA1’s function in other cell lineages (such as 
endothelial cells or macrophages), or other parts of aorta 
(such as aortic arch), as well as other regulatory mecha-
nisms, are worthy of future research.

Conclusion
In conclusion, we show for the first time that HOXA1 
participates in atherosclerotic lesions by regulating the 
VSMCs plasticity. Especially, we confirm that HOXA1 
transcriptionally activates NF-κB RelA and KLF4 to par-
ticipate in the pathological manifestations of VSMCs. 
The mechanism diagram revealing the regulation of 
HOXA1 on atherosclerotic lesions formation is shown in 
Fig. 11. Our data suggest that HOXA1 appears to become 
a promising target for treating AS.

Fig. 11 The mechanism diagram revealing the regulation of HOXA1 on atherosclerotic lesions. Under pathological conditions, HOXA1 
transcriptionally activates the key transcription factors NF-κB RelA and KLF4 in VSMCs, which drives the transformation of VSMCs into modulated 
VSMCs. Then the modulated VSMCs undergo phenotypic conversion and transdifferentiate into macrophage-like cells. Accumulation of these 
macrophage-like cells and other risk factors such as lipids, foam cells, and necrotic cells, contributes to the formation of atherosclerotic plaques
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Additional file 1: Fig. S1. Depletion of HOXA1 in AS mice and VSMCs 
with AAV1-shRNA technology. A Real-time qPCR and B western blot 
assays for HOXA1 expression in thoracic aortas of HFD-fed  ApoE−/− mice 
without or with in vivo transduction of AAV1-shNC, AAV1-shHOXA1-1 or 
AAV1-shHOXA1-2. Data are expressed as mean ± SD. C Real-time qPCR 
and D western blot assays for HOXA1 expression in VSMCs without or 
with in vitro transduction of AAV1-shNC, AAV1-shHOXA1-1 or AAV1-
shHOXA1-2. Data are expressed as mean ± SD. Ordinary one-way ANOVA 
followed by Tukey’s multiple comparison test was used to calculate the P 
value in panel A-D. **P < 0.01, ***P < 0.001.
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fection. Data are expressed as mean ± SD. Two tailed unpaired t-test was 
used to calculate the P value in panel A-D. ***P < 0.001.

Acknowledgements
Not applicable.

Author contributions
Z.H. and B.J. conceived and designed this research. Z.H., Y.L., Y.Y. and P.H. 
conducted the experiments and analysed the data; Z.H., H.H., M.Y. and B.L. 
interpreted the results; Z.H. drafted the manuscript; H.H., B.L. and B.J. revised 
the paper; The final manuscript read and approved by all authors.

Funding
This study was supported by grants from the University Nursing Program 
for Young Scholars with Creative Talents in Heilongjiang Province (NO.
UNPYSCT-2016193) and the Harbin Medical University Scientific Research 
Innovation Fund (NO.2017LCZX05) and the Fund of Scientific Research Innova-
tion of The First Affiliated Hospital of Harbin Medical University (NO.2018B012) 
and the Natural Science Foundation of Heilongjiang Province, China (NO.
LH2019H019).

Availability of data and materials
The datasets used and/or analysed during this study were accessed via the 
corresponding authors on reasonable request.

Declarations

Ethics approval and consent to participate
All animal procedures were performed in adherence with the Guide for the 
Care and Use of Laboratory Animals published by the US National Institutes of 
Health (NIH Publication No. 85-23, 1996, revised 2011), and approved by the 
Ethical Committee of the Fourth Affiliated Hospital of Harbin Medical Univer-
sity with license number 2019042.

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Author details
1 Department of Vascular Surgery, The First Affiliated Hospital of Harbin 
Medical University, No. 23, Youzheng Street, Harbin 150001, Heilongjiang, 
China. 2 Department of General and Vascular Surgery, Shengjing Hospital 
of China Medical University, Shenyang 110001, Liaoning, China. 3 Department 
of Dermatology, Xiangya Hospital Central South University, Changsha 410008, 
Hunan, China. 4 Human Engineering Research Center of Skin Health and Dis-
ease, Changsha 410008, Hunan, China. 

Received: 8 February 2022   Accepted: 12 June 2023

References
Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA. 

Contribution of intimal smooth muscle cells to cholesterol accumula-
tion and macrophage-like cells in human atherosclerosis. Circulation. 
2014;129:1551–9.

Basatemur GL, Jørgensen HF, Clarke MCH, Bennett MR, Mallat Z. Vascular 
smooth muscle cells in atherosclerosis. Nat Rev Cardiol. 2019;16:727–44.

Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclero-
sis. Circ Res. 2016;118:692–702.

Bitu CC, Destro MF, Carrera M, da Silva SD, Graner E, Kowalski LP, et al. HOXA1 
is overexpressed in oral squamous cell carcinomas and its expression is 
correlated with poor prognosis. BMC Cancer. 2012;12:146.

Brito PM, Devillard R, Nègre-Salvayre A, Almeida LM, Dinis TC, Salvayre R, et al. 
Resveratrol inhibits the mTOR mitogenic signaling evoked by oxidized 
LDL in smooth muscle cells. Atherosclerosis. 2009;205:126–34.

Castaño D, Rattanasopa C, Monteiro-Cardoso VF, Corlianò M, Liu Y, Zhong S, 
et al. Lipid efflux mechanisms, relation to disease and potential therapeu-
tic aspects. Adv Drug Deliv Rev. 2020;159:54–93.

Chappell J, Harman JL, Narasimhan VM, Yu H, Foote K, Simons BD, et al. Exten-
sive proliferation of a subset of differentiated, yet plastic, medial vascular 
smooth muscle cells contributes to neointimal formation in mouse injury 
and atherosclerosis models. Circ Res. 2016;119:1313–23.

Chen S, Shu G, Wang G, Ye J, Xu J, Huang C, et al. HOXA1 promotes prolifera-
tion and metastasis of bladder cancer by enhancing SMAD3 transcrip-
tion. Pathol Res Pract. 2022;239: 154141.

Chistiakov DA, Orekhov AN, Bobryshev YV. Vascular smooth muscle cell in 
atherosclerosis. Acta Physiol (oxf ). 2015;214:33–50.

Chistiakov DA, Melnichenko AA, Myasoedova VA, Grechko AV, Orekhov AN. 
Mechanisms of foam cell formation in atherosclerosis. J Mol Med (berl). 
2017;95:1153–65.

Ding Y, Zhang M, Zhang W, Lu Q, Cai Z, Song P, et al. AMP-activated protein 
kinase alpha 2 deletion induces VSMC phenotypic switching and reduces 
features of atherosclerotic plaque stability. Circ Res. 2016;119:718–30.

Draime A, Bridoux L, Belpaire M, Pringels T, Degand H, Morsomme P, et al. The 
O-GlcNAc transferase OGT interacts with and post-translationally modi-
fies the transcription factor HOXA1. FEBS Lett. 2018;592:1185–201.

https://doi.org/10.1186/s10020-023-00685-8
https://doi.org/10.1186/s10020-023-00685-8


Page 19 of 19Han et al. Molecular Medicine          (2023) 29:104  

Elfiky AM, Mohamed RH, Abd El-Hakam FE, Yassin MA, ElHefnawi M. Targeted 
delivery of miR-218 via decorated hyperbranched polyamidoamine for 
liver cancer regression. Int J Pharm. 2021;610: 121256.

Falk E. Pathogenesis of atherosclerosis. J Am Coll Cardiol. 2006;47:C7-12.
Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-10a regulation of 

proinflammatory phenotype in athero-susceptible endothelium in vivo 
and in vitro. Proc Natl Acad Sci U S A. 2010;107:13450–5.

Farina FM, Serio S, Hall IF, Zani S, Cassanmagnago GA, Climent M, et al. The 
epigenetic enzyme DOT1L orchestrates vascular smooth muscle cell-
monocyte crosstalk and protects against atherosclerosis via the NF-κB 
pathway. Eur Heart J. 2022;43:4562–76.

Feil S, Fehrenbacher B, Lukowski R, Essmann F, Schulze-Osthoff K, Schaller M, 
et al. Transdifferentiation of vascular smooth muscle cells to mac-
rophage-like cells during atherogenesis. Circ Res. 2014;115:662–7.

Frostegård J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 
2013;11:117.

Giannotti KC, Weinert S, Viana MN, Leiguez E, Araujo TLS, Laurindo FRM, et al. A 
secreted phospholipase A(2) induces formation of smooth muscle foam 
cells which transdifferentiate to macrophage-like state. Molecules. 2019. 
https:// doi. org/ 10. 3390/ molec ules2 41832 44.

Gomez D, Baylis RA, Durgin BG, Newman AAC, Alencar GF, Mahan S, et al. 
Interleukin-1β has atheroprotective effects in advanced atherosclerotic 
lesions of mice. Nat Med. 2018;24:1418–29.

Gouti M, Briscoe J, Gavalas A. Anterior Hox genes interact with components of 
the neural crest specification network to induce neural crest fates. Stem 
Cells. 2011;29:858–70.

Grootaert MOJ, Bennett MR. Vascular smooth muscle cells in atherosclerosis: 
time for a reassessment. Cardiovasc Res. 2021. https:// doi. org/ 10. 1093/ 
cvr/ cvab0 46.

Grootaert MOJ, Moulis M, Roth L, Martinet W, Vindis C, Bennett MR, et al. Vascu-
lar smooth muscle cell death, autophagy and senescence in atheroscle-
rosis. Cardiovasc Res. 2018;114:622–34.

Han Z, Guan Y, Liu B, Lin Y, Yan Y, Wang H, et al. MicroRNA-99a-5p alleviates 
atherosclerosis via regulating Homeobox A1. Life Sci. 2019;232: 116664.

Harman JL, Jørgensen HF. The role of smooth muscle cells in plaque stability: 
therapeutic targeting potential. Br J Pharmacol. 2019;176:3741–53.

Kockx MM, Herman AG. Apoptosis in atherogenesis: implications for plaque 
destabilization. Eur Heart J. 1998;19(Suppl G):G23–8.

Králová A, Králová Lesná I, Poledne R. Immunological aspects of atherosclero-
sis. Physiol Res. 2014;63:S335–42.

Li H, Jiao Y, Xie M. Paeoniflorin ameliorates atherosclerosis by suppressing 
TLR4-mediated NF-κB activation. Inflammation. 2017;40:2042–51.

Luoma PV. Microsomal enzyme induction, lipoproteins and atherosclerosis. 
Pharmacol Toxicol. 1988;62:243–9.

Makki N, Capecchi MR. Hoxa1 lineage tracing indicates a direct role for Hoxa1 
in the development of the inner ear, the heart, and the third rhom-
bomere. Dev Biol. 2010;341:499–509.

McNulty CL, Peres JN, Bardine N, van den Akker WM, Durston AJ. Knockdown 
of the complete Hox paralogous group 1 leads to dramatic hindbrain and 
neural crest defects. Development. 2005;132:2861–71.

Mitchell JP, Carmody RJ. NF-κB and the transcriptional control of inflammation. 
Int Rev Cell Mol Biol. 2018;335:41–84.

Mitchell ME, Sidawy AN. The pathophysiology of atherosclerosis. Semin Vasc 
Surg. 1998;11:134–41.

Mohankumar KM, Xu XQ, Zhu T, Kannan N, Miller LD, Liu ET, et al. HOXA1-stim-
ulated oncogenicity is mediated by selective upregulation of compo-
nents of the p44/42 MAP kinase pathway in human mammary carcinoma 
cells. Oncogene. 2007;26:3998–4008.

Munjal A, Khandia R. Atherosclerosis: orchestrating cells and biomolecules 
involved in its activation and inhibition. Adv Protein Chem Struct Biol. 
2020;120:85–122.

Oh S, Son M, Park CH, Jang JT, Son KH, Byun K. Pyrogallol-phloroglucinol-
6,6-bieckolon attenuates vascular smooth muscle cell proliferation 
and phenotype switching in hyperlipidemia through modulation of 
chemokine receptor 5. Mar Drugs. 2020. https:// doi. org/ 10. 3390/ md180 
80393.

Pan H, Xue C, Auerbach BJ, Fan J, Bashore AC, Cui J, et al. Single-cell genomics 
reveals a novel cell state during smooth muscle cell phenotypic switch-
ing and potential therapeutic targets for atherosclerosis in mouse and 
human. Circulation. 2020;142:2060–75.

Pateras I, Giaginis C, Tsigris C, Patsouris E, Theocharis S. NF-κB signaling at the 
crossroads of inflammation and atherogenesis: searching for new thera-
peutic links. Expert Opin Ther Targets. 2014;18:1089–101.

Poznyak A, Grechko AV, Poggio P, Myasoedova VA, Alfieri V, Orekhov AN. The 
diabetes mellitus-atherosclerosis connection: the role of lipid and glu-
cose metabolism and chronic inflammation. Int J Mol Sci. 2020. https:// 
doi. org/ 10. 3390/ ijms2 10518 35.

Primon M, Hunter KD, Pandha HS, Morgan R. Kinase regulation of HOX 
transcription factors. Cancers (basel). 2019. https:// doi. org/ 10. 3390/ cance 
rs110 40508.

Rong JX, Shapiro M, Trogan E, Fisher EA. Transdifferentiation of mouse aortic 
smooth muscle cells to a macrophage-like state after cholesterol loading. 
Proc Natl Acad Sci U S A. 2003;100:13531–6.

Rosenfeld ME. Converting smooth muscle cells to macrophage-like cells with 
KLF4 in atherosclerotic plaques. Nat Med. 2015;21:549–51.

Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins 
RM, et al. KLF4-dependent phenotypic modulation of smooth muscle 
cells has a key role in atherosclerotic plaque pathogenesis. Nat Med. 
2015;21:628–37.

Skålén K, Gustafsson M, Rydberg EK, Hultén LM, Wiklund O, Innerarity TL, et al. 
Subendothelial retention of atherogenic lipoproteins in early atheroscle-
rosis. Nature. 2002;417:750–4.

Sullivan JL. Macrophage iron, hepcidin, and atherosclerotic plaque stability. 
Exp Biol Med (maywood). 2007;232:1014–20.

Tabas I, Bornfeldt KE. Macrophage phenotype and function in different stages 
of atherosclerosis. Circ Res. 2016;118:653–67.

Taminiau A, Draime A, Tys J, Lambert B, Vandeputte J, Nguyen N, et al. 
HOXA1 binds RBCK1/HOIL-1 and TRAF2 and modulates the TNF/NF-κB 
pathway in a transcription-independent manner. Nucleic Acids Res. 
2016;44:7331–49.

Thorp EB. Mechanisms of failed apoptotic cell clearance by phagocyte subsets 
in cardiovascular disease. Apoptosis. 2010;15:1124–36.

Vengrenyuk Y, Nishi H, Long X, Ouimet M, Savji N, Martinez FO, et al. Cho-
lesterol loading reprograms the microRNA-143/145-myocardin axis to 
convert aortic smooth muscle cells to a dysfunctional macrophage-like 
phenotype. Arterioscler Thromb Vasc Biol. 2015;35:535–46.

Vergallo R, Crea F. Atherosclerotic plaque healing. N Engl J Med. 
2020;383:846–57.

Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res. 
2019;124:315–27.

Xiao F, Bai Y, Chen Z, Li Y, Luo L, Huang J, et al. Downregulation of HOXA1 gene 
affects small cell lung cancer cell survival and chemoresistance under the 
regulation of miR-100. Eur J Cancer. 2014;50:1541–54.

Yeh CC, Wu JY, Lee GL, Wen HT, Lin P, Kuo CC. Vanadium derivative exposure 
promotes functional alterations of VSMCs and consequent atheroscle-
rosis via ROS/p38/NF-κB-mediated IL-6 production. Int J Mol Sci. 2019. 
https:// doi. org/ 10. 3390/ ijms2 02461 15.

Yu C, Wu B, Jiang J, Yang G, Weng C, Cai F. Overexpressed lncRNA ROR pro-
motes the biological characteristics of ox-LDL-induced HUVECs via the 
let-7b-5p/HOXA1 axis in atherosclerosis. Front Cardiovasc Med. 2021;8: 
659769.

Zha TZ, Hu BS, Yu HF, Tan YF, Zhang Y, Zhang K. Overexpression of HOXA1 
correlates with poor prognosis in patients with hepatocellular carcinoma. 
Tumour Biol. 2012;33:2125–34.

Zhang S, Hong F, Ma C, Yang S. Hepatic lipid metabolism disorder and athero-
sclerosis. Endocr Metab Immune Disord Drug Targets. 2022;22:590–600.

Zhou P, Xie W, Luo Y, Lu S, Dai Z, Wang R, et al. Inhibitory effects of ginsenoside 
Rb1 on early atherosclerosis in ApoE-/- mice via inhibition of apoptosis 
and enhancing autophagy. Molecules. 2018. https:// doi. org/ 10. 3390/ 
molec ules2 31129 12.

Zimmer S, Grebe A, Bakke SS, Bode N, Halvorsen B, Ulas T, et al. Cyclodextrin 
promotes atherosclerosis regression via macrophage reprogramming. Sci 
Transl Med. 2016;8:333ra50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/molecules24183244
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.3390/md18080393
https://doi.org/10.3390/md18080393
https://doi.org/10.3390/ijms21051835
https://doi.org/10.3390/ijms21051835
https://doi.org/10.3390/cancers11040508
https://doi.org/10.3390/cancers11040508
https://doi.org/10.3390/ijms20246115
https://doi.org/10.3390/molecules23112912
https://doi.org/10.3390/molecules23112912

	HOXA1 participates in VSMC-to-macrophage-like cell transformation via regulation of NF-κB p65 and KLF4: a potential mechanism of atherosclerosis pathogenesis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Construction of recombinant adeno-associated virus-1 (AAV1) vectors
	Establishment of a mouse model of AS
	Western blot
	Immunofluorescence
	Real-time quantitative polymerase chain reaction (real-time qPCR)
	Lipids measurement
	Histopathological examination
	Apoptosis assessment in plaques
	Inflammatory cytokines measurement
	Electrophoretic mobility shift assay (EMSA)
	Human VSMCs culture, treatment, adeno-associated virus infection and plasmid transfection
	Detection of lipid accumulation in VSMCs
	Flow cytometry
	Luciferase reporter assay
	Chromatin immunoprecipitation (ChIP)-qPCR
	Oligonucleotide pull-down
	Image quantification
	Statistical analysis

	Results
	HOXA1 expression is increased in the aortic root of AS mice
	Silencing of HOXA1 attenuates AS-associated weight gain, aortic lesions and inflammation in mice
	Silencing of HOXA1 in the liver attenuates AS-associated lipid metabolic disorder
	Silencing of HOXA1 reduces atherosclerotic lesions by inhibiting cell apoptosis and macrophage-like phenotype switching of AS mice
	Silencing of HOXA1 suppresses RelA and KLF4 expression of AS mice
	Silencing of HOXA1 suppresses lipid accumulation, VSMC-to-macrophage transdifferentiation, and inflammation in POV-PC treated VSMCs
	HOXA1 directly binds to RelA promoter and KLF4 promoter to regulate their expression
	HOXA1 is involved in the pathological manifestations of VSMCs via RelA and KLF4

	Discussion
	Conclusion
	Anchor 38
	Acknowledgements
	References


