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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 (HOXAT) plays functional roles in differentiation

and development. This study aims to explore the role of HOXAT 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
HOXAT, herein referred as AAV1-shHOXAT1, 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 krippel-like factor 4 (KLF4) and nuclear factor (NF)-kB 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 HOXAT 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-kB 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;
Frostegard 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 (Skélén 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 Jergensen 2019). The plaques develop in the
context of oxidative lipids, foam cells, persistent inflam-
matory stimulation and defective clearance of dead cells
(Castano 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
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accelerates the formation of plaques (Harman and Jor-
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 Al (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 HOXAL 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
IncRNA ROR influences AS involves let-7b-5p/HOXA1
axis (Yu et al. 2021). Notably, an earlier study reported
that HOXAL1 is a target of miR-10a, and HOXAL1 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)-kB 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-«B is a critical event in trigger-
ing VSMC functional alterations (Farina et al. 2022; Yeh
et al. 2019). In addition, kriippel-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 HOXAL in both
NF-kB RelA’s promoter and KLF4’s promoter. There-
fore, HOXAL is likely to be involved in the regulation of
VSMC alterations in AS progression by regulating NF-kB
and KLF4. In the current study, we experimentally veri-
fied the functional role of HOXAL1 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: GAATCATCTGAGAAATCTAGCTTCAAG
AGAGCTAGATTTCTCAGATGATTCTTTTT; mus
shHOXA1-2: AGTACATTCACCACTCATATGTTC
AAGAGACATATGAGTGGTGAATGTACTTTTTT;
homo shHOXA1-1: CTCGGACCATAGGATTACATT
CAAGAGATGTAATCCTATGGTCCGAGTTTTT;
homo shHOXA1-2: GCTGTTTACTCTGGAAATCTT
CAAGAGAGATTTCCAGAGTAAACAGCTTTTT;
shNC: TTCTCCGAACGTGTCACGTTTCAAGAG
AACGTGACACGTTCGGAGAATTTTTT; AAV1 vec-
tors were recombined with restriction enzyme digestion
(HindIII and Xhol) 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 CO,
inhalation. Aortic root and liver tissues were collected for
examination.

To investigate the role of HOXAl in AS progres-
sion, 8-week-old ApoE~'~ male mice were injected with
5x10 vector genome of AAV1-shNC, AAV1-shH-
OXA1-1 or AAV1-shHOXA1-2 via tail vein and then
received HED 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
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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-p-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). pB-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-a-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),5 as primer using M-MLYV 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 HOXAI, 5-CGCTCCCGCTGTTTACTC
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-3 and 5-AGGCTCTGGTGCTCCTGTCC-3’; Homo
NF-kB RelA (p65), 5-GGGGACTACGACCTGAATG-3’
and 5-GGGCACGATTGTCAAAGAT-3; Homo KLF4,
5-CGAACCCACACAGGTGAGAA-3 and 5-TACGGT
AGTGCCTGGTCAGTTC-3; Homo MAC2, 5-ATG
ATGCGTTATCTGGGTCT-3' and 5-GGTGGCACT
TGGCTGTC-3; Homo MAC3, 5-CCAGAAGCTGGA
ACCTA-3 and 5-CTGCCTGTGGAGTGAGT-3’; Homo
ABCA1, 5-TCACCACTTCGGTCTCC-3" and 5-CCA
CCTTCATCCCATCT-3; Homo ACTA2 (a-SMA),
5-GGGGTGATGGTGGGAATG-3 and 5-GCAGGG
TGGGATGCTCTT-35 Homo MYHI1I, 5-CAGGAT
AGGGCAGAGCAA-3 and 5-GCCAAGTAGCCACGA
CAC-3; Homo CNNI, 5-CCACCCTCCTGGCTTTG-
3 and 5-ATGATGTTCCGCCCTTCT-3’; Mus HOXAI,
5-AAGCAGAAGAAGCGTGAGA-3 and 5-GTGGGA
GGTAGTCAGAGTGTC-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-a (TNF-a), interleukin (IL)-1f
and IL-6 levels in thoracic aorta, and TNF-a and
matrix metalloproteinase 2 (MMP2) levels in VSMC
culture, were measured using corresponding enzyme-
linked immunosorbent assay (ELISA) kits (USCN Life
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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
HOXAL. For biological examinations, cells were cultured
for another 24 h and then treated with 30 pg/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 pg/10° 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 Xhol). 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) CCACTTTGGGAGGCTGAG and (R) TGGGAC
TACGGGAGCACA; negative region (— 794 to — 597
upstream of TSS site) of RelA (F) GAGGTCCAGGGC
AAACAC and (R) GCGCCAGCTTACGATACA; posi-
tive region (— 1383 to — 1178 upstream of TSS site) of
KLF4 (F) CTGAGCCGAAGGAACGAG and (R) TGA
GCCACTGCCTGTAAT; negative region (— 1010 to
— 828 upstream of TSS site) of KLF4 (F) CAGGAGAAT
CGCTTGGAC and (R) GAAGAGGGACTGTGAGGC.

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.
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Image quantification

All image quantifications were conducted with the Image
] 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

HOXAT1 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 HED 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 HED, whereas basically no
plaques were observed in the aorta root of WT +ND or
WT +HFD mice, implying that only ApoE~'~ mice with
HED developed AS (Fig. 1A). Results of immunofluores-
cence double staining in the aortic root showed the pres-
ence of many double-positive HOXA1/a-SMA cells in
ApoE~'~+ HFD group, while a very small number of dou-
ble-positive HOXA1/a-SMA cells were seen in WT +ND
or WT+HEFD 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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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 um (40 x). B Immunofluorescence double staining for HOXAT1 (red) and a-SMA (green)
in each group. DAPI (blue) was used for nucleus staining. Scale bar=50 um (400 x). 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 € ““P<0.001

findings suggested that HOXA1 expression showed an
upward trend in AS lesions, and was associated with
VSMC:s (Fig. 1B, C).

Silencing of HOXAT1 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 AAVI1-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-shHOXAI1-2, were
generated to reduce the off-target effects. AAV1-shNC
vector was applied as a non-specific control. The effi-
ciency of HOXALI 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-q, IL-1B and
IL-6. We observed that HOXA1 depletion significantly
decreased the levels of these factors in AS mice (Fig. 2C,
D).

Silencing of HOXAT1 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 HOXAL1 inhibition (Fig. 3D). Since
changes of serum lipid parameters are mainly mediated
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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-shHOXAT-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-q, IL-1(3 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

by the liver (Zhang et al. 2022), and we used a systemic
viral intervention system via tail vein in this work, we
suspected that HOXA1l 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
HOXAL1 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 HOXAL1 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 a-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-kB RelA
(p65) and KLF4 in AS progression, we investigated
the potential of their involvement in HOXA1l regu-
latory mechanism. EMSA results exhibited that the
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P<0.001, ns: no significance.

DNA-binding activities of NF-kB 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-kB 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 HOXA1l 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%T VSMCs were observed in
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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, ABCAI and SMC markers ACTA2
(a-SMA), MYHI11, CNNI using real-time qPCR. The
results showed that POV-PC stimulation significantly
increased MAC2, MAC3, ABCAI, but decreased
ACTA2 mRNA levels in VSMCs. Reversely, HOXA1

P<0.001

depletion reduced Mac3 and increased ACTA2,
MYHI11, 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-a and MMP-2 were also
found increased in VSMCs after POV-PC stimulation,
which was partially reverted by inhibition of HOXA1
(Fig. 7D).
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HOXAT1 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.genereg.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
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the Pvalue in panel F. "P<0.05, "P<0.01, "P<0.001

complex content post POV-PC treatment (Fig. 8C). Same phenomenon was observed with co-transfection
Luciferase reporter assays revealed that luciferase activ-  of KLF4 promoter vector (Fig. 9D). Besides, oligonu-
ity was significantly increased in 293 T cells co-trans- cleotide pull-down and ChIP-qPCR assays suggested
fected with HOXAI1 overexpression plasmid and RelA  that POV-PC treatment notably increased the HOXA1-
promoter vector compared to cells transfected with  RelA promoter binding ability (Fig. 8E, F), as well as the
empty plasmid and RelA promoter vector (Fig. 8D). HOXA1-KLF4 promoter binding ability (Fig. 9C, E).
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These data implicated that HOXA1 transcriptionally
regulated RelA and KLF4 expression.

HOXAT1 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 HOXAL1 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
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Fig. 10 HOXAT1 affects lipid accumulation, VSMC-to-macrophage transdifferentiation, and inflammation of POV-PC treated VSMCs via regulation
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plasmid. A Qil-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, ABCAT, ACTA2, MYH11 and CNNT expression. D ELISA for TNF-a and MMP-2 levels. Data are expressed as mean +SD (n=3).
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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
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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 (Kralova 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 HOXAL1 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
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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 (SM22a)
and ACTA2 (a-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 Re/A. NF-xB
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 TNEF/NF-kB path-
way (Taminiau et al. 2016). The activation of NF-xB by
HOXA1 occurs upstream of NF-kB 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-kB. In the current
study, we experimentally demonstrated that NF-«xB
RelA is a direct transcription target of HOXA1. HOXA1
influences the phosphorylation and nuclear transloca-
tion of NF-kB. 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-«B signalling. We also found
that HOXAL1 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-kB RelA and KLF4.
Intriguingly, Ding et al. discovered that pharmacologi-
cal or genetic inhibition of NF-kB decreases the expres-
sion of KLF4 in VSMCs from AMPKa2™/~ mice (Ding
et al. 2016). The positive feedback relationship in NF-xB
and KLF4 gives a possible explanation for the molecular
mechanism of HOXA1 in regulating AS progression.
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Fig. 11 The mechanism diagram revealing the regulation of HOXA1 on atherosclerotic lesions. Under pathological conditions, HOXA1
transcriptionally activates the key transcription factors NF-kB 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 plagues

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 HOXAI1 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
HOXAT’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-kB and
KLF4. HOXAT’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-kB 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.
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