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Abstract
Our previous study revealed that Homeobox containing 1 (HMBOX1), essential for the survival of vascular endothelial cells 
(VECs), was involved in the progression of atherosclerosis. Knockdown of HMBOX1 promoted apoptosis and inhibited 
autophagy through regulating intracellular free zinc level in cultured VECs. In current study, in order to investigate the 
roles of HMBOX1 in vivo and in endothelium, we generated a knockout (KO) mouse for HMBOX1 by using transcription 
activator-like effector nucleases (TALENs) technology. Herein, we reported that the protein level of HMBOX1 was gradu-
ally increased during mouse development. The HMBOX1 KO mouse was viable and fertile. There existed no differences in 
apoptosis and autophagy of aortic endothelial cells between wild type and KO mouse. Whereas, loss of HMBOX1 promoted 
apoptosis and inhibited autophagy of aortic endothelial cells under lipopolysaccharide (LPS) stimulation in mouse. We 
also demonstrated that HMBOX1 deletion had no influence on the secretion of inflammatory cytokines TNF-α and IL-6. 
Moreover, overexpression or knockdown of HMBOX1 failed to regulate multiple pro-apoptotic genes expression in vitro. 
In conclusion, HMBOX1 participated in the functional maintenance of mouse aortic endothelial cells, the aortic endothelial 
cells of HMBOX1 KO mouse showed increased apoptosis and decreased autophagy with LPS treatment.
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Abbreviations
ALT	� Alternative lengthening of telomeres
BMSC	� Bone marrow mesenchymal stem cell
ESC	� Embryonic stem cells
HMBOX1	� Homeobox containing 1
HNF	� Hepatocyte nuclear factor

HUVEC	� Human umbilical vascular endothelial cell
LPS	� Lipopolysaccharide
MT2A	� Metallothionein 2A
TALEN	� Transcription activator-like effector nuclease
VEC	� Vascular endothelial cell
WT	� Wild type
KO	� Knockout

Introduction

Homeobox containing 1 (HMBOX1), a member of the 
homeobox transcription factor family, was first cloned from 
human pancreatic cDNA library in 2006 [1]. Studies had 
shown that HMBOX1 was involved in a variety of biological 
processes. In the beginning, HMBOX1 was demonstrated 
to participate in the immune and inflammation responses. 
HMBOX1 could negatively regulate natural killer (NK) 
cell function through inhibiting interferon-γ production 
and suppressing the NKG2D/DAP10 signaling pathway 
[2, 3]. Besides, miR-30c-1* enhanced NK cell cytotoxic-
ity against hepatoma cells through targeting HMBOX1 [4]. 
Recent research showed that HMBOX1 activation inhibited 
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LPS-induced inflammation and ROS production by inhibi-
tion of NF-κB and MAPK signal pathway [5]. A study in 
hepatocyte-specific HMBOX1 knockout mouse suggested 
that HMBOX1 could also rescue LPS/D-GalN-induced liver 
injury through inhibiting macrophage infiltration and activa-
tion [6].

HMBOX1 was also reported to support telomere elonga-
tion in telomerase-dependent and alternative lengthening of 
telomeres (ALT) cells by directly binding to double-stranded 
telomere repeats [7–9]. In addition, HMBOX1 performed 
diverse biological functions in different types of cancer, 
which was low-expression and inhibited malignant progres-
sion of glioma [10, 11], ovarian cancer [12] and liver can-
cer [13], but contributing to the poor prognosis of gastric 
cancer and radio-resistance of cervical cancer [14, 15]. We 
have been engaged in studying the functions of HMBOX1 
in the differentiation and survival of vascular endothelial 
cells (ECs). Previously, we found that a small molecule 
6-amino-2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine 
(ABO) failed to induce rat bone marrow mesenchymal stem 
cells (BMSCs) and mouse embryonic stem cells (ESCs) 
differentiating into ECs without HMBOX1 [16, 17]. In 
addition, ABO elevated HMBOX1 expression by inhibit-
ing the ANXA7 GTPase activity in vitro and in vivo [18]. 
More importantly, HMBOX1 could maintain the survival 
of human umbilical vascular endothelial cells (HUVECs) 
through promoting autophagy and inhibiting apoptosis [19]. 
Considering that HMBOX1 played such an important role in 
the formation and survival of HUVECs in vitro, we specu-
lated that HMBOX1 might participate in the formation of 
ECs and the maintenance of EC functions in vivo.

Homeobox transcription factors played key roles in a 
vast range of biological processes including embryogen-
esis, organogenesis and angiogenesis [20, 21]. As one of 
the members, HMBOX1 was widely expressed in 18 human 
tissues, and highly conserved in human, mouse, rat, chicken 
and Xenopus laevis, indicating that HMBOX1 might par-
ticipate in the development of mouse [1]. However, there 
are no appropriate mouse models to illustrate the roles of 
HMBOX1 in mouse development and EC functions in vivo.

In this study, to address these questions, we generated 
a knockout (KO) mouse for HMBOX1 using transcription 
activator-like effector nucleases (TALENs) technology and 
aimed to illuminate the functions of HMBOX1 in the forma-
tion and maintenance of EC functions in vivo.

Materials and methods

HMBOX1 knockout mouse construction

HMBOX1 knockout mouse (FVB/NJ background) was 
designed and constructed by View Solid Biotechnology 

(Beijing, China). A targeted sequence near the ‘ATG’ code 
within the third exon of HMBOX1 gene (accession num-
ber: NM_177338.5) was chosen. TALEN-Left was designed 
against the sequence (5′-TTT CCC TCC AGT TTG CT-3′) 
for the sense strand, and TALEN-right was designed against 
the sequence (5′-CTG GGT TCA TCT GTG T-3′) for the 
anti-sense strand. The pair included bipartite 17 bp and 
16 bp targeted sequences separated by a spacer region of 
17 bp (5′-GGA AAC CAT GTC TCA CT-3′).

Animals

All mice were housed under a 12 h light/dark cycle and path-
ogen-free conditions. Male mice between 2 and 3 months 
of age were used unless otherwise noted. Experiments were 
performed using groups of at least six animals. All efforts 
were made to minimize the suffering of animals.

Reagents and antibodies

Antibodies for HMBOX1 (sc-87768), GFP (sc-9996), 
CD31/PECAM-1 (sc-18916) and horseradish peroxidase-
conjugated secondary antibodies were all from Santa 
Cruz Biotechnology (Dallas, TX, USA), β-actin (A5441) 
antibody was gained from Sigma-Aldrich (St. Louis, MO, 
USA), antibodies for LC3B (2775S), cleaved caspase-3 
(9661S) and BIRC2 (baculoviral IAP repeat containing, 
27065S) were from Cell Signaling Technology (Danvers, 
MA, USA), p62 (18420-1-AP) antibody was purchased from 
Proteintech Group (Wuhan, China). Secondary antibodies 
for immunofluorescence were Goat anti-Rabbit IgG Alexa 
Fluor-488 (A-11008) and Goat anti-Rat IgG Alexa Fluor-
633 (A-21094, all Invitrogen, Waltham, MA, USA). The 
pCMV6-HMBOX1 plasmid was purchased from OriGene 
(SC319800, Rockville, MD, USA).

PCR‑based genotyping

Genomic DNA was extracted from tail tips by proteinase 
K digestion. A portion of the HMBOX1 locus that overlaps 
the TALEN spacer region was amplified by RT-PCR. PCR 
reactions were performed using 2 × EasyTaq PCR SuperMix 
(+ dye) (AS111, TransGen, Beijing, China) following the 
manufacturer’s instructions. PCR products were analyzed 
by DNA sequence analysis using an anti-sense primer. Total 
RNA was isolated from fresh liver samples using TRIzol 
reagent (15596018, Invitrogen). An amount of 1 µg RNA 
was reverse-transcribed into cDNA using a PrimeScript RT 
reagent Kit (RR037A, Takara, Kyoto, Japan). HMBOX1 
cDNA was amplified as described above, followed by DNA 
sequence analysis. The primers used are shown in the sup-
plementary information.
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Quantitative real‑time PCR (qRT‑PCR)

qPCR was performed using the 7900HT Fast Real Time 
PCR System (Applied Biosystems, Waltham, MA, USA) 
with SYBR Premix Ex Taq (RR420A, Takara). The mRNA 
level of specific genes was normalized against β-actin using 
the comparative Ct method (2−ΔΔCt). The primers used are 
shown in the supplementary information.

Cell lines and cell culture

Human aortic endothelial cells (HAECs) were obtained 
from the American Type Culture Collection (ATCC) and 
were grown in endothelial cell medium (ECM, 1001, Sci-
enCell, Carlsbad, CA, USA) containing 5% fetal bovine 
serum (FBS) (16000-044, Gibco) and 1% endothelial cell 
growth supplement (1062, ScienCell). HAECs in passage 
of 3–8 were chosen for the experiments. HEK293T cells 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China) and were grown in DMEM 
(Gibco, Grand Island, NY, USA) with 10% FBS.

RNA interference (RNAi)

Specific siRNA against BIRC2 (5′-AGG GAT ATA GTT 
TGA ATT CTA-3′), HMBOX1 (5′-AUU GAA GUA ACU 
UUC CAU AAC AGC C-3′) and negative control siRNA 
were designed and synthesized by GenePharma (Shanghai, 
China). HAECs at 50% confluence were transfected with 
specific siRNA for 6 h using Lipofectamine 2000 reagent 
(11668-019, Invitrogen) according to the manufacturer’s 
protocol, and then the transfection medium was replaced 
with culture medium. Gene silencing efficiency was detected 
by qRT-PCR or western blot.

Plasmid constructs

The coding region of HMBOX1 from WT or KO mouse 
was cloned into pEGFP-C2 expression vector to produce 
pEGFP-C2-WT and pEGFP-C2-KO plasmid, respectively. 
HEK293T cells were transfected with pEGFP-C2-WT and 
pEGFP-C2-KO using Lipofectamine 2000 reagent according 
to the manufacturer’s protocol. 48 h after transfection, cells 
were harvested and subjected to western blot.

Western blot

In brief, as described previously [22], following sepa-
rated by SDS-PAGE and transferred to PVDF membrane 
(IPVH00010, Merck Millipore, Burlington, MA, USA), pro-
teins were probed with primary antibodies, then horseradish 

peroxidase-linked secondary antibodies, and detected with 
the use of an enhanced chemiluminescence detection kit 
(ORT2655, PerkinElmer, Waltham, MA, USA).

En face staining

After fixed with 4% paraformaldehyde for 20  min and 
permeabilization with 0.2% Triton X-100 for 10 min, the 
ascending aorta and proximal arch segment were incubated 
with 10% donkey serum for 30 min at room temperature. 
Each aortic arch was then incubated simultaneously with 
primary antibodies, followed by the appropriate combina-
tion of secondary antibodies. The nuclei were stained with 
DAPI. For negative controls, segments were incubated with 
normal IgG. TUNEL assay was proceeded as described [23], 
the aortic arch was first detected by use of the DeadEnd 
Fluorometric TUNEL System (TB235, Promega, Fitchburg, 
WI, USA), then the aortic arch was stained with CD31 and 
DAPI. Fluorescence images were obtained using the Zeiss 
LSM700 (Carl Zeiss, Jena, Germany). Carl Zeiss ZEN 2010 
program was used to measure the fluorescence intensity, 
which was measured in at least ten regions for each labeling 
condition, and representative results were shown.

Enzyme‑linked immunosorbent assay (ELISA)

HMBOX1 WT and KO mouse were received an intraperi-
toneal injection of 20 mg/kg lipopolysaccharide (LPS) for 
12 h,then the blood was harvested and centrifuged after 
euthanizing the mouse. TNF-α and IL-6 level in the mouse 
serum was measured using the TNF-α (BMS607-3, Invitro-
gen) and IL-6 (BMS603-2, Invitrogen) ELISA kits following 
the manufacturer’s instructions.

Statistical analyses

All experiments were repeated at least 6 times indepen-
dently. The data were expressed as the means ± SEM and 
were analyzed by one-way ANOVA using SPSS v17.0 
(SPSS Inc., Chicago, IL, USA). Images were processed 
using GraphPad Prism 7.00 (GraphPad Software, La Jolla, 
CA, USA) and Adobe Photoshop CC 14.0 (Adobe, San Jose, 
CA, USA). P-values less than 0.05 were regarded as statisti-
cally significant.

Results

The protein level of HMBOX1 is increased 
during mouse development

We first examined HMBOX1 protein levels in several major 
tissues of FVB/N mouse at day 1, 3, 7, 14, 21, 28 and 56, 
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respectively. The results from western blot showed that 
the expression of HMOX1 was very low at day 1, but then 
gradually increased from day 3 to day 56 in the heart, liver, 
spleen, kidney and brain (Fig. 1). These results indicated that 
HMBOX1 might play a key function in mouse development.

Generation of TALEN‑mediated HMBOX1 knockout 
mice

In order to illustrate the influence of HMBOX1 on mouse 
development and the maintenance of EC functions. The 
HMBOX1 knockout (KO) mouse was generated using 

TALENs-mediated gene inactivation. A pair of TALEN con-
structs was created that specifically targeted HMBOX1 exon 
3, immediately downstream of the start of translation (Sup-
plementary Fig. S1A). The DNA sequencing results from 
tail DNA revealed that there was 10-bp (5′-ACC​ATG​TCTC-
3′) deletion in HMBOX1 knockout mouse, we confirmed 
the mutation from the sequencing of knockout mouse liver 
mRNA (Fig. 2a, b, Supplementary Fig. S1B). The mutated 
mouse was predicted to create a frameshift mutation after 
translating 11 amino acids.

We next investigated whether functional HMBOX1 pro-
tein production was truly disrupted in the KO mouse. As 

Fig. 1   The expression of HMBOX1 during mouse development. The heart, liver, spleen, kidney and brain tissues were taken from FVB/N 
mouse at day 1, 3, 7, 14, 21, 28 and 56, respectively. The protein levels of HMBOX1 and GAPDH were detected by western blot. n = 6
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shown in Fig. 2c, HMBOX1 protein was undetectable in the 
brain, heart, liver and lung tissues of HMBOX1 KO mouse. 
To further confirm that 10 nucleotide deletions in HMBOX1 
KO mouse could break the expression of HMBOX1, we 
cloned the wild type (WT) and mutant coding sequences of 
HMBOX1 into the pEGFP-C2 expression vector to construct 
pEGFP-C2-WT and pEGFP-C2-KO plasmids. The protein 
of HMBOX1 was normally expressed in HEK293T cells 
transfected with pEGFP-C2-WT, while cells transfected with 
pEGFP-C2-KO failed to translate normal HMBOX1 protein 
(Supplementary Fig. S2).

The HMBOX1 KO mouse was fertile and could breed 
normally, with no obvious abnormalities. Although studies 
emphasized the essential role of HMBOX1 in supporting 
telomere maintenance in vitro, the loss of HMBOX1 did 
not affect the lifespan of the mouse within the time frame 
we observed (2 years). Collectively, these results indicated 
that loss of HMBOX1 did not arrest mouse development.

Loss of HMBOX1 increases apoptosis of aortic 
endothelial cells under LPS treatment

Our previous studies showed that knockdown of HMBOX1 
promoted apoptosis of HUVECs [19], so we next investi-
gate whether HMBOX1 deletion influence EC survival in 
mouse. However, we failed to detect an increased number of 
apoptotic endothelial cell in normal-fed HMBOX1 KO mice 
(Figs. 3a, 4a). Besides, in mouse brain tissue sections, we 

also did not observe significant differences in vessel density 
and length between WT and KO mouse (Supplementary Fig. 
S3).

Subsequently, we examined the apoptosis of aortic 
endothelial cells in WT and KO mice under the stimulation 
of lipopolysaccharide (LPS), a well-known apoptosis-induc-
ing agent. TUNEL staining showed that no apoptosis was 
detected in aortic endothelial cells of WT and KO mouse 
without LPS treatment. However, the apoptosis rate of aortic 
endothelial cells in KO mice was significantly higher than 
that in WT mice after receiving an intraperitoneal injection 
of LPS (20 mg/kg) for 12 h (Fig. 3). Enface staining detec-
tion of cleaved caspase-3 suggested that the activation of 
caspase-3 in aortic endothelial cells of KO mice was signifi-
cantly higher than that of WT mice under LPS stimulation, 
with no differences in control groups (Fig. 4). These results 
indicated that deletion of HMBOX1 reduced the ability of 
mouse aortic endothelial cells to resist external stimuli. 
Apoptosis was more likely to occur under LPS stimulation 
without HMBOX1 in mouse.

Loss of HMBOX1 inhibits autophagy of aortic 
endothelial cells under LPS treatment

Our previous studies have shown that knockdown 
of HMBOX1 could inhibit vascular endothelial cell 
autophagy [19]. Next, we examined the autophagy of aor-
tic endothelial cells in HMBOX1 WT and KO mice under 

Fig. 2   Validation of the dele-
tion of HMBOX1 in knockout 
mouse. a DNA sequencing 
chromatograms of WT and KO 
mouse tails form genomic DNA 
PCR products, demonstrating 
the 10-bp deletion in the KO 
sample. b DNA sequencing 
chromatograms of WT and 
KO mouse from liver mRNA 
RT-PCR products. c Western 
blot analysis of protein levels of 
HMBOX1 and β-actin in brain, 
heart, liver, lung tissues of WT 
and KO mouse



951Apoptosis (2019) 24:946–957	

1 3

LPS stimulation. Enface staining showed that there was 
no significant difference in LC3B punctate aggregation 
of aortic endothelial cells between WT and KO mice in 
normal conditions. The punctate aggregation of LC3B in 
WT and KO mice was significantly increased after intra-
peritoneal injection of LPS (20 mg/kg) for 12 h, but the 
dot-like aggregation of LC3B in KO mice was apparently 
lower than that in WT mice (Fig. 5). These data indicated 
that HMBOX1 deletion impaired autophagic mobilization 
ability of aortic endothelial cells under LPS stimulation.

HMBOX1 deletion does not affect the expression 
of inflammatory factors under LPS stimulation

A recent study in hepatocyte-specific HMBOX1 knockout 
mice revealed that the decrease of HMBOX1 in hepatocytes 
enhanced the expression of inflammatory factors TNF-α and 
IL-6 [6]. We next investigated whether HMBOX1 whole-
body knockout affected inflammatory factor expression. 
ELISA assay showed that HMBOX1 whole-body knock-
out did not affect the expression of inflammatory factors 

Fig. 3   HMBOX1 deletion 
enhances the apoptosis of 
endothelium under LPS treat-
ment. HMBOX1 WT and KO 
mouse were received an intra-
peritoneal injection of 20 mg/
kg LPS for 12 h, then the aortic 
arch was dissected. a TUNEL 
assay was conducted to detect 
the apoptosis of aortic arch. 
CD31 and DAPI represented 
endothelium and nuclei, respec-
tively. b The proportion of 
apoptosis in (a) was quantified. 
Scale bars: 50 µm. **p < 0.01, 
n = 6
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TNF-α and IL-6, whether under LPS stimulation or in the 
control groups (Fig. 6a). Furthermore, our results from 
cultured HAECs also suggested that LPS treatment signifi-
cantly increased the levels of TNF-α and IL-6, but remained 
unchanged with HMBOX1 knockdown (Fig. 6b).

Effect of HMBOX1 on the expression of major 
pro‑apoptotic genes

At the beginning of its discovery, HMBOX1 was proved to 
be a transcriptional repressor [1], so far, no target genes of 

HMBOX1 had been reported. In view of the important role of 
HMBOX1 in regulating endothelial cell apoptosis in vitro and 
in vivo, we next turned to explore whether HMBOX1 directly 
regulated the expression of several major pro-apoptotic genes. 
We overexpressed or disrupted HMBOX1 in HEK293T cells 
by transfecting the plasmid pCMV6-HMBOX1 containing the 
full-length HMBOX1 cDNA or HMBOX1 siRNA (80 nm), 
and detected the mRNA level of HMBOX1, BCL-2, BAX, 
BAD, BID, caspase-3, caspase-8, caspase-9, PARP1. The 
results indicated that HMBOX1 had no significant effect on 
the expression of these genes (Fig. 6c).

Fig. 4   The level of cleaved 
caspase-3 was increased in 
HMBOX1 KO mouse under 
LPS treatment. HMBOX1 WT 
and KO mouse were received 
an intraperitoneal injection of 
20 mg/kg LPS for 12 h,then the 
aortic arch was dissected. a En 
face staining was performed 
to detect the cleaved caspase-3 
level in the aortic arch. CD31 
and DAPI represented endothe-
lium and nuclei, respectively. b 
The relative fluorescence inten-
sity of cleaved caspase-3 in (a). 
Scale bars: 50 µm. #p > 0.05, 
**p < 0.01, n = 6
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Discussion

The homeodomain-containing proteins, encoded by home-
obox genes, are a superfamily of transcription factors that 
play important roles in genetic control of development and 
angiogenesis [21, 24–26]. The phylogenetic comparison 
reveals that HMBOX1 belongs to the hepatocyte nuclear fac-
tors (HNF) subclass, but shares only 28% and 27% sequence 
similarity to HNF1α and HNF1β, indicating that HMBOX1 
may represent a distinct group of HNF [1]. Many homeobox 
genes-null models have been constructed to illustrate the 
function of these genes in mouse. In current study,in order to 
investigate the roles of HMBOX1 in mouse development and 
endothelium in vivo, we generated HMBOX1 whole-body 
knockout mouse by using TALENs technology for the first 

time. Although the protein level of HMBOX1 was gradually 
increased during mouse development, HMBOX1 KO mouse 
was viable and fertile, and the loss of HMBOX1 did not 
affect the lifespan of mouse in the time frame we observed 
(2 years). This might be due to the fact that HMBOX1 is 
not a gene essential for mouse survival and reproduction. In 
addition, we observed no differences in the apoptosis and 
autophagy of aortic endothelial cells between WT and KO 
mouse under normal feeding conditions.

LPS is a component of the outer wall of gram-negative 
bacteria, and is the major reason accounting for sepsis [27]. 
In endothelial cells, exposure to LPS leads to endothelial 
activation through a receptor complex consisting of TLR4, 
CD14 and MD2, accompanied by recruitment of the adaptor 
protein MyD88 and activation of NF-κB and MAPK signal 

Fig. 5   HMBOX1 deletion 
attenuates the autophagy of 
endothelium under LPS treat-
ment. HMBOX1 WT and KO 
mouse were received an intra-
peritoneal injection of 20 mg/
kg LPS for 12 h, then the aortic 
arch was dissected. a En face 
staining was performed to detect 
the LC3B dots in the aortic 
arch. CD31 and DAPI repre-
sented endothelium and nuclei, 
respectively. b The number of 
LC3B dots per cell in (a) was 
quantified. Scale bars: 50 µm. 
#p > 0.05, *p < 0.05, n = 6
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Fig. 6   Effect of HMBOX1 on the secretion of inflammatory cytokine 
and the expression of apoptosis-related genes. a HMBOX1 WT 
and KO mouse were received an intraperitoneal injection of 20 mg/
kg LPS for 12 h. The level of TNF-α and IL-6 in mouse serum was 
measured by ELISA assay. #p > 0.05, n = 6. b HAECs were trans-
fected with negative control siRNA or HMBOX1 siRNA (80 nm) for 
24 h, followed by treatment with LPS (2 µg/ml) for 24 h, the level of 

TNF-α and IL-6 in the supernatant was measured by ELISA assay. c 
qPCR analysis of the mRNA level of HMBOX1, BCL-2, BAX, BAD, 
BID, caspase-3, caspase-8, caspase-9 and PARP1 in HAECs cells 
transfected with empty vector pCMV6, pCMV6-HMBOX1 or nega-
tive control siRNA, HMBOX1 siRNA for 48 h. #p > 0.05, *p < 0.05, 
**p < 0.01, n = 3
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pathway, which ultimately promotes the production of vari-
ous pro-inflammatory mediators and cellular injury [28–30]. 
Studies based on experiments in mice have shown that intra-
peritoneal injection of LPS could cause acute lung injury 
and endothelial cell apoptosis [31]. Our previous study 
found that LPS can induce autophagy in HUVECs through 
BIRC2 [32]. Besides, administration of LPS for 4 h could 
induce LC3 punctate aggregation in venular ECs in vivo [33, 
34]. Thus, in this study, LPS was used to investigate the 
function of endothelial cells in HMBOX1 KO mouse.

LPS causes a decrease in intracellular free zinc level, 
thereby inducing apoptosis in cultured sheep pulmonary 
artery endothelial cells (SPAECs). In the meantime, ele-
vation of exogenous zinc could counteract LPS induced 
apoptosis by promoting Zrt/Irt-like protein 14 (ZIP14) 
expression, which could be blocked by knockdown of metal-
lothionein (MT), a zinc-binding protein [35–37]. Our previ-
ous study revealed that HMBOX1 regulated intracellular free 
zinc level by interacting with metallothionein 2A (MT2A) to 
inhibit apoptosis and promote autophagy in HUVECs [19]. 
In current study, we demonstrated that loss of HMBOX1 
caused increased apoptosis and decreased autophagy of 
aortic endothelial cells with LPS treatment. These results 
indicated that, although HMBOX1 deletion failed to result 
in the death of mouse, as well as the abnormal of aortic 
endothelial cell differentiation and development, loss of 
HMBOX1 may destroy the intracellular zinc ion homeo-
stasis of endothelial cells, thereby promoting apoptosis and 
inhibiting autophagy when stimulated by LPS. As our results 
obtained from HUVECs [19], the increased autophagy may 
mediate resistance to apoptosis induced by LPS in mouse.

Yuan et  al. reported that HMBOX1, activated by 
5,2′-dibromo-2,4′,5′- trihydroxydiphenylmethanone (TDD), 
inhibited LPS-induced inflammation and ROS production 
in EA.hy926 cells by the subsequent inhibition of redox-
sensitive NF-κB and MAPK activation [5]. A study from 
hepatocyte-specific HMBOX1 KO mice suggested that the 
decrease of HMBOX1 promoted the activation of mac-
rophages and upregulated the secretion of inflammatory fac-
tors (TNF-α and IL-6) under LPS/D-GalN stimulation [6]. 
However, in this research, we found that loss of HMBOX1 
had no effect on the level of TNF-α and IL-6 in the serum 
of HMBOX1 whole-body knockout mouse and HAECs. We 
speculated that this may be due to other members of the 
homeobox family compensated for the role of HMBOX1, 
and this required further investigation. This result also indi-
cated that the difference in apoptosis and autophagy occur-
ring in WT and KO mice is not due to the stimulation by 
different levels of inflammatory factors.

Although years of research have shown that HMBOX1, a 
proven transcriptional repressor, plays key roles in tumori-
genesis, telomere length maintenance, VEC differentiation 
and inflammatory response, no target genes of HMBOX1 

have been reported until now. Herein, we tried to explore 
whether HMBOX1 regulated the expression of several 
key genes involved in apoptosis. Unfortunately, the results 
indicated that HMBOX1 had no significant effect on the 
expression of these genes. Thus, the increased apoptosis of 
endothelial cells could not be attributed to upregulated pro-
apoptosis genes induced by HMBOX1 deletion.

Collectively, in this study, we constructed an HMBOX1 
KO mouse using TALENs technology, and this model was 
used to investigate the role of HMBOX1 in the maintenance 
of mouse aortic endothelial cell function. Our results indi-
cated that HMBOX1 deletion affected the anti-stress ability 
of mouse aortic endothelial cells. Apoptosis was more likely 
to occur when stimulated by LPS in KO mouse, and the level 
of autophagy was lower than that of WT mouse. HMBOX1 
might be an important factor in regulating the function of 
endothelial cells in vivo.
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