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Abstract. The nucleus of the endothelial cell contains large 
amounts of high-mobility group box protein 1 (HMGB1), 
a cytokine mediator of inflammation, and the endothelium 
may be a crucial source of HMGB1 during the inflammatory 
response. Therefore, the downregulation of HMGB1 expres-
sion by RNA interference (RNAi) may decrease inflammatory 
activity. The aim of this study was to investigate the possible 
mechanism of action and the effect of HMGB1 on homeobox A9 
(HOXA9) and E-selectin expression. Recombinant human 
full-length HMGB1 was cloned by PCR amplification from 
human umbilical vein endothelial cells (HUVECs) and then 
subcloned into a pcDNA-3.1-myc-his-B vector. Specific short 
hairpin RNAs (shRNAs) for the HMGB1 target sequence and 
a scrambled sequence were designed, synthesized and cloned 
into a pRNA-U6.1/Neo vector. Specific small interfering RNAs 
(siRNAs) for the HOXA9 target sequence were commercially 
prepared and the expression levels of HMGB1, HOXA9, 
intracellular adhesion molecule 1 (ICAM1), vascular cell 
adhesion molecule 1 (VCAM1) and E-selectin were detected 
using real-time PCR and western blot analysis. The expression 
of the full-length HMGB1 gene and protein was verified in 
HUVECs. The shRNA for HMGB1 and siRNA for HOXA9 

successfully decreased the expression levels of HMGB1 and 
HOXA9, respectively. ICAM1, VCAM1 and E-selectin were 
downregulated through HMGB1 interference in HUVECs, and 
HMGB1 shRNA decreased E-selectin expression by HOXA9. 
These results demonstrated the potential use of specific siRNA 
targeting HMGB1 expression for the development of novel 
therapeutic agents for inflammatory disorders.

Introduction

High-mobility group box protein 1 (HMGB1) is a nuclear 
protein present in all mammals and conserved across species. 
HMGB1 appears to have two distinct functions in cells. The 
main intranuclear function of HMGB1 is to regulate tran-
scription and modify chromatin structure (1-3). Extracellular 
HMGB1 stimulates the secretion of proinflammatory cyto-
kines from endothelial cells, monocytes and macrophages, 
leading to inflammatory responses in target tissues (4,5).

Previous studies have demonstrated that extracellular 
HMGB1 is a late cytokine mediator of delayed endotoxin 
lethality (6,7). HMGB1 has been detected in the serum of 
patients with sepsis, and serum HMGB1 levels are signifi-
cantly elevated in patients with poor prognoses. However, the 
mechanism by which intracellular HMGB1 participates in 
inflammation remains unclear.

Despite the use of antibiotics and modern intensive 
care, severe sepsis has a mortality rate of ~30%, resulting 
in an estimated 250,000 deaths annually in the United 
States (8). Microvascular injury is one of the characteristics 
of sepsis-associated tissue damage, and may be manifested by 
single or multiple organ failure (MOF) syndromes (9).

The endothelium plays an important role in the development 
of sepsis. The nucleus of the endothelial cell contains large 
amounts of HMGB1. A number of studies have demonstrated 
that the endothelium may be a critical source of HMGB1 in 
inflammation (10,11). In a clinically relevant murine model of 
sepsis (induced by cecal ligation and puncture), administration 
of HMGB1-specific neutralizing antibodies 24 h after the onset 
of sepsis rescued mice from lethal sepsis in a dose-dependent 
manner (12, 13). This indicates that further investigation of the 
function of HMGB1 in inflammation may be important for 
the improvement of the treatment of inflammatory diseases, 
particularly sepsis.
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Based on the HMGB1-specific antibody results in sepsis, 
we hypothesized that the downregulation of HMGB1 expres-
sion via RNA interference (RNAi) decreases inflammatory 
activity. Vectors capable of producing short hairpin RNAs 
(shRNAs), which are processed to form small interfering 
RNAs (siRNAs), enable the suppression of endogenous gene 
expression (14,15). A previous study demonstrated the poten-
tial of chemically synthesized antisense oligonucleotides 
targeting HMGB1 expression to significantly inhibit colon 
cancer cell growth, migration and invasion (16). However, the 
gene-silencing effects of HMGB1 RNAi on endothelial cell 
function remain unknown.

Increased expression levels of endothelial adhesion 
molecules, either at the membrane level or in the plasma, char-
acterize the different models of sepsis (17). In vitro incubation 
of endothelial cells with bacterial lipopolysaccharide (LPS) 
has been shown to induce the rapid expression of intracellular 
adhesion molecule 1 (ICAM1) and E-selectin mRNA (18). 
Moreover, there is a close relationship between plasma levels 
of adhesion molecules and the consequences of sepsis (19). 
In various models of sepsis, endothelial adhesion molecules 
were found to be present at elevated levels in membranes 
and plasma. Previous studies have identified HOXA9 to be 
a key regulator of endothelial activation (20). HOXA9 also 
participates in the transcriptional activation of E-selectin in 
endothelial cells (21).

In the present study, a stable, HMGB1-silencing 
human umbilical vein endothelial cell (HUVEC) line was 
established using RNAi technology and eukaryotic expres-
sion vectors carrying the full-length cDNA of HMGB1 
(pcDNA3.1-myc-his-HMGB1) were constructed. The effects 
of subsequent HMGB1 knockdown on HOXA9, E-selectin, 
ICAM1 and vascular cell adhesion molecule 1 (VCAM1) 
expression were then evaluated. The potential mechanism by 
which the HMGB1 gene affects endothelial cell activation was 
investigated.

Materials and methods

Cells. HUVECs (CRL-2873; American Type Culture 
Collection, Mannassas, VA, USA) were maintained in 
Dulbecco's modified Eagle's medium (DMEM) and supple-
mented with 10% fetal bovine serum (FBS; HyClone 
Laboratories, Inc., Logan, UT, USA), 2 mM glutamine, 
100 IU/ml penicillin and 100 mg/ml streptomycin. The cells 
were incubated at 37˚C in a 5% CO2/95% air-humidified atmo-
sphere.

Western blot analysis. The cells were washed twice with 
ice-cold phosphate-buffered saline (PBS) and prepared with 
radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate and 
0.1% sodium dodecyl sulfate) containing a protease inhibitor 
mixture (Roche, Basel, Switzerland). The samples were 
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA) using a SemiDry 
Transfer Cell (Bio-Rad, Hercules, CA, USA). Polyvinylidene 
difluoride membranes were blocked with 5% nonfat milk and 
incubated with the first antibody at 4˚C overnight. The blots 

were then incubated with a horseradish peroxidase-conjugated 
secondary antibody (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA) for 1 h at room temperature.

Immunoreactive bands were visualized using the 
SuperSignal West Pico Chemiluminescent Substrate (Pierce, 
Rockford, IL, USA) and LAS-3000 mini (Fuji Film, Fuji, 
Japan). The antibodies against HMGB1, ICAM1, VCAM1, 
E-selectin and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) were obtained from Abcam (cat. nos. ab18256, 
ab19569, ab2213 and ab6630; Cambridge, UK) and Santa Cruz 
Biotechnology, Inc., respectively.

Plasmid construction and transfection. The full-length 
HMGB1 (GenBank accession no. NM_002128) cDNA was 
obtained by reverse transcription (RT)-PCR from HUVECs 
and cloned into pcDNA3.1/myc-his-B (Invitrogen, Carlsbad, 
CA, USA) using KpnI and EcoRI. The primers for the full-length 
HMGB1 were: forward, ATGGGCAAAGGAGATCCTAAGA 
and reverse, TTCATCATCATCATCTTCTTC. All the cDNAs 
were analyzed by DNA sequencing to ensure that there were 
no mutations. HUVECs were transfected with the constructed 
plasmids using Lipofectamine™ 2000 (Invitrogen), and the 
expression of HMGB1 was verified by western blot analysis.

RNAi. The siRNA for a sequence targeting human HMGB1 to 
the coding regions, 5'-AAGGTTGAGAGC TATTGCTGA-3', 
was constructed using the siRNA design center from GenScript 
(GenScript, Piscataway, NJ, USA). A non-silencing, scrambled 
siRNA sequence (5'-TTCTCCGAACGTGTCACGT-3') was 
used as a control. The siRNA sequence was inserted into the 
pRNA-U6.1/Neo vector (GenScript), recombinant siRNA 
plasmids were transfected into HUVECs, and stable transfec-
tants were selected with G418.

Transfection. HUVECs in which HMGB1 was silenced 
were transfected with the siRNAs targeted to HOXA9 using 
Lipofectamine™ 2000 according to the manufacturer's 
instructions. The mRNA and protein expression levels of 
HMGB1 and HOXA9 were determined using real-time PCR 
and western blot analysis, respectively.

Real-time PCR. Total RNA was treated with RNase-free 
DNase I (Takara Bio, Tokyo, Japan) and reverse transcribed with 
Avian Myeloblastosis Virus Reverse Transcriptase (Promega, 
Madison, WI, USA). Real-time PCR was performed using an 
ABI 7500 real-time PCR system (Applied Biosystems, Foster 
City, CA, USA) with an Ex Taq RT-PCR kit (Takara Bio), 
according to the manufacturer's instructions. The sequences 
of primers for human HMGB1, HOXA9, ICAM1, VCAM1, 
E-selectin and GAPDH are shown in Table I. Amplification 
conditions were: 95˚C for 10 sec, 40 cycles of 95˚C for 5 sec, 
and 64˚C for 34 sec. The quantities of HMGB1, HOXA9, 
ICAM1, VCAM1 and E-selectin transcripts for individual 
samples were normalized to GAPDH.

Statistical analysis. Data analysis was conducted using 
SPSS 17.0 software. Data were expressed as the means ± stan-
dard deviation (SD). Statistical analysis between groups was 
performed using Student's t-test and ANOVA. P<0.05 was 
considered to indicate a statistically significant difference.
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Results

Effects of shRNA-mediated suppression of HMGB1 
expression in HUVECs. To explore the role of HMGB1 in 
HUVECs, the siRNA technique was used to knockdown 
HMGB1 expression. Specific siRNA targeting HMGB1 was 
designed and the double-stranded siRNA was inserted into 
pRNA-U6.1/Neo siRNA vector, with scrambled, non-silencing 
siRNA as a control. siRNA constructs were stably transfected 
into HUVECs and the silencing effect was determined using 
real-time PCR and western blot analysis. The results showed 
that HMGB1 siRNA was efficient in suppressing the expres-
sion of HMGB1 in HUVECs compared with the non-silencing 
siRNA control at the mRNA (Fig. 1A) and protein (Fig. 1B) 
levels.

HMGB1 knockdown decreases E-selectin expression in 
HUVECs. Cell adhesion molecules (CAMs) such as VCAM1, 
ICAM1 and E-selectin are involved in the inflammatory 
process (22). Inhibitors of cell adhesion molecules may be 
useful therapeutic agents for vascular diseases including 
atherosclerosis (23). To explore the function of HMGB1 in 
inflammation, we detected the expression of VCAM1, ICAM1 
and E-selectin in HMGB1-silenced HUVECs. The results 
showed that the expression levels of VCAM1, ICAM1 and 
E-selectin were significantly decreased in HUVECs trans-
fected with HMGB1-specific siRNA compared with those 
in control cells, at the mRNA (Fig. 2A) and protein (Fig. 2B 
and C) levels.

Role of HOXA9 in the regulation of E-selectin expression. 
HOXA9 is a homeobox transcription factor and is rapidly 
downregulated during endothelial cell activation in response to 
tumor necrosis factor (TNF)-α (24). HOXA9 downregulation 
is considered an essential event for endothelial cell activation. 
Previous studies have demonstrated that TNF-α and LPS acti-
vate endothelial cells by inducing the expression of leukocyte 

adhesion molecules such as ICAM1, VCAM1 and E-selectin, 
which are not expressed by quiescent endothelial cells (25). 
Trivedi et al (21) demonstrated that TNF-α and LPS down-
regulate HOXA9, which is an essential event for the transition 
of endothelial cells from a quiescent to an active state.

To explore the effects of HMGB1 silencing in HUVECs 
on the expression of adhesion molecules, siRNA was used 
to knockdown the expression of HOXA9 in HUVECs in 
which HMGB1 expression was silenced. After transfection 
with Lipofectamine™ 2000 for 48 h, the gene-silencing 
effect mediated by HOXA9-specific siRNAs in HUVECs 
was confirmed using RT-PCR and western blot analysis. The 
expression of E-selectin was measured using real-time PCR. 
The results showed that HOXA9 siRNA was efficient in 
suppressing the expression of HOXA9 in HUVECs compared 

Figure 1. Construction of stable HMGB1-silenced cells. HUVECs were 
stably transfected with HMGB1 siRNA or non-silencing siRNA, and 
HMGB1 expression was detected by (A) real-time PCR and (B) western 
blot analysis. Values are the means ± SD of three independent experiments, 
each performed in triplicate. **P<0.01 vs. non-silencing siRNA. HMGB1, 
high-mobility group box protein 1; HUVECs, human umbilical vein endo-
thelial cells; siRNA, small interfering RNA; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase.

Table I. Primers for real-time PCR.

Target Amplicon length (bp) Oligonucleotide sequence GenBank accession no.

HMGB1 186 F:GGGGTACCATGGGCAAAGGAGATCCTAAGA NM_002128
  R: CGGAATTCGTTTCATCATCATCATCTTCTTC
HOXA9 152 F: TACGTGGACTCGTTCCTGCT NM_152739.3
  R: CGTCGCCTTGGACTGGAAG
ICAM1 112 F: ATGCCCAGACATCTGTGTCC NM_000201
  R: GGGGTCTCTATGCCCAACAA
VCAM1 60 F: CGAATGAGGGGACCACATCTA NM_080682
  R: TGTTCGTTCCCAAAACTAACAGG
E-selectin 185 F: TGTGGGTCTGGGTAGGAACC NM_000450
  R: AGCTGTGTAGCATAGGGCAAG
GAPDH 225 F: GAAGGTGAAGGTCGGAGTC NM_002046
  R: CAAGCTTCCCGTTCTCAGCC

HMGB1, high-mobility group box protein 1; HOXA9, homeobox A9; ICAM1, intracellular adhesion molecule 1; VCAM1, vascular cell 
adhesion molecule 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; F, forward; R, reverse.

  A   B
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with the non-silencing siRNA control, both at the mRNA 
(Fig. 3A) and protein (Fig. 3B) levels; HOXA9 expression 
increased in HUVECs in which HMGB1 expression was 
silenced (Fig. 3C). Co-transfection with HMGB1 siRNA and 
HOXA9 siRNA significantly increased E-selectin levels in 
HUVECs compared with those in HMGB1 siRNA-transfected 
and control cells (Fig. 3D).

Effect of HMGB1 overexpression on E-selectin expression. To 
further confirm the effect of HMGB1 on E-selectin expression 
and to investigate the potential underlying mechanism, the full-
length HMGB1 gene was amplified by PCR according to the 
sequence in GenBank and was subcloned into pcDNA-3.1-myc-
his-B vector. Then, HUVECs were transfected with 
pcDNA-3.1-myc-his-B-HMGB1, using the pcDNA-3.1-myc-

Figure 2. Expression of cell adhesion molecules in HMGB1-silenced HUVECs. The expression of VCAM1, ICAM1 and E-selectin in HUVECs transfected 
with HMGB1 siRNA or non-silencing siRNA was detected by (A) real-time PCR and (B) western blot analysis. VCAM1, ICAM1, E-selectin and GAPDH 
protein bands (C) were measured using Image J software. Values are the means ± SD of three independent experiments, each performed in triplicate. *P<0.05, 
**P≤0.01 vs. non-silencing siRNA. HMGB1, high-mobility group box protein 1; HUVECs, human umbilical vein endothelial cells; VCAM1, vascular cell 
adhesion molecule 1; ICAM1, intracellular adhesion molecule 1; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Figure 3. E-selectin expression is regulated by HOXA9 in HUVECs. HMGB1-silenced cells were transiently transfected with HOXA9 siRNA or non-silencing 
siRNA, and HOXA9 expression was detected by (A) real-time PCR and (B) western blot analysis. (C) The expression of HOXA9 in HMGB1-silenced cells was 
detected by real-time PCR and (D) the expression of E-selectin was measured by real-time PCR. Values are the means ± SD of three independent experiments, 
each performed in triplicate. *P<0.05, **P≤0.01 vs. non-silencing siRNA. HOXA9, homeobox A9; HUVECs, human umbilical vein endothelial cells; HMGB1, 
high-mobility group box protein 1; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Figure 4. HMGB1 overexpression reduces the expression of HOXA9 and increases the expression of E-selectin in HUVECs. HUVECs were transfected with 
pcDNA-3.1-myc-his B-HMGB1 or pcDNA-3.1-myc-his B vector control. The expression of HMGB1 in HUVECs was detected by (A) RT-PCR and (B) western 
blot analysis. (C) The expression of HOXA9 was reduced, while (D) the expression of E-selectin was increased. Values are the means ± SD of three inde-
pendent experiments, each performed in triplicate. *P<0.05 vs. the vector control. HOXA9, homeobox A9; HUVECs, human umbilical vein endothelial cells; 
HMGB1, high-mobility group box protein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

  A   B   C

  A   B   C   D

  A   B   C   D
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his-B vector as a control. Expression of HMGB1 in HUVECs 
was detected by RT-PCR and western blot analysis. The results 
showed expression of HMGB1 in the HUVECs was success-
fully achieved with the pcDNA-3.1-myc-his-B-HMGB1 vector 
at the mRNA (Fig. 4A) and protein (Fig. 4B) levels. RT-PCR 
showed that overexpression of HMGB1 in HUVECs increased 
the expression of E-selectin (Fig. 4C) and reduced the expres-
sion of HOXA9 (Fig. 4D).

Discussion

Sepsis, a lethal condition following infection or injury, is asso-
ciated with a high mortality rate and afflicted 750,000 patients 
in the United States in 1995 (8). Pro-inflammatory cytokines 
lead to the development of tissue damage, metabolic acidosis, 
hypotension, MOF and even death (26). Two of these cyto-
kines, TNF-α and interleukin (IL)-1β, reached toxic levels in 
serum from mice and human volunteers within 1 to 2 h of LPS 
administration (27,28). Thus, it is not surprising that delayed 
treatment therapies directed against early pro-inflammatory 
mediators have been ineffective in large clinical trials (28-32).

HMGB1 has been demonstrated to be a late mediator of 
lethal systemic inflammation in murine models and to be 
involved in delayed endotoxin lethality and systemic inflamma-
tion. Thus, as a pro-inflammatory cytokine, HMGB1 has been 
hypothesized to be an ideal target in sepsis therapy. Previous 
studies have provided evidence that therapy with anti-HMGB1 
antibodies conferred significant protection against lethality, 
even when the first dose of antibody was administered 24 h 
after LPS administration. The endothelium plays an important 
role in the development of sepsis; the nucleus of the endothe-
lial cell contains large amounts of HMGB1, and a number 
of studies have demonstrated that the endothelium may be a 
critical source of HMGB1 during inflammation (33).

In the present study, we used HUVECs as an in vitro model 
system and described the potential use of a plasmid-based 
shRNA targeting HMGB1 expression in endothelial cells. 
Results from the present study showed that HMGB1 is 
expressed in HUVECs, which is in agreement with a previous 
study on the expression of HMGB1 in endothelial cells (11). 
Some experimental approaches have been reported to result 
in inhibition of HMGB1 function in sepsis (29,34-37). Of 
these, antibodies are difficult to administer and may produce 
antigen-antibody complexes that stimulate the inflammatory 
response by further activating innate immune pathways, thus 
promoting further tissue damage. Antibody-based blockade 
strategies have shown limited efficacy in clinical trials against 
sepsis (38). Future studies are required in order to develop 
novel and selective antagonists for HMGB1 (39,40).

In the present study, we proposed that downregulation of 
HMGB1 expression in the endothelium by RNAi may decrease 
inflammatory activity. RNAi-based techniques for silencing 
specific genes, either as synthetic RNA oligonucleotides or as 
plasmid-encoded shRNAs, are widely used. We examined a 
similar approach whereby vectors expressing three different 
shRNAs were used to suppress HMGB1 expression in HUVECs.

The human HMGB1 gene is located on chromosome 13 (41), 
and six polymorphic loci throughout the gene locus have 
recently been identified (42). The structure of HMGB1 is 
highly conserved across eukaryotic species, with 99% amino 

acid homology between rodents and humans (43-45). However, 
despite its clinical importance, there is limited knowledge 
regarding the intracellular signaling pathways activated by 
HMGB1 in inflammation. To the best of our knowledge, the 
present study is the first to investigate the role of potential 
signaling pathways that control the function of intracellular 
HMGB1 in inflammation.

Several studies have shown an increase in the soluble form 
of E-selectin in healthy human volunteers receiving an injec-
tion of LPS (46) and in patients hospitalized for sepsis (47). 
Levels of E-selectin in the plasma are positively correlated with 
the severity of sepsis in patients, as evaluated by the Simplified 
Acute Physiology Score II or the number of organ failures (i.e., 
MOF) score (48). Increased levels of adhesion molecules in 
the plasma reflect an increase in the endothelial membrane 
expression of the proteins and may be directly related to acti-
vation or dysfunction of the endothelium (49). In the current 
study, we demonstrate that blocking the expression of HMGB1 
reduces E-selectin mRNA expression. This is in agreement 
with the finding that HMGB1, and the B-box of HMGB1 (a 
DNA-binding element), activate HUVECs to upregulate 
adhesion molecules such as ICAM1, VCAM1 and E-selectin 
in a dose-dependent manner (50). HOXA9, besides binding 
to DNA, may associate with the crucial architectural factor 
high-mobility group AT-hook 1 [HMGI(Y)], which has been 
suggested to be a general cofactor in HOX-mediated transcrip-
tional activation (51). Furthermore, high HOXA9 expression 
regulates endothelial cell activation by inhibiting the activity 
of nuclear factor κ-light-chain-enhancer of activated B cells 
(NF-κB). In other words, downregulation of HOXA9 may be a 
prerequisite for endothelial cell activation (52,53).

In conclusion, endothelial cells with reduced HMGB1 
expression resulted in elevated HOXA9 expression, and 
consequently decreased E-selectin expression. Additionally, 
the inhibition of HOXA9 expression was found to lead to 
elevated E-selectin expression. Therefore, it was confirmed 
that intranuclear HMGB1 regulates E-selectin expression via 
HOXA9. Further studies are required to delineate the details 
of HOXA9 interaction and transcriptional control of E-selectin 
expression.
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