
Frontiers in Microbiology 01 frontiersin.org

HMGB1, a potential regulator of 
tumor microenvironment in 
KSHV-infected endothelial cells
Myung-Ju Lee 1, Joohee Park 1, Seokjoo Choi 1, Seung-Min Yoo 1,2, 
Changhoon Park 1, Hong Seok Kim 3* and Myung-Shin Lee 1,2*
1 Department of Microbiology and Immunology, Eulji University School of Medicine, Daejeon, Republic 
of Korea, 2 Eulji Biomedical Science Research Institute, Eulji University School of Medicine, Daejeon, 
Republic of Korea, 3 Department of Molecular Medicine, College of Medicine, Inha University, Incheon, 
Republic of Korea

High-mobility group box 1 (HMGB1) is a protein that binds to DNA and participates 
in various cellular processes, including DNA repair, transcription, and inflammation. 
It is also associated with cancer progression and therapeutic resistance. Despite 
its known role in promoting tumor growth and immune evasion in the tumor 
microenvironment, the contribution of HMGB1 to the development of Kaposi’s 
sarcoma (KS) is not well understood. We investigated the effect of HMGB1 on KS 
pathogenesis using immortalized human endothelial cells infected with Kaposi’s 
sarcoma-associated human herpes virus (KSHV). Our results showed that a 
higher amount of HMGB1 was detected in the supernatant of KSHV-infected cells 
compared to that of mock-infected cells, indicating that KSHV infection induced 
the secretion of HMGB1  in human endothelial cells. By generating HMGB1 
knockout clones from immortalized human endothelial cells using CRISPR/
Cas9, we elucidated the role of HMGB1 in KSHV-infected endothelial cells. Our 
findings indicate that the absence of HMGB1 did not induce lytic replication in 
KSHV-infected cells, but the cell viability of KSHV-infected cells was decreased in 
both 2D and 3D cultures. Through the antibody array for cytokines and growth 
factors, CXCL5, PDGF-AA, G-CSF, Emmprin, IL-17A, and VEGF were found to 
be suppressed in HMGB1 KO KSHV-infected cells compared to the KSHV-infected 
wild-type control. Mechanistically, phosphorylation of p38 would be associated 
with transcriptional regulation of CXCL5, PDGF-A and VEGF. These observations 
suggest that HMGB1 may play a critical role in KS pathogenesis by regulating 
cytokine and growth factor secretion and emphasize its potential as a therapeutic 
target for KS by modulating the tumor microenvironment.
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1. Introduction

High-mobility group box 1 (HMGB1) is a versatile protein that plays essential roles in 
normal cellular processes and pathological conditions, particularly inflammation and cancer 
(Martinotti et al., 2015; Wang and Zhang, 2020). As an immune protein released during tissue 
damage, infection, or inflammation, HMGB1 plays a crucial role in regulating innate and 
adaptive immune responses (Yang et  al., 2020). In innate immunity, HMGB1 acts as a 
pro-inflammatory cytokine, stimulating the production of TNF-alpha and IL-1β, thereby 
promoting inflammation, immune cell recruitment, and activation for threat elimination (Lee 

OPEN ACCESS

EDITED BY

Chengjun Wu,  
Dalian University of Technology, China

REVIEWED BY

Seyed Reza Mohebbi,  
Shahid Beheshti University of Medical Sciences,  
Iran  
Arun Mankan,  
Laboratory Corporation of America Holdings 
(LabCorp), United States

*CORRESPONDENCE

Hong Seok Kim  
 kimhs0622@inha.ac.kr  

Myung-Shin Lee  
 mslee@eulji.ac.kr

RECEIVED 10 April 2023
ACCEPTED 30 June 2023
PUBLISHED 13 July 2023

CITATION

Lee M-J, Park J, Choi S, Yoo S-M, Park C, 
Kim HS and Lee M-S (2023) HMGB1, a potential 
regulator of tumor microenvironment in KSHV-
infected endothelial cells.
Front. Microbiol. 14:1202993.
doi: 10.3389/fmicb.2023.1202993

COPYRIGHT

© 2023 Lee, Park, Choi, Yoo, Park, Kim and 
Lee. This is an open-access article distributed 
under the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that 
the original publication in this journal is cited, 
in accordance with accepted academic 
practice. No use, distribution or reproduction is 
permitted which does not comply with these 
terms.

TYPE Original Research
PUBLISHED 13 July 2023
DOI 10.3389/fmicb.2023.1202993

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1202993﻿&domain=pdf&date_stamp=2023-07-13
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1202993/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1202993/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1202993/full
mailto:kimhs0622@inha.ac.kr
mailto:mslee@eulji.ac.kr
https://doi.org/10.3389/fmicb.2023.1202993
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1202993


Lee et al. 10.3389/fmicb.2023.1202993

Frontiers in Microbiology 02 frontiersin.org

S. A. et al., 2014). In adaptive immunity, HMGB1 enhances antigen 
presentation through dendritic cell receptor binding, facilitating 
antigen capture, processing, and presentation to T cells. This 
interaction drives T cell activation, proliferation, and differentiation 
into effector cells, shaping the adaptive immune response (Li et al., 
2013). Inflammation is crucial for the development of tumors, and 
HMGB1 is a vital mediator of the inflammatory response. HMGB1 
functions as an extracellular signaling molecule and stimulates the 
production of cytokines and chemokines, contributing to the 
pro-inflammatory response (Xu et al., 2016). Additionally, HMGB1 
can bind to receptors on immune cells, promoting tumor growth and 
immune evasion (Zhang et al., 2019; Hubert et al., 2021). In cancer, 
HMGB1 is frequently overexpressed and is associated with poor 
patient prognosis (Zhang et  al., 2015; Xu et  al., 2016). HMGB1 
influences multiple aspects of cancer progression, including DNA 
repair, transcription, angiogenesis, and metastasis (Tripathi et  al., 
2019; Wang and Zhang, 2020).

Kaposi’s sarcoma (KS) is a type of cancer that affects the 
endothelial cells lining blood vessels and is caused by the Kaposi’s 
sarcoma-associated herpesvirus (KSHV), also known as human 
herpesvirus 8 (HHV-8) (Boshoff et al., 1995; Ganem, 2010). KSHV 
promotes the development of KS by modulating various signaling 
pathways that regulate cell proliferation, survival, and angiogenesis 
(Watanabe et  al., 2018). The virus encodes several proteins that 
activate or inhibit these pathways, leading to the uncontrolled growth 
of infected cells and the formation of KS lesions (Ganem, 2010). 
Furthermore, KSHV exploits multiple host genes to create a 
pro-inflammatory and pro-tumorigenic microenvironment that 
facilitates tumor growth and immune evasion (Lee M. S. et al., 2014; 
Jeon et al., 2019; Lee et al., 2023).

HMGB1 enhances KSHV replication and transcription activator 
(RTA) binding to RTA-responsive elements of KSHV target genes 
(Song et al., 2004). Furthermore, HMGB1 binds and synergistically 
upregulates the KSHV ORF50 promoter in conjunction with RTA 
(Harrison and Whitehouse, 2008). In a previous study, 
we demonstrated that intracellular HMGB1 forms complexes with 
various proteins and that the levels of HMGB1-interacting proteins 
are altered during latent and lytic replication (Kang et al., 2021a). 
Furthermore, our findings indicated that extracellular HMGB1 
enhances lytic replication, which correlates with viral production.

Our previous study demonstrated that HMGB1 has a crucial role 
in the replication of KSHV in KSHV-producing cancer cell line. 
However, the role of HMGB1  in the development of KS remains 
unclear. Although human endothelial cells are widely regarded as a 
source of KS spindle cells, the lack of primary human endothelial cells 
for gene depletion studies has hindered efforts to ascertain the specific 
functions of cellular proteins in KS pathogenesis. To address the 
limitations of the study exploring the involvement of HMGB1 in KS 
development using primary endothelial cells, we  employed the 
CRISPR-Cas9 system to knock out (KO) HMGB1 in immortalized 
human endothelial cells known as HuARLT cells. Fortunately, 
we successfully isolated an HMGB1 KO clone from the HuARLT cells, 
as well as HMGB1 KO HuARLT cells that were infected with 
KSHV. Using these cell model, our findings revealed that HMGB1 was 
not essential for the proliferation of uninfected cells. However, in 
KSHV-infected cells, the absence of HMGB1 significantly inhibited 
cell proliferation in 2D culture and impaired sphere formation in 3D 
culture. Further analysis revealed differential expression of various 

cytokines and growth factors, including those involved in sphere 
formation and maintenance, in KSHV-infected cells lacking HMGB1. 
These results suggest that HMGB1 plays a critical role in KS 
development and that its absence can impair tumor growth 
and maintenance.

2. Materials and methods

2.1. Cell culture and reagents

iSLK BAC16 cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM)/high glucose (Welgene, Gyeongsan, South Korea) 
containing 10% fetal bovine serum (FBS; GenDEPOT, Katy, TX, 
United States) and 1% antibiotic-antimycotic solution (Invitrogen, 
Waltham, MA, United States). HygromycinB (1.2 mg/mL; Invitrogen), 
geneticin (250 μg/mL; Invitrogen), and puromycin (1 μg/mL; 
Invitrogen) were added and the cells were cultured to maintain the 
latent infection of iSLK BAC16. HuARLT cells (May et al., 2010) were 
cultured in endothelial cell growth medium 2 (EGM-2, PromoCell, 
Heidelberg, Germany) supplemented with 2 μg/mL doxycycline 
(Sigma-Aldrich, St. Louis, MO, United States). All cells were cultured 
at 37°C in a humidified atmosphere containing 95% air and 5% CO2.

2.2. Virus isolation and infection

The iSLK BAC16 cells harboring recombinant KSHV BAC16 
(Brulois et al., 2012) were used to produce virions. iSLK BAC16 cells 
were treated with 1.2 mM sodium butyrate (Sigma, Burlington, MA, 
United States) and 50 μg/mL doxycycline (Sigma) for 48 h to induce 
lytic replication. Upon the induction of lytic replication, DMSO was 
added to the culture media together with sodium butyrate and 
doxycycline at 0.1, 0.5%, or 1% of the total volume (Kang et al., 2021b). 
For virus isolation, the culture medium was collected and centrifuged 
at 300 × g for 10 min at 4°C to remove cell debris from the culture 
supernatant. The supernatant was centrifuged again at 2,000 × g for 
10 min at 4°C, and the supernatant was collected. The supernatant was 
collected and centrifuged at 100,000 × g for 1 h at 4°C. The virus pellet 
was resuspended in cold phosphate-buffered saline (PBS) and stored 
at −80°C until the viral stock was used. KSHV infection was 
performed as previously described (Yoo et  al., 2008). Briefly, the 
prepared KSHV stock was added to Gibco Opti-MEM (Invitrogen) 
containing 5 μg/mL polybrene (Santa Cruz Biotechnology, Santa Cruz, 
CA, United States). HuARLT cells were seeded onto 6-well culture 
plates the day before KSHV infection. KSHV infection was performed 
by centrifugation at 2,600 rpm for 1 h at 25°C. After centrifugation, the 
medium was changed to endothelial cell growth medium 2 
(PromoCell), and the cells were incubated overnight at 37°C in a 
humidified atmosphere containing 5% CO2. The KSHV-infected cells 
were selected with 50 ~ 100 μg/mL of hygromycin B for over 2 weeks.

2.3. Establishment of HMGB1 KO cells 
using CRISPR/Cas9 system

HMGB-1 KO was performed according to a previously published 
method that targeted HMGB-1 (Kang et al., 2021a). To establish the 
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HMGB-1 KO cell line, CRISPR RNA (crRNA) targeting HMGB-1 
(catalog number A35509, chr13:30463559–30463537) and tracrRNA 
were purchased from Thermo Fisher Scientific and annealed according 
to the manufacturer’s instructions. Lipofectamine CRISPRMAX Cas9 
transfection reagent (Thermo Fisher Scientific) was used to transfect 
HuARLT cells with CRISPR RNA and TrueCut Cas9 protein V2. After 
3 days, the cells were detached with trypsin–EDTA and counted at the 
desired concentration. The cells were then seeded into a 96-well 
culture dish with 0.8 cells per well and 100 μL of medium for cloning. 
Single clones were analyzed by western blotting and sequencing to 
confirm HMGB-1 KO. The HMGB-1 KO clone was cultured in a large 
culture dish and used in subsequent experiments.

2.4. Sequencing to validate KO of HMGB1

To identify the KO cell clones and gene alterations using the 
CRISPR/Cas9 KO system, sequencing was performed as previously 
described (Kang et al., 2021a; Lee et al., 2023). DNA was extracted 
from HMGB-1 KO cells using the DNeasy Blood and Tissue kit 
(Qiagen, Valencia, CA, United States), and PCR was performed using 
a PCR premix (Solgent, Daejeon, South Korea) targeting HMGB-1. 
The following primers were used: F 5′-GAAAAATAACTAA 
ACATGGGCAA-3′, and R 5′-GGAGGCCTCTTGGGTGCA-3′. The 
PCR products were validated by agarose gel electrophoresis and 
inserted into a vector using a TOPcloner TA kit (Enzynomics, 
Daejeon, South Korea). The resulting vector was transformed into 
Escherichia coli DH5α (included in the TA kit). Bacteria were cultured 
on LB plates containing 50 μg/mL ampicillin, and colonies were 
obtained. Ten colonies were selected, and plasmids were extracted 
using a Plasmid Mini kit (MGmed, Seoul, South Korea). The plasmids 
were sequenced by Bionics (Seoul, South Korea) using M13F 
(5′-GTAAAACGACGGCCAG-3′) and M13R (5′-CAGGAAA 
CAGCTATGAC-3′) primers.

2.5. Western blotting

Western blot analysis was performed as previously described 
protocol (Jeon et al., 2021). The primary antibodies used were anti-
HMGB-1 (Abcam, Cambridge, MA, United  States), anti-β-actin 
(Sigma-Aldrich), anti-KSHV ORF 50 (Bioss, Woburn, MA, 
United States), anti-HHV ORF 45 (Thermo Fisher Scientific), and 
anti-KSHV K8.1 antibodies (Santa Cruz, Santa Cruz, CA, 
United States). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (Bethyl; Montgomery, TX, United  States) and 
HRP-conjugated goat anti-rabbit IgG (Bethyl) were used as secondary 
antibodies. The antibody-reacted membranes were visualized using 
Amersham ImageQuant 800.

2.6. RNA isolation, cDNA synthesis, and 
reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) 
analysis

RNA was extracted using a TaKaRa MiniBEST Universal RNA 
Extraction Kit (Takara, Shiga, Japan) and adjusted to the same 

concentration per microliter. Reverse transcription was performed 
using TaKaRa RT Master Mix II (Takara) following the manufacturer’s 
instructions. The resulting complementary DNA was quantified using 
real-time PCR with TaKaRa SYBR FAST qPCR mix (Takara). qPCR 
was performed using the following primers: HMGB-1 F, 5′- GAA 
AAA TAA CTA AAC ATG GGC AA-3′ HMGB-1 R, 5′- CTA AGA 
AGT GCT CAG AGA-3′, glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) F, 5′-GGT ATC GTG GAA GGA CTC-3′, GAPDH R, 
5′-GTA GAG GCA GGG ATG ATG-3′, ENA-78 F, 5′-CTG CAA GTG 
TTC GCC ATA GG-3′, ENA-78 R, 5′-GAG GCT ACC ACT TCC 
ACC TT-3′, PDGFA F, 5′-GTC ATT TAC GAG ATT CCT-3′, PDGFA 
R, 5′-TAA TTT TGG CTT CTT CCT-3′, G-CSF F, 5′-CAG AGC TTC 
CTG CTC AAG TG-3′, G-CSF R, 5′-TAG GTG GCA CAC TCA CTC 
AC-3′, Emmpirin F, 5′-AGG CTG TGA AGT CGT CAG AA-3′, 
Emmpirin R, 5′-GCC TCC TCA GAG TCA GT-3′, IL-17A F, 5′-TGT 
GAT CTG GGA GGC AAA GT-3′, IL-17A R, 5′-CCC ACG GAC 
ACC AGT ATC TT-3′, VEGF F, 5′-ATT ATG CGG ATC AAA 
CCT-3′, VEGF R, 5′-TTC TTG TCT TGC TCT ATC TT-3′, VEFGA 
F, 5′-AGG ATG GCT TGA AGA TGT-3′, VEGFA R, 5′-CAC 
GAAGTG GTG GTG AAG TTC-3′, VEGFC F, 5′-TGT GTC CAG 
TGT AGA TGA A-3′, VEGFC R, 5′-TCT TCT GTC CTT GAG TTG 
A-3′ KSHV ORF50 F, 5′-AGA AGG TGA CGG TAT ATC C-3′, KSHV 
ORF50 R, 5′-CGC TGT TGT CCA GTA TTC-3′, KSHV K8.1 F, 
5′-AAC TGA CCG ATG CCT TAA-3′, KSHV K8.1 R, 5′-GCG TCT 
CTT CCT CTA GTC-3′. The primers used in this study were 
synthesized by Genotech (Daejeon, South Korea).

2.7. Immunofluorescence assay

Immunofluorescence assay (IFA) was performed as previously 
described (Lee M. S. et al., 2014; Kang et al., 2021a). The primary 
antibodies used were anti-HMGB-1 (Abcam), anti-KSHV ORF50 
(Bioss), anti-KSHV K8.1 (Santa Cruz), and anti-LNA (Abcam) 
antibodies. The secondary antibodies used were Alexa Fluor 
568-conjugated anti-mouse IgG (Thermo Fisher Scientific) and Alexa 
Fluor 568-conjugated anti-rabbit IgG (Thermo Fisher Scientific) 
antibodies. A concentration of 500 ng/mL of 49,6-diamidino-2-
phenylindole (DAPI) was used to stain nucleic acids. The stained 
samples were observed under a Nikon Eclipse E400 microscope 
(Nikon, Tokyo, Japan) under the same conditions.

2.8. Proliferation and cell death assay

To assess cell proliferation, 5000 cells were seeded in each well of 
a 96-well plate and incubated for 1 day (under specified culture 
conditions). After incubation, the cells were treated with the WST-1 
reagent (Roche, Basel, Switzerland) according to the manufacturer’s 
instructions. The plate was then incubated for 1 h (under specified 
culture conditions), after which absorbance was measured at 450 nm 
using a microplate reader. Three independent experiments were 
performed, and the data were statistically analyzed. To assess cellular 
death, 5000 cells were seeded in each well of a 96-well plate and 
incubated for 1 day (under specified culture conditions). The lactate 
dehydrogenase (LDH) assay kit (Roche) was used according to the 
manufacturer’s instructions. After the assay, absorbance was measured 
at 490 nm using a microplate reader. Three independent assays were 
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performed, and the supernatant LDH levels were normalized to the 
cellular LDH levels. The data were statistically analyzed.

2.9. Three-dimensional culture of 
endothelial cell spheroid

Endothelial cells were cultured in a 3-dimensional culture system 
following a previously published method (Dubich et al., 2021; Lee 
et al., 2023). Briefly, 4000 endothelial cells were seeded in a 96-well 
plate coated with 1% agarose (Bio-Rad Laboratories, Hercules, CA, 
United States) in PBS. The cells were then cultured under adjusted 
growth conditions with doxycycline and hygromycin B for 2–3 days. 
The resulting spheroids were harvested from the wells and 
resuspended in 50 μL of endothelial cell growth media containing 
2 μg/mL doxycycline, 0.7 mg/mL of human fibrinogen (Merck, 
Rahway, NJ, United States), 0.4% methylcellulose (Sigma-Aldrich), 
and 0.5 U/mL human plasma thrombin (Merck). The resuspended 
cells were mixed with 50 μL of Matrigel® (BD Biosciences, Franklin 
Lakes, NJ, United  States) and seeded in a 96-well plate. After 
polymerization, the plate was incubated under optimized cell culture 
conditions to allow further spheroid growth. To prevent drying, the 
plate was supplied with a culture medium containing doxycycline.

2.10. Cytokine antibody array

To assess cytokine production, 1 × 106 endothelial cells were 
seeded onto 100 mm diameter dishes in an endothelial cell growth 
medium containing 2 μg/mL of doxycycline. After 2 days of culture, 
the supernatant was harvested and centrifuged at 2000 rpm at 4°C for 
10 min to remove cellular debris. The supernatant was analyzed using 
the Proteome Profiler Human XL Cytokine Array Kit (R&D Systems, 
Minneapolis, MN, United  States), following the manufacturer’s 
instructions. The final membrane was detected using Amersham™ 
ImageQuant™ 800.

2.11. Statistical analysis

All experiments were performed independently at least three 
times, and the results are representative data. The mean ± standard 
deviation values are presented in the graphs. A two-tailed Student’s 
t-test was used to compare the data between two different groups. 
Significant differences are indicated by an asterisk at a p value of less 
than 0.05 (*p < 0.05; **p < 0.01).

3. Results

3.1. Expression of HMGB1 in KSHV-infected 
human endothelial cells

We investigated whether KSHV infection affected the expression 
and secretion of HMGB1  in immortalized human endothelial 
HuARLT cells (Lipps et al., 2017). After infection with recombinant 
KSHV and KSHV BAC16 (Brulois et al., 2012), we selected KSHV-
infected cells and found that HMGB1 expression in the cellular 

fraction was not significantly altered by KSHV infection (Figure 1A). 
However, we observed a significant increase in the protein level of 
HMGB1 in the supernatant of KSHV-infected cells compared with 
that in mock-infected cells (Figure  1A). This increase was not 
accompanied by an increase in HMGB1 mRNA expression 
(Figure 1B). Our results suggest that KSHV infection induces the 
translocation of HMGB1 from the nucleus into the cytoplasm of 
infected cells, and that this released HMGB1 may be secreted into the 
extracellular space. These findings were supported by 
immunofluorescence assays (IFA), which demonstrated HMGB1 
expression in both the nucleus and cytoplasm of KSHV-infected cells 
but only in the nucleus of mock-infected cells (Figure 1C).

3.2. Establishment of an HMGB1 KO clone 
in human endothelial cells

To isolate a KO clone of HMGB1 in HuARLT cells, we utilized a 
ribonucleoprotein complex composed of the Cas9 protein and 
HMGB1-targeting gRNA. To perform CRISPR/Cas9-mediated 
knockout, it is necessary to isolate a single cell clone by using limiting 
dilutions. However, this process can create cellular heterogeneity, 
which can make it difficult to interpret the results. To avoid this 
problem, a single clone was isolated from the HuARLT cells before the 
CRISPR/Cas9-mediated knockout process, and this clone was used 
for subsequent experiments. After transfection of gRNA and Cas9 
protein to HuARLT cells, each clone was separated using a limiting 
dilution technique. To confirm HMGB1 KO, we  employed a 
PCR-based genotyping method to detect genetic mutations. 
Subsequently, we  cloned the PCR products, including the gRNA 
sequence, into a T-cloning vector to generate single-copy mutant DNA 
fragments for sequencing (Figure 2A). We analyzed 10 colonies using 
conventional sequencing analysis and found that all colonies exhibited 
the same mutation with an additional ‘A’ insertion in the Cas9 
targeting site, indicating that both alleles might harbor the same 
mutation. We cannot exclude the possibility that only one allele was 
detected in the analysis using only 10 colonies. Intriguingly, the 
mutation induced by the gRNA sequence was the same as that in a 
previous application of iSLK BAC16 (ref), suggesting that the gRNA 
sequence might preferentially induce a mutation at a specific site. 
Furthermore, we analyzed HMGB1 expression in wild tyep (WT) and 
KO HuARLT clones using western blotting and IFA (Figures 2B,C). 
The cellular morphology and proliferation of KO clones were not 
significantly affected compared to those of WT cells, despite the 
HMGB1 ablation (Figures 2D,E).

3.3. KSHV gene expressions in HMGB1 KO 
human endothelial cells

We infected an HMGB1 KO HuARLT clone with KSHV and 
investigated the expression of KSHV viral genes, including ORF50, 
K8.1, and ORF73 (Figure 3A). In the immunofluorescence assay (IFA), 
we found that while the latent gene ORF73 was detected in all KSHV-
infected WT cells, the early lytic gene (ORF50) and late lytic gene 
(K8.1) were not detected, which is consistent with previous studies (Lee 
et al., 2023). In KSHV-infected HMGB1 KO cells, we did not observe 
any alteration in the viral gene expression of KSHV compared to that 
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in KSHV-infected WT cells, indicating that both WT and HMGB1 KO 
cells showed latent infection in KSHV-infected cells. We  obtained 
consistent results from western blotting and mRNA expression analyses 
by RT-qPCR, which supported the results of IFA (Figures 3B,C).

3.4. Cell viability of KSHV-infected WT and 
HMGB1 KO HuARLT cells

The viability of KSHV-infected HMGB1 KO HuARLT cells was 
compared to that of KSHV-infected WT cells using the WST-1 cell 
viability assay (Figure 4A). While there was no significant difference in 
viability between mock-infected WT and HMGB1 KO cells, HMGB1 
KO significantly affected the viability of KSHV-infected cells. HMGB1 
KO resulted in lower viability of KSHV-infected cells than that of WT 
cells. The LDH assay was used to determine whether decreased cell 
viability was caused by increased cell death in HMGB1 KO cells 
compared to WT cells (Figure  4B). However, cell death was not 
significantly increased in HMGB1 KO cells following KSHV infection, 
indicating that the lower cell viability of KSHV-infected HMGB1 KO 
cells might be the result of a decrease in the cell proliferation rate. 
KSHV-infected HuARLT cells are known to induce sphere formation 
in 3D culture (ref). To investigate the effect of HMGB1 KO on sphere 
formation and maintenance, we induced the formation of spheres with 
mock-infected WT, mock-infected HMGB1 KO, KSHV-infected WT, 
and KSHV-infected HMGB1 KO cells (Figure 4C). KSHV-infected WT 
cells formed larger and more compact spheres than the mock-infected 
WT cells. Although HMGB1 KO did not significantly affect sphere 

formation in mock-infected cells, KSHV-infected HMGB1 KO cells 
showed smaller and less compact spheres than KSHV-infected WT 
cells. These results indicate that HMGB1 plays a vital role in sphere 
formation in 3D cultures and may be associated with tumorigenesis.

3.5. Cytokine, chemokine, and growth 
factor expression profile in WT and HMGB1 
KO HuARLT cells infected with KSHV

To investigate the changes in cytokine, chemokine, and growth 
factor expression in KSHV-infected HuARLT cells with HMGB1 KO, 
conditioned media were collected from each cell group and applied to a 
human cytokine antibody array. The array showed that some cytokines, 
chemokines, and growth factors were upregulated, whereas others were 
downregulated in HMGB1 KO cells (Figure 5A). This study focused on 
the downregulation of cytokines, chemokines, and growth factors by 
HMGB1 KO because cell proliferation was suppressed by HMGB1 KO 
(Figure 4). The cytokine array showed that CXCL5, PDGF-AA, G-CSF, 
Emmprin, IL-17A, and VEGF levels were significantly decreased in 
HMGB1 KO cells compared to those in WT cells (Figure 5B). For these 
poorly expressed factors in HMBG1 KO cells, mRNA expression analysis 
confirmed that CXCL5, PDGF-A, and VEGF levels were significantly 
decreased in HMGB1 KO cells compared to those in WT cells 
(Figure 5C). However, G-CSF, Emmprin, and IL-17A showed increased 
mRNA expression or no significant differences between KSHV-infected 
WT and HMGB1 KO cells. To examine the potential connection 
between certain proteins and a signaling pathway, HMGB1-related 

FIGURE 1

The expression of HMGB1 in KSHV-infected human endothelial cells. The immortalized human endothelial HuARLT cells were infected with KSHV, and 
the infected cells were isolated using hygromycin. The expression of HMGB1 in the KSHV-infected cells was compared with that of the mock-infected 
cells. (A) Western blot analysis for HMGB1 in the cell lysates and supernatant from the KSHV-and mock-infected cells. A representative blot is 
presented. β-actin was used as a house-keeping protein for normalization. (B) Densitometry analysis for the western blot results of (A). Data are shown 
as the mean  ±  SD, n  =  3, ns, not significant. (C) Immunofluorescence assay for HMGB1 in mock-and KSHV-infected HuARLT cells. KSHV BAC16 induces 
green fluorescence protein (GFP) in virus-infected cells. Scale bar, 10  μm.
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signaling pathways were analyzed by western blotting (Figures 6A,B). 
When HMGB1 was knocked out, we observed a significant reduction in 
p38 phosphorylation, suggesting a possible association between p38 and 
HMGB1 in KSHV-infected endothelial cells. In a previous study using 
iSLK BAC16 cells, we showed that the phosphorylation of JNK plays a 
critical role in KSHV replication regulated by HMGB1 (Kang et al., 
2021a). However, in endothelial cells, although HMGB1 influenced the 
overall expression of JNK, we did not observe a suppression of the JNK 
phosphorylation by knocking out HMGB1. To investigate further, 
we employed chemical inhibitor targeting the p38 pathway (Figure 6C). 
By using SB203500, a p38 inhibitor, we  examined the relationship 
between CXCL5, PDGF-A, VEGF-A, and this specific pathway in 
KSHV-infected cells (Figure  6C), and we  found that it affected the 
mRNA expression of CXCL5, PDGF-A, and VEGF-A.

3.6. Glycyrrhizin inhibited the proliferation 
and maintenance of the 3D culture sphere 
in KSHV-infected endothelial cells 
mediated by HMGB1

Glycyrrhizin is an extracellular HMGB1 inhibitor. When tested 
on mock-infected cells, no significant difference in cell viability was 

observed after the addition of glycyrrhizin. However, glycyrrhizin 
treatment significantly reduced the viability of the KSHV-infected 
HuARLT cells (Figure  7A). The LDH assay did not show any 
significant effects of glycyrrhizin on either mock-or KSHV-infected 
cells (Figure  7B), indicating that the decreased cell proliferation 
caused by glycyrrhizin was responsible for the suppressed viability of 
KSHV-infected cells. In 3D cultures, sphere formation was not 
significantly affected by glycyrrhizin in either mock-or KSHV-infected 
cells. However, treatment with glycyrrhizin led to an increase in dead 
cells and debris around KSHV-infected cells that did not express green 
fluorescence protein (GFP) (Figure 7C). These results suggested that 
HMGB1 may have different functions in 2D and 3D cultures.

4. Discussion

In our previous study, we established HMGB1 KO in the KSHV-
producing cell line iSLK BAC16, in which HMGB1 KO decreased 
virion production by decreasing the expression of viral genes (Kang 
et  al., 2021a). Several cellular viral proteins interacted with 
intracellular HMGB1 in the nucleosomal complex, and extracellular 
HMGB1 induced JNK phosphorylation to enhance the lytic 
replication of KSHV. Therefore, we  demonstrated that HMGB1 

FIGURE 2

Knockout of HMGB1 in HuARLT cells. HuARLT cells were treated against HMGB1 using the CRISPR/Cas 9 system and gRNA against HMGB1. The 
isolated clone with a knockout (KO) of HMGB1 sequence, HMGB1 protein expression, and cell proliferation. (A) Schematic diagram showing CRISPR/
Cas9 system with Cas9 targeting site of HMGB1. The PCR products containing gRNA targeting sequences from wild-type (WT) and KO clones were 
cloned into a T-vector, and the sequences were analyzed by conventional sequencing from 10 colonies. The nucleotide inserted into the CRISPR/Cas9 
target site of HMGB1 in the KO clone is indicated by a red box. (B) Western blotting for HMGB1 expression in WT and HMGB1 KO cells. 
(C) Immunofluorescence assay for HMGB1 expression. Scale bar, 50  μm. (D,E) Proliferation of WT and HMGB1 KO iSLK BAC16 cells. At each time point, 
live cells were analyzed by trypan blue exclusion (D) and WST-1 viability testing (E). Statistical significance of differences is indicated. ns, not significant, 
Student’s t-test.
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plays a crucial role in the generation of infectious KSHV progeny 
during lytic replication. Since HMGB1 is closely associated with 
cancer development, we  investigated the role of HMGB1  in the 

pathogenesis of Kaposi’s sarcoma (KS). While iSLK BAC16 is useful 
for producing recombinant KSHV, this cell line is not a suitable 
model for investigating KS development. Therefore, we established 

FIGURE 3

The expression of KSHV genes in WT and HMGB1 KO HuARLT cells. (A) Immunofluorescence assay (IFA) for KSHV ORF50, K8.1, and ORF73. iSLK BAC16 
cells with reactivation were used as a positive control. Scale bar, 50  μm. (B) Western blot analysis for KSHV viral proteins. (C) Quantitative RT-PCR for 
KSHV mRNA expression. Data are shown as the mean  ±  SD, n  =  3.

FIGURE 4

Cell viability and 3D culture of KSHV-infected HMGB1 KO HuARLT cells. (A) WST-1 cell viability assay. WT, wild-type HuARLT cells; KO, HMGB1 KO 
HuARLT cells; Mock, mock-infected cells; KSHV, KSHV-infected cells. **p  <  0.01. (B) LDH assay. ns, not significant. (C) Sphere formation of cells in 3D 
culture. Day 1 and 3: the observation time after seeding the sphere on 3D culture. Scale bar, 100  μm.
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an HMGB1 KO cell line using immortalized human endothelial 
HuARLT cells.

HuARLT cells derived from HUVEC show tightly controlled 
proliferation with relevant phenotypic and molecular characteristics 
of endothelial cells via doxycycline-dependent regulation of two 
independent immortalizing genes (May et al., 2010). Because this cell 
line showed a KS-like phenotype with KSHV, it is a suitable model to 
investigate the pathogenesis of KSHV and a novel drug for the 
treatment of KS. Furthermore, we demonstrated that this cell line is 
useful for studying KSHV-host cell interactions by knocking out a 
target gene using the CRISPR/Cas9 system (Lee et al., 2023).

Many studies have been conducted on the role of HMGB1 in the 
regulation of cytokine, chemokine, and growth factor production. A 
previous study demonstrated that the inhibition of HMGB1 using 
glycyrrhizin led to a reduction in the expression of CCL2 and CXCL5, 
along with their respective receptors, CCR2 and CXCR2 (Wang et al., 
2022). An association between HMGB1 and G-CSF has also been 
reported in previous studies (Yuan et  al., 2020). HMGB1 
administration restores blood flow recovery and capillary density by 
increasing VEGF expression in the ischemic muscles of diabetic mice 
(Biscetti et  al., 2010). Consistently, we  showed that HMGB1 KO 
suppressed CXCL5, G-CSF, and VEGF expression in the KSHV-
infected cells. Additionally, we also found that PDGF-AA, Emmprin, 
IL-17A was suppressed by KO of HMGB1  in KSHV-infected 
endothelial cells. However, the protein expression and mRNA 

expression levels of these proteins did not display entirely consistent 
outcomes. The inconsistent results between protein and mRNA 
expression levels could be due to post-translational modifications or 
because mRNA expression was only analyzed at a specific time point 
in our experiments. Nevertheless, because the suppressed cytokines 
and growth factors in the cytokine array can promote cell proliferation, 
it is likely that multiple factors work in combination rather than as a 
single factor to mediate HMGB1-induced cell proliferation in KSHV-
infected cells. Although the precise underlying mechanisms by which 
HMGB1 regulates these cytokines, chemokines, and growth factors 
are not fully understood, our findings provide insights into the role of 
HMGB1 in regulating cytokines, chemokines, and growth factors, 
suggesting that targeting HMGB1 could be a potential strategy for 
treating KS.

In this study, we found that six cytokines were downregulated in 
KSHV-infected cells following HMGB1 KO; however, their mRNA 
expression levels were not consistent with the results of the cytokine 
array. One possible reason for the lack of a correlation between mRNA 
expression and cytokine production in KSHV-infected cells is post-
transcriptional regulation. Post-transcriptional regulation is a complex 
process involving various regulatory mechanisms, including 
microRNA-mediated regulation, which can modulate mRNA stability, 
translation, and protein synthesis, leading to discrepancies between 
mRNA expression and protein production. Another possible 
explanation is the involvement of other regulatory factors. HMGB1 is 

FIGURE 5

Cytokine expression levels in KSHV-infected HuARLT cells with HMGB1 KO. (A) Cytokine array. The conditioned media from KSHV-infected WT or 
HMGB1 KO cells were used for the cytokine array. The decreased proteins in HMGB1 KO cells were indicated as boxes. RS, reference spots as the 
experimental control. (B) Densitometry analysis for the selected proteins in cytokine array of (A). Data are shown as the mean  ±  SD, n  =  2, *p  <  0.05, 
**p  <  0.01. (C) Quantitative RT-PCR for the selected cytokines or growth factors. Data are shown as the mean  ±  SD, n  =  3, **p  <  0.01.
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a multifunctional protein that interacts with various proteins and 
regulatory factors such as transcription factors, epigenetic modifiers, 
and signaling molecules. The downregulation of cytokine production 
in KSHV-infected cells after HMGB1 KO may be due to the disruption 
of the interaction between HMGB1 and other regulatory factors rather 
than the direct effect of HMGB1 on cytokine transcription. Although 
we showed that p38 pathway activated by HMGB1 was associated with 
VEGF expression, further studies are required to elucidate the exact 
underlying mechanisms.

This study has a specific limitation regarding its investigation of 
the role of HMGB1, as it was only conducted in vitro. HMGB1 is 
known to have diverse functions in both inflammation and the 
development of cancer. Therefore, it is important to recognize that the 
role of secreted HMGB1 may be  more intricate within the 

microenvironment. To fully understand the precise impact of HMGB1 
on KS development, further research using appropriate animal models 
specifically designed for KS would be necessary. Conducting such 
studies would provide more detailed insights into the exact 
contribution of HMGB1 to the development of KS and its implications 
in a living organism.

In summary, this study investigated the role of HMGB1 in KS, a 
cancer caused by KSHV infection. The results demonstrated that 
KSHV infection stimulated the secretion of HMGB1  in human 
endothelial cells, and that HMGB1 plays a critical role in KS 
pathogenesis by promoting cytokine and growth factor secretion 
and facilitating cellular sphere maintenance, suggesting that 
targeting HMGB1 could be  a potential therapeutic strategy for 
treating KS.

FIGURE 6

Signaling pathways related to KSHV-infected HMGB1 KO HuARLT cells. (A) Western blot analysis for HMGB1-associated signaling pathways. GAPDH 
was used as a housekeeping protein. (B) Densitometry analysis for western blotting results. Data are shown as the mean  ±  SD, n  =  2, ns, not significant, 
**p  <  0.01. (C) Relative expression of indicated mRNAs with chemical inhibitors for p38 pathways. SB203500 as a p38 inhibitor (2  μM) were treated in 
each cell for 24  h. DMSO treatment was used as a negative control. Each mRNA expression was analyzed by quantitative RT-PCR. Data are shown as 
the mean  ±  SD, n  =  3, ns, not significant, *p  <  0.05, **p  <  0.01.
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