Ma et al. Cell Communication and Signaling ~ (2023) 21:144 Cell Communication
https://doi.org/10.1186/512964-023-01172-7 . .
and Signaling

: ®
HMGB3 promotes the malignant s
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cancer through the MAPK/ERK signaling
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Abstract

Background Ovarian cancer, particularly epithelial ovarian cancer (EOCQ), is the leading cause of cancer-related
mortality among women. Our previous study revealed that high HMGB3 levels are associated with poor prognosis
and lymph node metastasis in patients with high-grade serous ovarian carcinoma; however, the role of HMGB3 in EOC
proliferation and metastasis remains unknown.

Methods MTT, clonogenic, and EdU assays were used to assess cell proliferation. Transwell assays were performed to
detect cell migration and invasion. Signaling pathways involved in HMGB3 function were identified by RNA sequenc-
ing (RNA-seq). MAPK/ERK signaling pathway protein levels were evaluated by western blot.

Results HMGB3 knockdown inhibited ovarian cancer cell proliferation and metastasis, whereas HMGB3 overexpres-
sion facilitated these processes. RNA-seq showed that HMGB3 participates in regulating stem cell pluripotency and
the MAPK signaling pathway. We further proved that HMGB3 promotes ovarian cancer stemness, proliferation, and
metastasis through activating the MAPK/ERK signaling pathway. In addition, we demonstrated that HMGB3 promotes
tumor growth in a xenograft model via MAPK/ERK signaling.

Conclusions HMGB3 promotes ovarian cancer malignant phenotypes and stemness through the MAPK/ERK signal-
ing pathway. Targeting HMGB3 is a promising strategy for ovarian cancer treatment that may improve the prognosis
of women with this disease.
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Background
Ovarian cancer has been recognized as the fifth main
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than 70% of patients with HGSOC are diagnosed at an
advanced stage, due to ambiguous symptoms in the early
disease stages [5]. Cytoreductive surgery combined with
platinum-based doublet chemotherapy is the traditional
treatment option for ovarian cancer [6]. Almost 70% of
patients with advanced ovarian cancers are estimated
to experience relapse and drug resistance after treat-
ment [7]. Further, less than half of all patients bearing
advanced-stage HGSOCs survive more than five years
after diagnosis [8]. Despite the success of PARP inhibi-
tors, there remains a lack of effective treatments for ovar-
ian cancer. Therefore, there is a pressing need to clarify
the molecular mechanisms underlying ovarian cancer
progression and develop novel therapeutic targets.

High-mobility group box 3 (HMGB3; also known as
HMG2A or HMG4) is a member of the high-mobility
group protein family, which plays vital roles in DNA
recombination, repair, and replication, and whose mem-
bers act as cytokines to mediate responses to infec-
tion, injury, and inflammation [9]. HMGB3 was initially
reported to be involved in regulating innate immune
activity and differentiation of normal hematopoietic
stem cell populations [10, 11]. HMGB3 is expressed
at low levels in normal adult cells, but is often upregu-
lated in tumor tissues, making it a promising target for
therapeutic intervention [9]. Importantly, HMGB3 is an
oncogene that promotes tumor occurrence, develop-
ment, and chemotherapy resistance, through a variety of
mechanisms, in breast cancer [12], colorectal cancer [13],
thyroid cancer [14], neuroblastoma [15], nasopharyngeal
carcinoma [16], and cervical cancer [17].

The mitogen-activated protein kinase (MAPK) sign-
aling pathway is a major signal transduction pathway
composed of cascades involving three kinases, namely
MAPKKK, MAPKK, and MAPK [18]. The MAPK/ERK
signaling pathway plays an important role in promoting
cell survival and motility of multiple cancers, includ-
ing ovarian cancer [19, 20]. HMGBS3 is reported to pro-
mote drug resistance through regulating DNA damage
response pathways in ovarian cancer [21, 22]. In our
previous investigation, we found that HMGB3 is overex-
pressed in HGSOC tissues, and that high HMGB3 levels
are associated with shorter overall survival and lymph
node metastasis in patients with HGSOC [22], indicat-
ing that HMGB3 may have implications in ovarian cancer
progression; however, the functions of HMGB3 in ovar-
ian cancer proliferation and metastasis have not been
effectively explored. It is also unclear whether MAPK/
ERK signaling is involved in the functions regulated by
HMGB3.

In the current study, we investigated the function of
HMGBS3 in ovarian cancer progression and further clari-
fied the underlying mechanisms. We found that HMGB3
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enhances ovarian cancer cell stemness, proliferation,
and metastasis. Further, we clarified that the MAPK/
ERK signaling pathway participates in HMGB3-medi-
ated ovarian cancer malignant progression. These find-
ings suggest that HMGB3 may be a promising target for
development of therapeutic strategies against ovarian
cancer.

Methods

Cell culture

SKOV3 cells were purchased from American Type Cul-
ture Collection (Manassas, VA, USA). A2780 cells were
a kind gift from Jianjun Wei’s Laboratory. HEK293T cells
were obtained from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). SKOV3, A2780, and
HEK293T cells were cultured in McCoy’s 5 A medium,
RPMI 1640 medium, and Dulbecco’s modified Eagle’s
medium (DMEM), respectively, supplemented with 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)
at 37 °Cin 5% CO,. All cell lines were authenticated using
short tandem repeat DNA profiling.

Antibodies and reagents

Antibodies against HMGB3 (27465-1-AP), ETS-1
(12118-1-AP), MEK1/2 (11049-1-AP), CCND1 (60186-
1-Ig), c-Myc (10828-1-AP), SOX2 (11064-1-AP), and
ALDHI1A1 (15910-1-AP) were purchased from Protein-
tech (Wuhan, China). Antibodies for p-MEK1/2 (9154),
p-ERK1/2 (4370), and an Epithelial-Mesenchymal Tran-
sition Antibody Sampler Kit (9782) were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-
body against ERK1/2 (ab17942) was obtained from
Abcam (Cambridge, UK). Antibody against p-actin
(A5441) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). AZD6244 (S1008) and PD0325901 (S1036)
were acquired from Selleck Chemicals (Houston, TX,
USA).

MTT assay

Ovarian cancer cell proliferation was assessed using the
MTT assay. In brief, ovarian cancer cells were seeded
into 96-well plates at a density of 1x10° cells/per well
and incubated for 1, 2, 3, 4, and 5 days. Cells were then
stained with 20 pL of MTT reagent (5 mg/ml) for 2—4 h
at 37 °C. Then, MTT reagent was discarded and 100 pL
of DMSO was added to each well. Optical density val-
ues at 490 nm were measured using a microplate reader
(Thermo Scientific, Waltham, MA, USA).

Immunofluorescence staining

Cells (2x10% were seeded into glass bottom culture
dishes. After 24 h, cells were fixed with 4% paraformalde-
hyde for 15 min and blocked with normal goat serum for
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30 min. Next, the cells were stained with anti-B-catenin
(1:100) or anti-Vimentin (1:100) primary antibodies over-
night, and then incubated with Alexa Fluor 488-conju-
gated goat anti-rabbit IgG secondary antibody (1:200) for
1 h. DAPI was used to stain nuclei. Images were acquired
using a Sunny IRX-60 confocal microscope (Sunny Tech-
nology, Beijing, China).

qRT-PCR

Total RNA samples were prepared using TRIzol rea-
gent (15,596,018, Invitrogen). mRNA was subjected to
reverse transcription with a PrimeScript RT Reagent Kit
(RRO37A, TaKaRa, Kyoto, Japan). Real-time PCR was
performed using SYBR Premix Ex Taq (RR420A, TaKaRa)
in an 7900HT Fast Real Time PCR System (Applied Bio-
systems, Waltham, MA, USA). The mRNA levels of spe-
cific genes were normalized to those of B-actin using the
comparative Ct method (2724, The primer sequences
are provided in Additional file 1: Table S2.

Western blot

Immunoblot analysis was performed using the following
protocol, as described previously [23]. Cells were washed
with PBS and lysed on ice in RIPA lysis buffer (Shang-
hai, China, P0013B, Beyotime) supplemented with 1 mM
PMSE. Protein concentrations were determined using a
BCA protein detection kit (P0012, Beyotime). Aliquots
of whole cell lysates (30-50 ug per lane) were separated
by SDS-PAGE and transferred onto PVDF membranes
(Merck Millipore, Burlington, MA, USA). Then, the
blots were sequentially incubated with 5% non-fat milk,
primary antibodies (1:1000), and appropriate HRP-con-
jugated secondary antibodies (1:5000). Immunoreactive
proteins were visualized using ECL reagent (ORT2655,
PerkinElmer, Waltham, MA, USA). Images were acquired
using a GE Amersham Imager 600 (GE, Chicago, IL,
USA) and quantified with Image] 1.52a software.

Colony formation assay

Cells (800-1000 per well) were seeded into 6-well plates
and cultured for 1-2 weeks. Then, colonies were fixed
with methanol and stained with crystal violet. The num-
ber of colonies (>50 cells) was counted using Image]J
1.52a software.

Migration and invasion assay

Migration and invasion assays were performed in a
24-well transwell chambers system (353,097, BD Bio-
sciences, Franklin Lakes, NJ, USA), with or without
Matrigel (354,234, BD Biosciences), according to the
manufacturer’s instructions. Briefly, 1-2x 10° cells were
seeded in 200 pL medium without FBS into the upper
chamber of transwell chambers, and 700 pL medium with
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20% FBS was placed in the lower chambers. After cultur-
ing for an appropriate amount of time, invaded cells on
the lower surface of membranes were fixed with metha-
nol for 15 min, stained with crystal violet for 15 min,
photographed at 200X magnification, and counted using
Image] 1.52a.

Plasmid construction and transfection

The pCMV-HMGB3 plasmid was generated by clon-
ing the human HMGB3 open reading frame into the
pCMV vector (PS100069, OriGene, Rockville, MD,
USA). HMGB3 shRNA-1 (TRCN0000018519) and
shRNA-2 (TRCN0000018521) vectors were purchased
from Sigma-Aldrich. ERK1/2 shRNA sequence is pre-
sented in Additional file 1: Table S1. All constructs were
validated by DNA sequencing. For lentivirus packaging,
psPAX2, pMD2.G, and target plasmid were co-trans-
fected into HEK293T cells using Lipofectamine 2000 rea-
gent (11668-019, Invitrogen). Supernatants containing
virus particles were collected at 24 and 48 h after trans-
fection. Collected virus supernatants were centrifuged
at 3500 rpm for 10 min and filtered through a 0.45 pm
filter. To obtain cells with HMGB3 stable overexpression
or knockdown, cells were infected with lentivirus for 24 h
and then selected for 1-2 weeks in a medium containing
2 pg/mL puromycin (P8833, Sigma-Aldrich).

RNA sequencing

A2780 cells were transfected with HMGB3 siRNA or neg-
ative control siRNA for 48 h. HMGB3 siRNA sequence
is shown in Additional file 1: Table S1. High-throughput
mRNA-Seq was conducted and the resulting data were
analyzed by Biomarker Technologies (Beijing, China).

Sphere-formation

Adherent cells were washed with PBS, digested using
trypsin, and maintained in serum-free DMEM/F12
medium supplemented with 1x B27, 20 ng/ml epider-
mal growth factor, and 20 ng/ml basic fibroblast growth
factor. Then, 3000 cells were resuspended in 1:1 mixed
Matrigel and DMEM/F12 medium. Cell suspensions
were plated into ultra-low attachment 24-well culture
plates, solidified at 37 °C for 15 min, and then 1 ml of
DMEM/F12 medium added. Fresh medium was added
every 3 days, and spontaneously generated spheroids
were cultured for approximately 7 days.

Cell cycle analysis

For cell cycle analysis, cells were washed with PBS, then
fixed with cold 75% ethanol overnight at -20 °C. After
rehydration with PBS, cells were stained with cell cycle
detection buffer (G019-1-1, Jiancheng, Nanjing, China)
for 30 min at 4 °C. A total of 1x10* stained cells were
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acquired using a BD FACSCalibur flow cytometer instru-
ment and analyzed with Modfit software.

Animal experiments

Female BALB/c nude mice (4-6 weeks) were pur-
chased from Gempharmatech Co., Ltd (Nanjing, China)
and housed under specific pathogen-free conditions.
Cells (5% 10° with HMGB3 knocked down or overex-
pressed were resuspended in PBS and then subcutane-
ously injected into the flanks of mice. Approximately
two weeks post-injection, mice were euthanized and
xenograft tumors removed for further analysis. Tumor
volumes were calculated using the formula: volume =
(Iength x width?)/2.

EdU staining

Ovarian cancer cells (2000 cells/well) were seeded into
96-well plates and received the indicated treatments.
Cells were stained with EdU reagent (10 pM) for 2 h at
37 °C. Then, cells were fixed using 4% paraformaldehyde
for 15 min, followed by permeabilization with 0.5% Tri-
ton X-100 solution for 10 min. Next, the EdU signal was
detected using a BeyoClick™ EdU-488 Kit (C0071S, Bey-
otime) with a fluorescence microscope. DAPI was used to
stain nuclei.

Statistical analysis

Experiments were repeated in triplicate and data are
expressed as mean =+ standard error of the mean (SEM).
Student’s t-test or one-way ANOVA were used for sta-
tistical analysis with GraphPad Prism 9.0 (GraphPad
Software, La Jolla, CA, USA). P<0.05 was defined as sta-
tistically significant.

Results

HMGBS3 facilitates ovarian cancer cell proliferation

Our previous report demonstrated that HMGB3 is
highly expressed in patients with HGSOC and that high
HMGB3 expression is positively correlated with shorter
overall survival [22]; however, the function of HMGB3 in
ovarian cancer proliferation remains unclear. To clarify
the role of HMGB3 in ovarian cancer cell proliferation,
A2780 and SKOV3 cells with HMGB3 stably overex-
pressed or knocked down were constructed using lentivi-
ral vectors. The knockdown and overexpression efficiency
of HMGB3 were verified using western blot analysis
(Fig. 1A). MTT assay showed that HMGB3 knockdown
inhibits ovarian cancer cell proliferation, while HMGB3
overexpression significantly promoted the proliferation
of these cells (Fig. 1B). Consistently, the results of a clo-
nogenic assay also demonstrated that HMGB3 increases
the colony formation ability of ovarian cancer cells
(Fig. 1C and D). Additionally, the EAU assay showed that
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HMGB3 overexpression clearly enhances the A2780 and
SKOV3 cell proliferation, whereas HMGB3 knockdown
slows cell proliferation (Fig. 1E and F). Moreover, flow
cytometry analysis showed that HMGB3 knockdown
induces G2/M phase arrest compared with the control
group (Additional file 1: Fig. S1). Thus, our data suggest
that HMGB3 promotes ovarian cancer cell proliferation.

HMGB3 promotes ovarian cancer cell mobility

As high HMGB3 expression is associated with lymph
node metastasis in patients with HGSOC [22], we
hypothesized that HMGB3 plays a role in ovarian can-
cer cell migration and invasion. Transwell assays were
conducted to investigate metastasis of ovarian cancer
cells with HMGB3 overexpressed or knocked down.
The results demonstrated that HMGB3 inhibition
impairs A2780 and SKOV3 cell migration and inva-
sion, while HMGB3 overexpression have the opposite
effects (Fig. 2A—D). Western blot, immunofluorescence
analysis, and qRT-PCR were performed to examine the
expression of epithelial-mesenchymal transition mark-
ers and demonstrated that HMGB3 knockdown lead to
reduced expression of mesenchymal markers, including
N-cadherin, vimentin, B-catenin, snail, and slug. Corre-
spondingly, the expression of these mesenchymal mark-
ers was upregulated in cells with HMGB3 overexpression
(Fig. 2E-H, Additional file 1: Fig. S2). These results sug-
gest that HMGB3 enhances ovarian cancer cell migration
and invasion.

HMGBS3 regulates stem cell pluripotency and the MAPK
signaling pathway

To clarify the mechanism by which HMGB3 promotes
the malignant progression of ovarian cancer, RNA-seq
was applied to investigate the signaling pathways influ-
enced by HMGB3 knockdown. Following transient
transfection of HMGB3 siRNAs into A780 cells for 48 h,
high-throughput sequencing identified 91 upregulated
and 679 downregulated genes between the HMGB3
knockdown (siHMGB3) and control (Ctr) groups
(Fig. 3A). Kyoto Encyclopedia of Genes and Genomes
pathway analysis of down-regulated genes showed that
stem cell pluripotency and the MAPK signaling path-
way, which play important roles in tumor progression,
are strongly enriched in the HMGB3 knockdown group
(Fig. 3B and C). Then, we conducted qPCR to verify
the expression of key genes involved in stem cell pluri-
potency and the MAPK signaling pathway identified by
RNA-seq (Fig. 3D). These data indicate that HMGB3 may
regulate the malignant phenotypes of ovarian cancer by
influencing stem cell pluripotency and MAPK signaling.
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Fig. 1 HMGB3 promotes ovarian cancer proliferation. A pLKO.1, HMGB3 shRNA-1 (shHMGB3-1), HMGB3 shRNA-2 (shHMGB3-2), pCMV, and pCMV
HMGB3 plasmids were stably transfected into A2780 and SKOV3 cells. HMGB3 protein levels were determined by western blot. B Cells were seeded
into 96-well plates and cultured for 1, 2, 3,4, and 5 days, and an MTT assay was performed to assess cell viability. C A clonogenic assay was used to
assess the colony formation efficiency of A2780 and SKOV3 cells with HMGB3 knocked down or overexpressed. D Quantification of the number

of clones in C. E Proliferation of A2780 and SKOV3 cells with HMGB3 knocked down or overexpressed detected by EdU assay. Nuclei were stained
using DAPI. Scale bar, 10 um. F Quantification of the ratio of EJU positive cells in (E). Data are presented as the mean + SEM, *p < 0.05, **p <0.01,
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HMGBS3 activates the MAPK/ERK signaling pathway

in ovarian cancer

Next, to confirm whether HMGB3 activates the MAPK
signaling pathway in ovarian cancer, western blot was
used to examine the phosphorylation levels of p-MEK1/2
and p-ERK1/2, which are key factors in the MAPK/ERK
pathway. Our results demonstrated that HMGB3 over-
expression increases p-MEK1/2 and p-ERK1/2 levels,
which were inhibited by HMGB3 knockdown (Fig. 4A
and B). Our data also showed that HMGB3 suppression
reduces the expression of major downstream target genes
of the MAPK/ERK signaling pathway, including ETS-1,
CCND1, and c-Myc, which have key roles in ovarian can-
cer occurrence and development. Consistently, HMGB3
overexpression promoted the expression of these three
factors (Fig. 4A and B). Moreover, the decreased MAPK/
ERK activity caused by HMGB3 knockdown was amelio-
rated by restoring HMGB3 expression (Fig. 4C and D).
Thus, our data prove that HMGB3 activates the MAPK/
ERK signaling pathway in ovarian cancer cells. Hence,
MAPK/ERK signaling may contribute to HMGB3-
induced malignant progression of ovarian cancer.

HMGB3 promotes ovarian cancer stemness through MAPK/
ERK signaling

Since RNA-seq indicated that HMGB3 mediates stem
cell pluripotency and MAPK signaling, we investigated
whether HMGB3 plays a role in maintaining ovarian
cancer cell stemness. A2780 and SKOV3 cells were cul-
tured in a semi-solid serum-free medium to form sphe-
roid clusters (Fig. 5A). The protein levels of SOX2 and
ALDHI1AL, two stem-related markers, were upregulated
during the process of spheroid formation. We observed
that HMGB3 protein expression gradually increased
when adherent cells became suspensive, denser, and
multi-cellular spheroids. Further, MAPK/ERK signal-
ing was also activated during this progress, implying
that HMGB3 and MAPK/ERK have important roles
in modulating stem-like properties of ovarian cancer
cells (Fig. 5B and C). Next, cells with HMGB3 knocked
down or overexpressed were maintained in serum-free
medium for 7 days to form spheroids. The results showed
that HMGB3 knockdown significantly impairs the sphe-
roid forming ability of ovarian cancer cells and inhibits
SOX2 and ALDHI1A1 expression. In contrast, HMGB3
overexpression enhanced the spheroid forming ability

(See figure on next page.)

Page 6 of 15

of cells and increased SOX2 and ALDH1A1 expression
levels (Fig. 5D-F). The MAPK/ERK signaling path-
way is reported to positively regulate cancer stemness
[24, 25]; therefore, we explored whether MAPK/ERK is
involved in HMGB3-induced increased ovarian cancer
cell stemness. The results showed that HMGB3 overex-
pression fails to strengthen the spheroid forming ability
of cells and increase stem-related marker levels in the
presence of MAPK/ERK inhibitors (Fig. 5G-J). Moreo-
ver, the effects of HMGB3 overexpression were greatly
reduced in cells with ERK1/2 knocked down (Additional
file 1: Fig. S4). Therefore, our results suggest that HMGB3
facilitates stem-like characteristics in ovarian cancer cells
through activating MAPK/ERK signaling.

HMGB3 enhances ovarian cancer proliferation and mobility
via the MAPK/ERK signaling pathway

To investigate whether the MAPK/ERK signaling path-
way is required for HMGB3-mediated proliferation and
mobility of ovarian cancer, we used two specific MAPK
signaling pathway inhibitors, AZD6244 and PD0325901,
to suppress MAPK/ERK activity. The results of western
blot confirmed that MAPK/ERK signaling is inhibited
in the presence of AZD6244 or PD0325901 (Fig. 6A).
As shown in Fig. 6B, MTT assays demonstrated that
HMGB3 overexpression promotes ovarian cancer cell
proliferation, while AZD6244 or PD0325901 administra-
tion abrogates this effect. Clonogenic assays also showed
that MAPK/ERK inhibitors blocks the enhanced pro-
liferation evoked by HMGB3 overexpression (Fig. 6C
and D). Blocking MAPK/ERK signaling using AZD6244
or PD0325901 also reversed the increased migration
and invasion abilities of ovarian cancer cells induced
by HMGB3 overexpression (Fig. 6E and F). Moreover,
HMGB3 overexpression failed to enhance the prolifera-
tion and metastasis abilities of ovarian cancer cells with
ERK1/2 knocked down (Additional file 1: Fig. S5). Hence,
HMGB3 promotes ovarian cancer malignant phenotypes
through activating the MAPK/ERK signaling pathway.

HMGB3 promotes ovarian cancer proliferation in vivo

Next, we investigated the effects of HMGB3 and
MAPK/ERK signaling on ovarian cancer prolifera-
tion in a xenograft model. A2780 cells transfected with
pLKO.1 (Ctr), HMGB3 shRNA-1 (shHMGB3-1), or
HMGB3 shRNA-2 (shHMGB3-2) were intraperitoneally

Fig. 2 HMGB3 promotes ovarian cancer cell migration and invasion. A The effects of HMGB3 knockdown or overexpression on A2780 and

SKOV3 cell migration determined by transwell assay. B) uantification of numbers of migration cells in (A). C The effects of HMGB3 knockdown or
overexpression on invasion of A2780 and SKOV3 cells determined by transwell assay. Scale bar, 50 um. D Quantification of numbers of invasion
cells in (C). E Epithelial-mesenchymal transition -related markers in A2780 and SKOV3 cells with HMGB3 knockdown or overexpression detected
by western blot. F Quantification of the protein levels in (E). gRT-PCR detection of epithelial-mesenchymal transition-related markers in A2780 and
SKOV3 cells with HMGB3 knocked down (G) or overexpressed (H). Data are presented as the mean + SEM, *p <0.05, **p<0.01,n=3
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Fig. 3 RNA sequencing analysis of signaling pathways involved in HMGB3 function. A2780 cells were transfected with HMGB3 siRNA (siHMGB3) or
negative control siRNA (Ctr) for 48 h. High-throughput RNA sequencing analysis was used to compare mRNA expression profiles of the siHMGB3
and Ctr groups. A Volcano plot showing differentially expressed genes (DEGs) between the siHMGB3 and Ctr groups. In total, 91 genes were
up-regulated (Up) and 679 genes were down-regulated (Down); other genes expression levels were not significantly altered (no-DEGs) (B) Kyoto
Encyclopedia of Genes and Genomes enrichment analysis of genes down-regulated in the siHMGB3 group relative to the Ctr group. C Heatmap
showing genes involved in stem cell pluripotency and the MAPK signaling pathway down-regulated in the siHMGB3 group relative to the Ctr group.
D A2780 cells were transfected with HMGB3 siRNA (siHMGB3) or negative control siRNA (Ctr) for 48 h, and gqRT-PCR used to verify down-regulation
of representative genes in the siHMGB3 group relative to the Ctr group. Data are presented as the mean + SEM, *p <0.05, **p<0.01,n=3

injected into BALB/c nude mice to generate xeno-
graft models. As shown in Fig. 7A-C, tumor vol-
umes were significantly smaller in mice injected with
HMGB3 shRNA cells than in those injected with con-
trol pLKO.1 cells. Consistent with the results of in vitro
experiments, HMGB3 knockdown inhibited MAPK/
ERK signaling pathway activation in vivo (Fig. 7D and
E). In contrast, HMGB3 overexpression dramatically
increased tumor volumes (Fig. 7F—H; Additional file 1:
Fig. S6) and activated MAPK/ERK signaling (Fig. 7I
and J) relative to the control group, whereas adminis-
tration of the MAPK/ERK signaling pathway inhibitor,
AZD6244, or ERK1/2 knockdown, reversed the effect
of HMGB3 overexpression. Thus, our findings indicate
that HMGB3 effectively promotes ovarian cancer pro-
liferation in vivo.

Discussion
The high mortality associated with ovarian cancer is
primarily attributable to asymptomatic tumor growth,
which results in most patients being diagnosed at
advanced stages of the disease [26]. Further, most
patients will relapse after surgery and standard plati-
num/taxane-based chemotherapy [27]. Therefore, there
is an urgent need to develop new therapeutic strate-
gies. In the current study, our results demonstrated that
HMGB3, a well-known oncogene, promotes the malig-
nant progression of ovarian cancer through activating
the MAPK signaling pathway in vitro and in vivo, which
may inform the development of new targeted therapy
strategies for ovarian cancer.

HMGB3 is aberrantly expressed in a number of
malignancies, contributing to tumor cell progression
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(See figure on next page.)

Fig. 5 HMGB3 enhances ovarian cancer stemness through the MAPK/ERK signaling pathway. A2780 and SKOV3 cells were cultured in semi-solid
serum-free medium for 0, 3, and 7 days. A Representative morphology of spheroids derived from A2780 and SKOV3 cells. Parental cells (monolayer);
day 3 spheroid cells derived from parental cells (day 3); day 7 spheroid cells derived from parental cells (day 7). Scale bar, 50 um. B p-ERK1/2,
ERK1/2, SOX2, ALDH1AT, HMGB3, and -actin protein levels in monolayer (Mono) and spheroid cells detected by western blot. C Quantification

of the protein levels in (B). A2780 and SKOV3 cells with HMGB3 knocked down or overexpressed were cultured in semi-solid serum-free medium
for 7 days. D The number and volume of spheroids formed were determined via microscopy; representative pictures are shown. Scale bar, 50 um.
(E) Quantification of the number of spheroids in (D). F SOX2, ALDH1A1, HMGB3, and (3-actin protein levels in spheroids detected by western blot.
Quantification of the protein levels is shown in Additional file 1: Fig. S3. G A2780 and SKOV3 cells with HMGB3 overexpression were cultured in
semi-solid serum-free medium for 7 days with or without MAPK signaling pathway inhibitor (AZD6244, 1 uM; PD0325901, 2 uM) treatment. The
number and volume of spheroids formed were determined via microscopy, and representative pictures are shown. H Quantification of the number
of spheroids in (G). I p-ERK1/2, ERK1/2, SOX2, ALDH1A1, HMGB3, and B-actin protein levels in spheroids detected by western blot. (J) Quantification
of the protein levels in (I). Data are presented as the mean + SEM, *p <0.05, **p<0.01,n=3
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and predicting poor outcomes [9]. In our previous bearing HGSOC. Further, HMGB3 promotes PARP
study, we found that high HMGB3 expression predicted  inhibitor resistance of ovarian cancer through directly
poor prognosis and lymph node metastasis in patients interacting with PARP1 [22]. In this study, we further
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Fig. 8 Schematic summary of the study findings. HMGB3 overexpression activates the MAPK/ERK signaling pathway, thereby promoting ovarian
cancer proliferation, metastasis, and stemness. Inhibition of the MAPK/ERK signaling pathway using specific inhibitors counteracts the effects of

HMGB3

investigated the function of HMGB3 in ovarian can-
cer. Our data demonstrated that HMGB3 overexpres-
sion promotes ovarian cancer proliferation, migration,
invasion, and stemness, which could be inhibited by
HMGB3 knockdown. Our findings add to understand-
ing of ovarian cancer pathogenesis and provide new
therapeutic targets for this disease.

HMGB3 has been demonstrated to regulate several
carcinogenic signaling pathways in multiple types of
cancer [9]. HMGBS3, regulated by miR-216a, promotes
esophageal cancer cell growth through enhancing Wnt/
[B-catenin pathway activity [28]. Moreover, HMGB3 pro-
motes tumor development by regulating Wnt/[-catenin
signaling in cervical cancer [17], non-small cell lung
cancer [29], and colorectal cancer [30]. HMGB3 inhi-
bition inhibits colony formation and induces apopto-
sis by increasing reactive oxygen species accumulation
and decreasing MMP, p-mTOR, and STAT3 levels in
human breast cancer cells [12]. In this study, RNA-Seq

revealed that HMGB3 may be involved in MAPK sign-
aling regulation. The MAPK pathway influences almost
all aspects of life and has numerous substrates involved
in execution of specific cell fate decisions in response to
extracellular signals [31]. The MAPK signaling cascade
is invariably altered in malignant cancers and has impli-
cations in tumor occurrence, development, and drug
resistance [32]. Our data proved that HMGB3 activates
MAPK/ERK signaling in ovarian cancer, as indicated by
increased MEK1/2 and ERK1/2 phosphorylation, and
the upregulation of its downstream molecules, including
ETS-1, CCND1, and c-Myc. Inhibition of MAPK/ERK
signaling pathway using specific inhibitors reversed the
enhanced proliferation, metastasis, and stemness caused
by HMGB3 overexpression. Thus, MAPK signaling inhi-
bition by targeting HMGB3 may serve as a novel strategy
for ovarian cancer therapy.

Cancer stem cells (CSCs) are a small proportion of
cells within tumors with distinct phenotypes and a high
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tumorigenic potential [33]. CSCs express high levels of
stemness-associated factors and are considered as the
origin of tumor recurrence, drug resistance, and relapse
[34]. Thus, CSCs represent an optimal therapeutic target
to tackle ovarian cancer. HMGB3 is proven to mediate
cancer cell stemness in many malignancies. LINC00319
stimulates CD133*CD144%t TU177 cell self-renewal
ability and tumorigenicity by upregulating HMGB3 via
recruitment of E2F1 in laryngeal squamous cell carci-
noma [35]. HMGB3 cooperates with SOX9 to induce
NANOG transactivation, promote the expression of
oncogenic genes downstream of NANOG, and fur-
ther enhance prostate adenocarcinoma cell survival and
migration [36]. In the current study, we demonstrated
that HMGB3 also positively regulates ovarian cancer
stemness. HMGB3 overexpression led to elevated expres-
sion of stemness-associated markers and strengthened
ovarian cancer spheroid formation ability, while HMGB3
knockdown had the opposite effect. Moreover, our find-
ings show that MAPK signaling is involved in HMGB3-
mediated stemness regulation.

Conclusions

In conclusion, our findings show that HMGB3 promotes
ovarian cancer proliferation, mobility, and stemness.
Mechanistically, HMGB3 facilitated the activation of
MAPK/ERK signaling in ovarian cancer. We further dem-
onstrated that MAPK/ERK signaling inhibition counter-
acts the effect of HMGB3 overexpression (Fig. 8). These
findings indicate that HMGB3 is a promising target to
develop therapeutic strategies against ovarian cancer.

Abbreviations

CSCs Cancer stem cells

DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum

HGSOC High-grade serous ovarian carcinoma
HMGB3 High mobility group box 3

MAPK Mitogen-activated protein kinase
RNA-seq  RNA sequencing

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512964-023-01172-7.

[ Additional file 1. }

Acknowledgements
Not applicable.

Authors’ contributions

H.M.and G.Q. prepared Figs. 1, 2, 3,4, 5, 6, 7 and 8. HM wrote the main manu-
script text. FH,, PG, and J.P. assisted in detailed experiments, and helped to
collect and analyze the data. BK. and H.M. provided the funding for this study.
All authors reviewed the manuscript. The author(s) read and approved the
final manuscript.

Page 14 of 15

Funding

This work was financially supported by the Postdoctoral Research Founda-
tion of China [2020M672070], the Tai-Shan Scholar Program from Shandong
Province (Nos. ts20070743), and the National Natural Science Foundation of
China [82072871].

Availability of data materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate

Animal experiments were performed within the Qilu Hospital of Shandong
University guidelines for animal research and approved by the Institutional
Animal Care and Use Committee (KYLL-2021(KS)-083).

Consent for publication
All authors provided consent for publication.

Competing interests
The authors declare no competing interests.

Received: 27 February 2023 Accepted: 21 May 2023
Published online: 16 June 2023

References

1. Throwba HP, Unnikrishnan L, Pangath M, Vasudevan K, Jayaraman S, Li M,
lyaswamy A, Palaniyandi K, Gnanasampanthapandian D. The epigenetic
correlation among ovarian cancer, endometriosis and PCOS: a review. Crit
Rev Oncol Hematol. 2022;180:103852.

2. Chhetri D, Vengadassalapathy S, Venkadassalapathy S, Balachandran
V, Umapathy VR, Veeraraghavan VP, Jayaraman S, Patil S, lyaswamy A,
Palaniyandi K, Gnanasampanthapandian D. Pleiotropic effects of DCLK1
in cancer and cancer stem cells. Front Mol Biosci. 2022;9:965730.

3. XiaC Dong X, LiH, Cao M, Sun D, He S, Yang F, Yan X, Zhang S, Li N, Chen
W. Cancer statistics in China and United States, 2022: profiles, trends, and
determinants. Chin Med J (Engl). 2022;135:584-90.

4. XulJ,FangY,ChenK, LiS, Tang S, RenY, Cen', Fei W, Zhang B, Shen'Y, Lu
W. Single-cell RNA sequencing reveals the tissue Architecture in Human
High-Grade Serous Ovarian Cancer. Clin Cancer Res. 2022;28:3590-602.

5. HuZ Artibani M, Alsaadi A, Wietek N, Morotti M, Shi T, Zhong Z, San-
tana Gonzalez L, El-Sahhar S, KaramiNejadRanjbar M, et al. The reper-
toire of Serous Ovarian Cancer non-genetic heterogeneity revealed by
single-cell sequencing of normal fallopian tube epithelial cells. Cancer
Cell. 2020,37:226-242e227.

6. Banerjee S, Drapkin R, Richardson DL, Birrer M. Targeting NaPi2b in
ovarian cancer. Cancer Treat Rev. 2023;112:102489.

7. LiuP FuR, ChenK, Zhang L,Wang S, Liang W, Zou H, Tao L, Jia W. ETV5-
mediated upregulation of INcRNA CTBP1-DT as a ceRNA facilitates
HGSOC progression by regulating miR-188-5p/MAP3K3 axis. Cell Death
Dis. 2021;12:1146.

8. Garsed DW, Pandey A, Fereday S, Kennedy CJ, Takahashi K, Alsop K,
Hamilton PT, Hendley J, Chiew YE, Traficante N, et al. The genomic and
immune landscape of long-term survivors of high-grade serous ovar-
ian cancer. Nat Genet. 2022;54:1853-64.

9. Wen B, Wei YT, Zhao K. The role of high mobility group protein B3
(HMGB3) in tumor proliferation and drug resistance. Mol Cell Biochem.
2021;476:1729-39.

10. Nemeth MJ, Kirby MR, Bodine DM. Hmgb3 regulates the balance
between hematopoietic stem cell self-renewal and differentiation. Proc
Natl Acad Sci U S A. 2006;103:13783-8.

11. Nemeth MJ, Cline AP, Anderson SM, Garrett-Beal LJ, Bodine DM.
Hmgb3 deficiency deregulates proliferation and differentiation of
common lymphoid and myeloid progenitors. Blood. 2005;105:627-34.

12. Sharma P, Yadav P, Sundaram S, Venkatraman G, Bera AK, Karunagaran
D. HMGB3 inhibition by miR-142-3p/sh-RNA modulates autophagy and


https://doi.org/10.1186/s12964-023-01172-7
https://doi.org/10.1186/s12964-023-01172-7

Ma et al. Cell Communication and Signaling

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2023) 21:144

induces apoptosis via ROS accumulation and mitochondrial dysfunction
and reduces the tumorigenic potential of human breast cancer cells. Life
Sci. 2022;304:120727.

Gong W, Guo Y, Yuan H, Hu X, Chai R, Zheng B, Wan Z, Tu S. HMGB3 is a
potential therapeutic target by affecting the Migration and Proliferation
of Colorectal Cancer. Front Cell Dev Biol. 2022;10:891482.

Dong S, Pan J, Shen YB, Zhu LX, Chen L, Zhu F, Li H, Shen HX, Xia Q Wu
YJ, Xie XJ. SYT7 plays a role in promoting thyroid cancer by mediating
HMGB3 ubiquitination. Endocr Relat Cancer. 2022;29:175-89.

Zhong X, Zhang S, Zhang Y, Jiang Z, LiY, Chang J, Niu J, Shi Y. HMGB3

is Associated with an unfavorable prognosis of Neuroblastoma and
promotes tumor progression by mediating TPX2. Front Cell Dev Biol.
2021,9:769547.

Zhang K, Liu D, Zhao J, Shi S, He X, Da P, You Y, You B. Nuclear exosome
HMGBS3 secreted by nasopharyngeal carcinoma cells promotes tumour
metastasis by inducing angiogenesis. Cell Death Dis. 2021;12:554.
Zhuang S, Yu X, Lu M, LiY, Ding N, Ding Y. High mobility group box 3
promotes cervical cancer proliferation by regulating Wnt/beta-catenin
pathway. J Gynecol Oncol. 2020;31:e91.

Lee S, Rauch J, Kolch W. Targeting MAPK signaling in Cancer: mechanisms
of Drug Resistance and Sensitivity. Int J Mol Sci. 2020;21:1102.

Gaurav |, Wang X, Thakur A, lyaswamy A, Thakur S, Chen X, Kumar G, Li

M, Yang Z. Peptide-conjugated Nano Delivery Systems for Therapy and
diagnosis of Cancer. Pharmaceutics. 2021;13:1433.

lyaswamy A, Wang X, Krishnamoorthi S, Kaliamoorthy V, Sreenivasmurthy
SG, Kumar Durairajan SS, Song JX, Tong BC, Zhu Z, Su CF, et al. Theranos-
tic F-SLOH mitigates Alzheimer’s disease pathology involving TFEB and
ameliorates cognitive functions in Alzheimer’s disease models. Redox
Biol. 2022,51:102280.

Mukherjee A, Huynh V, Gaines K, Reh WA, Vasquez KM. Targeting the high-
mobility Group Box 3 protein sensitizes Chemoresistant Ovarian Cancer
cells to Cisplatin. Cancer Res. 2019;79:3185-91.

Ma H, Qi G, Han F, Lu W, Peng J, Li R, Yan S, Yuan C, Kong B. HMGB3
promotes PARP inhibitor resistance through interacting with PARP1 in
ovarian cancer. Cell Death Dis. 2022;13:263.

Selvarasu K, Singh AK, lyaswamy A, Gopalkrishnashetty Sreenivasmurthy
S, Krishnamoorthi S, Bera AK, Huang JD, Durairajan SSK. Reduction of
kinesin I heavy chain decreases tau hyperphosphorylation, aggregation,
and memory impairment in Alzheimer’s disease and tauopathy models.
Front Mol Biosci. 2022;9:1050768.

Anderson NR, Sheth'V, Li H, Harris MW, Qiu S, Crossman DK, Kumar H,
Agarwal P, Nagasawa T, Paterson AJ et al. Microenvironmental CXCL12
deletion enhances FIt3-TD acute myeloid leukemia stem cell response to
therapy by reducing p38 MAPK signaling. Leukemia. 2022.

Kudaravalli S, den Hollander P, Mani SA. Role of p38 MAP kinase in cancer
stem cells and metastasis. Oncogene. 2022;41:3177-85.

LiuT, LiY,Wang X, Yang X, FuY, Zheng Y, Gong H, He Z.The role of
interferons in ovarian cancer progression: Hinderer or promoter? Front
Immunol. 2022;13:1087620.

Ovejero-Sanchez M, Gonzalez-Sarmiento R, Herrero AB. DNA damage
response alterations in Ovarian Cancer: from Molecular Mechanisms to
Therapeutic Opportunities. Cancers (Basel). 2023;15:448.

Sun CX, Zhu F, Qi L. Demethylated miR-216a regulates high mobility
Group Box 3 promoting growth of Esophageal Cancer cells through Wnt/
beta-Catenin pathway. Front Oncol. 2021;11:622073.

LiY,MaY, ZhangT, Feng C, Liu Y. High-mobility group box 3 (HMGB3)
silencing inhibits non-small cell lung cancer development through
regulating Wnt/beta-catenin pathway. Biol Chem. 2020,401:1191-8.
Zhang Z,ChangY, Zhang J, LuY, Zheng L, Hu Y, Zhang F, Li X, Zhang W,

Li X. HMGB3 promotes growth and migration in colorectal cancer by
regulating WNT/beta-catenin pathway. PLoS ONE. 2017;12:e0179741.
Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L, Rusu A, Irimie A,
Atanasov AG, Slaby O, et al. A Comprehensive Review on MAPK: a promis-
ing therapeutic target in Cancer. Cancers (Basel). 2019;11:1618.

Sinkala M, Nkhoma P, Mulder N, Martin DP. Integrated molecular charac-
terisation of the MAPK pathways in human cancers reveals pharmaco-
logically vulnerable mutations and gene dependencies. Commun Biol.
2021;4:9.

Zhang Y, Wang Y, Zhao G, Tanner EJ, Adli M, Matei D. FOXK2 promotes
ovarian cancer stemness by regulating the unfolded protein response
pathway. J Clin Invest. 2022;132.

34.

35.

36.

Page 15 of 15

Giordano M, Decio A, Battistini C, Baronio M, Bianchi F, Villa A, Bertalot

G, Freddi S, Lupia M, Jodice MG, et al. LICAM promotes ovarian cancer
stemness and tumor initiation via FGFR1/SRC/STAT3 signaling. J Exp Clin
Cancer Res. 2021;40:319.

Yuan L, Tian X, Zhang Y, Huang X, Li Q, Li W, Li S. LINC00319 promotes
cancer stem cell-like properties in laryngeal squamous cell carcinoma via
E2F1-mediated upregulation of HMGB3. Exp Mol Med. 2021;53:1218-28.
XuY, Xu M, Li X, Weng X, Su Z, Zhang M, Tan J, Zeng H, Li X, Nie L, et al.
SOX9 and HMGB3 co-operatively transactivate NANOG and promote
prostate cancer progression. Prostate. 2022,83:440-53.

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

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	HMGB3 promotes the malignant phenotypes and stemness of epithelial ovarian cancer through the MAPKERK signaling pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture
	Antibodies and reagents
	MTT assay
	Immunofluorescence staining
	qRT–PCR
	Western blot
	Colony formation assay
	Migration and invasion assay
	Plasmid construction and transfection
	RNA sequencing
	Sphere-formation
	Cell cycle analysis
	Animal experiments
	EdU staining
	Statistical analysis

	Results
	HMGB3 facilitates ovarian cancer cell proliferation
	HMGB3 promotes ovarian cancer cell mobility
	HMGB3 regulates stem cell pluripotency and the MAPK signaling pathway
	HMGB3 activates the MAPKERK signaling pathway in ovarian cancer
	HMGB3 promotes ovarian cancer stemness through MAPKERK signaling
	HMGB3 enhances ovarian cancer proliferation and mobility via the MAPKERK signaling pathway
	HMGB3 promotes ovarian cancer proliferation in vivo

	Discussion
	Conclusions
	Anchor 34
	Acknowledgements
	References


