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Modification of mesenchymal stem cells 
by HMGB1 promotes the activity of Cav3.2 
T‑type calcium channel via PKA/β‑catenin/
γ‑cystathionase pathway
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Abstract 

Background:  Mesenchymal stem cells (MSC) hold great promise for treating cardiovascular disease. Recently, we 
genetically modified MSCs with high mobility group box 1 (HMGB1), and these cells demonstrated high mobility by 
efficient migrating and homing to target neointima. The possible mechanism was investigated in the current study.

Methods:  Rat MSCs were transfected with lentivirus containing HMGB1 cDNA to yield MSC-H cell line stably overex-
pressing HMGB1. The MSC-C cells which were transfected with empty lentivirus served as negative control, and the 
differentially expressed genes were analyzed by microarray. The cell mobility was determined by transwell migration 
assay. Intracellular free calcium and the expression of Cav3.2 T-type calcium channel (CACNA1H) were assayed to ana-
lyze activity of CACNA1H-mediated calcium influx. H2S production and γ-cystathionase expression were examined to 
assess the activity of γ-cystathionase/H2S signaling. The interaction of HMGB1 with γ-cystathionase in MSC-H cells was 
analyzed by co-immunoprecipitation. Luciferase reporter assay was performed to determine whether the promoter 
activity of γ-cystathionase was regulated by interaction of β-catenin and TCF/LEF binding site. Intercellular cAMP, 
PKA activity, phosphorylation of β-catenin, and GSK3β were investigated to reveal cAMP/PKA mediated β-catenin 
activation.

Result:  Microarray analysis revealed that differentially expressed genes were enriched in cAMP signaling and calcium 
signaling. CACNA1H was upregulated to increase intracellular free calcium and MSC-H cell migration. Blockage of 
CACNA1H by ABT-639 significantly reduced intracellular free calcium and cell migration. The γ-cystathionase/H2S sign-
aling was responsible for CACNA1H activation. H2S production was increased with high expression of γ-cystathionase 
in MSC-H cells, which was blocked by γ-cystathionase inhibitor DL-propargylglycine. Upregulation of γ-cystathionase 
was not attributed to interaction with HMGB1 overexpressed in MSC-H cells although γ-cystathionase was suggested 
to co-immunoprecipitate with oxidized HMGB1. Bioinformatics analysis identified a conserved TCF/LEF binding site in 

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  kevinwei@njmu.edu.cn; myu@njmu.edu.cn
†Wu Hao, Xie Xiaodong, and Sun Mingyang have contributed equally to 
the work
1 Division of General Surgery, The Second Affiliated Hospital of Nanjing 
Medical University, Nanjing, China
4 Department of Anesthesiology and Perioperative Medicine, The First 
Affiliated Hospital of Nanjing Medical University, Nanjing, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-7772-1135
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-021-02677-z&domain=pdf


Page 2 of 15Wu et al. Stem Cell Research & Therapy            (2022) 13:4 

Background
Mesenchymal stem cells (MSC) are non-hematopoietic 
pluripotent stem cells. They have the potential of differ-
entiation into a variety of adult tissue cells and secrete a 
variety of biologically active substances, enabling their 
application in tissue repair and regeneration [1]. Previous 
studies have shown that transplantation of MSCs restore 
physiological function of endothelium and reduce neoin-
tima formation [2]. On the one hand, they differentiate 
into a new generation of endothelial cells to replace loss 
of host endothelial cells. On the other hand, they release 
anti-inflammatory factors and growth factors to create a 
nourishing microenvironment for vascular regeneration. 
However, MSC therapy still encounters many problems 
in clinical application, such as low homing efficiency [3] 
and fear of tumorigenesis [4]. Currently, many studies 
focus on how to manipulate MSC to improve therapeutic 
effects.

Recently, we promoted the mobility of MSCs by lenti-
viral transfection of high mobility group box 1 (HMGB1) 
and generated MSC-H cell line stably overexpressing 
HMGB1 [5, 6]. HMGB1 is a damage associated molecu-
lar pattern and normally exists in the nucleus binding to 
DNA and regulating gene transcription. The danger sig-
nals stimulate extracellular release of HMGB1 to induce 
inflammation and immune response [7]. With in-depth 
research on physiological function of HMGB1 other than 
proinflammatory property, HMGB1 has been discov-
ered to promote tissue repair by stimulating the migra-
tion and differentiation of stem cells [8]. The reason why 
HMGB1 plays distinct biological roles is closely linked to 
the redox state of HMGB1. HMGB1 has three cysteine 
residues with two located at position 23, 45 in A-box and 
one at position 106 in B-box. When cysteine residues at 
position 23 and 45 are oxidized to form disulfide bond, 
oxidized HMGB1 induces proinflammatory response. 
If three cysteine residues are all oxidized, HMGB1 loses 
biological activity. In comparison, reduced HMGB1 is 
physiologically favorable and primes stem cells for pro-
liferation and migration. The stem cells treated with 
reduced HMGB1 sustain increase in cell cycling by tran-
sition of quiescent stem cells from G0 to GAlert, facilitating 

a quick response to tissue injury [8]. Our study found that 
MSC-H cells not only migrated increasingly to the neoin-
tima but also acquired the great potential of endothelial 
differentiation, thereby inhibiting the neointimal forma-
tion during pathogenesis of vascular disease [5, 6]. Such 
effects were attributed to the expression and extracellular 
release of HMGB1 by MSC-H cells. The HMGB1 content 
was significantly increased in the cytoplasm and culture 
medium of MSC-H cells, although there was no obvi-
ous change of HMGB1 level in the nucleus. Neutraliz-
ing extracellular HMGB1 by specific antibody effectively 
blocked the migration and endothelial differentiation of 
MSC-H cells, suggesting MSC-H cells were stimulated 
by self-secreted HMGB1 in an autocrine manner [6]. 
Although MSC-H cells had the superior property of pro-
moting vascular regeneration, the underlying mechanism 
was not yet intensively investigated. The current study 
was to unravel signaling pathways for high mobility of 
MSC-H cells.

Materials and methods
Chemicals and reagents
All chemicals and reagents were purchased from Sigma 
unless otherwise stated.

Cell culture and transfection
Rat MSCs were purchased from Cyagen Biosciences 
China and grown in DMEM supplemented with 10% 
Gibco fetal bovine serum. The cells were cultured at 
37 °C in a humidified atmosphere of 5% CO2. The MSC-H 
cells stably overexpressing HMGB1 were constructed 
by transfection with a recombinant lentivirus (sequence 
elements: Ubi-MCS-FLAG-SV40-puromycin) contain-
ing HMGB1 cDNA. The empty vector was transfected 
into MSC-C as the negative control. The experiment of 
HMGB1 knock-down was conducted by transfecting 
MSC-H cells with three plasmids (sequence elements: 
hU6-MCS-CMV-Neomycin) carrying shRNAs targeting 
HMGB1. The cells were labeled by siH1, siH2, and siH3, 
respectively, and siC referred to the cells transfected 
with the empty plasmid. All lentivirus and plasmids 
were designed and produced from Genechem China. 

the promoter of γ-cystathionase gene. Luciferase reporter assay confirmed that the promoter had positive response 
to β-catenin which was activated in MSC-H cells. Finally, cAMP/PKA was activated to phosphorylate β-catenin at 
Ser657 and GSK3β, enabling persisting activation of Wnt/β-catenin signaling in MSC-H cells.

Conclusion:  Our study revealed that modification of MSCs with HMGB1 promoted CACNA1H-mediated calcium 
influx via PKA/β-catenin/γ-cystathionase pathway. This was a plausible mechanism for high mobility of MSC-H cell 
line.

Keywords:  Mesenchymal stem cell, High mobility group box 1, Cav3.2 T-type calcium channel, Cav3.2 T type calcium 
channel, Protein kinase A, β-Catenin, γ-Cystathionase, Glycogen synthase kinase 3β, Cyclic adenosine monophosphate
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The transfection followed the procedures as previously 
described, and the efficiency was verified by Western blot 
[5].

RNA microarray
Microarray analysis of gene expression was performed 
by Genechem (Shanghai, China). Briefly, total RNA was 
extracted from MSC-H and MSC-C cells by using RNAe-
asy™ plus animal RNA isolation kit with spin column 
(Beyotime, China). RNA quality and concentration were 
assessed by using RNA 6000 Nano kit on Agilent 2100 
bioanalyzer. RNA samples were then amplified by per-
forming reverse transcription to obtain cDNA, followed 
by T7 in  vitro transcription to produce complementary 
RNA. After RNA purification and quantification, the 
complementary RNA was converted into single-stranded 
complementary DNA. The RNA residue in the samples 
was hydrolyzed by RNase H. The single-stranded DNA 
was purified, fragmented, and biotin-labeled for hybridi-
zation to rat Clariom™ S arrays (Thermo Fisher Scientific, 
USA). The hybridized arrays were stained and washed 
by Affymetrix GeneChip Fluidics Station 450. Image 
signals were scanned by Affymetrix GeneChip Scan-
ner 3000 and transformed to digital data by Affymetrix 
GeneChip Command Console software. The data files 
were transferred to the Affymetrix GeneChip Expression 
Console software for analysis of gene expression patterns. 
The cut-off value for upregulated and downregulated 
genes was set as an absolute fold change of > 1.5 with a 
P value < 0.05. The GO and KEGG pathway enrichment 
analysis of differentially expressed genes were performed 
to determine the crucial GO terms and signaling path-
ways associated with HMGB1 modification.

Transwell migration assay
The cell mobility was evaluated by transwell assay. Each 
well of Corning 24-well plate was separated to the upper 
and lower compartment by inserting a chamber with 
8.0-µm-pore filter membrane on the bottom. The upper 
compartment was added with 1 × 105 cells suspended 
in serum-free DMEM, and the lower compartment was 
filled with DMEM with 15% fetal bovine serum as attract-
ant. After being cultured at 37  °C and 5% CO2 for 24 h, 
the cells that migrated through the filter and adhered 
to the lower side of membrane were fixed in methanol, 
stained with 0.1% crystal violet solution, and visualized 
by phase-contrast microscopy.

Subcellular fractionation
The cytoplasmic fraction from cultured cells were 
obtained as previously described [9]. Briefly, cells were 
suspended in cold cytoplasm lysis buffer (10 mM TrisHCl 
pH 8.0, 60 mM KCl, 1 mM EDTA, protease inhibitor and 

0.5% NP-40) and gently triturated using a 26-gauge nee-
dle. The cell lysate was centrifuged at 1000 × g for 5 min 
at 4  °C, and the supernatant was collected as the cyto-
plasmic fraction.

Western blot
Protein samples were separated by SDS-PAGE, trans-
ferred to polyvinylidene difluoride membranes, and 
blocked with 5% nonfat milk solution. The membranes 
were cut into strips according to molecular weight of tar-
get protein, and each strip was incubated separately with 
primary antibody for target protein overnight followed by 
corresponding secondary antibody for 1 h. Primary anti-
bodies to HMGB1, Lamin-B1, Tubulin, and CACNA1H 
were purchased from Abcam while other antibodies were 
obtained from Cell Signaling Technology. Antibody bind-
ing was visualized using the BeyoECL Star system (Beyo-
time, China).

Calcium imaging
The changes of intracellular free calcium were detected 
by Rhod-3 calcium imaging (Thermo Fisher, USA). The 
adherent cells were washed with phosphate buffer before 
being incubated with loading buffer containing 10  μM 
Rhod-3 dye in dark at room temperature for 30  min. 
The cells were washed with phosphate buffer again to 
remove the residue of loading buffer. Then incubation 
buffer containing 2.5  mM probenecid was added to the 
cells to reduce the baseline signal. The cells were incu-
bated in dark at room temperature for 30 min before the 
incubation buffer was removed. Finally, nuclei were con-
tra-stained with DAPI for 2 min, and the cells were ready 
for fluorescent microscopy. The intracellular free calcium 
was quantified by red fluorescence intensity.

H2S measurement
The extracellular H2S concentration was measured by the 
colorimetric method (Solarbio, China). Briefly, the cells 
were cultured in phenol red-free DMEM supplemented 
with 10% fetal bovine serum for 48 h. The supernatants 
were collected and added with the solution of zinc ace-
tate, which reacted with H2S produced in the culture to 
form zinc sulfide. Next, hydrochloride acid solution of 
N,N-dimethyl-p-phenylenediamine sulfate was added to 
dissolve zinc sulfide. In the presence of ammonium ferric 
sulfate, the reaction yielded methylene blue with an optic 
absorption peak at 665  nm. The absorbance was meas-
ured at 665 nm by a spectrophotometer. H2S was calcu-
lated against a calibration curve of NaHS and normalized 
by the protein concentration determined by Bradford 
protein assay (Beyotime, China). Intracellular H2S level 
was measured by WSP-5 fluorescent probes (Cayman 
Chemical, USA). Briefly, the adherent cells were washed 
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and incubated with 50  μM WSP-5 in dark at 37  °C for 
20 min. WSP-5 selectively and rapidly reacted with H2S 
in live cells to release a fluorophore that displayed exci-
tation/emission peaks of 502/525  nm. The fluorescent 
intensity was observed by a fluorescent microscope.

γ‑cystathionase (CTH) activity assay
The activity of CTH was determined by the efficiency of 
catalyzing an α,γ-elimination reaction of L-cystathionine 
to produce α-ketobutyrate [10, 11]. Briefly, 50 µL cell 
lysate was mixed with 500 µL loading buffer which was 
prepared from 25 µL 1.3 mM pyridoxal phosphate, 25 µL 
13 mM EDTA, 250 µL 45 mM cystathionine, and 275 µL 
of 0.1  M pH 7.5 phosphate buffer containing 0.05  mM 
2-mercaptoethanol. The mixture was incubated at 37℃ 
for 15 min. The reaction was stopped by adding 100 µL 
10% perchloric acid. After centrifugation at 1500 × g for 
10 min, 25 µL of supernatant was transferred to 625 µL 
0.194 mM NADH solution and kept at 37  °C. The sam-
ple was ready for spectrophotometry. The absorbance 
was measured at 340 nm now, continuing for 3 min after 
10  IU L-lactic dehydrogenase were added. The differ-
ence between the absorbance before and after adding 
lactic dehydrogenase corresponded to the amount of 
α-ketobutyrate formed in the course of the CTH catalytic 
reaction. The control samples without adding cystathio-
nine were prepared and measured in the same way as the 
examined samples. The CTH activity was expressed as 
nmoles of α-ketobutyrate formed during 1  min incuba-
tion at 37 °C/1 mg of protein.

Co‑immunoprecipitation
Co-immunoprecipitation for identifying the interaction 
of HMGB1 and CTH was performed according to the 
procedures previously described [9, 12]. Briefly, protein 
A agarose beads (Roche, USA) were washed twice with 
phosphate buffer, and then prepared at 50% concentra-
tion with phosphate buffer. 100 ul of protein A agarose 
beads were loaded to each 4 mg of total protein samples, 
and incubated with agitation for 10 min at 4 °C to remove 
non-specific impurity protein. The samples were centrif-
ugated at 14,000 × g for 15 min at 4 °C, and the superna-
tant was transferred to a new centrifuge tube. The protein 
concentration was determined by Bradford method. The 
total protein was diluted to 2 ug/ul with phosphate buffer 
to reduce the detergent concentration in the lysates. For 
immunoprecipitation, 5ul rabbit anti-HMGB1 antibody 
(Abcam, USA) was mixed with 500 ul total protein and 
incubated overnight at 4  °C to allow antigen–antibody 
binding. The antigen–antibody complexes were captured 
by incubation with 100 ul protein A agarose beads over-
night at 4  °C. After centrifugation at 14,000 × g for 10 s, 
the antigen–antibody-agarose bead complexes were 

collected and washed 3 times with pre-chilled phosphate 
buffer. The antigen–antibody-agarose bead complex was 
resuspended with 60 ul 2 × SDS loading buffer, boiled for 
5  min to dissociate antigen–antibody complexes from 
beads. The beads were pelleted by centrifugation, and the 
supernatant was boiled again for 5  min before Western 
blot analysis.

Protein thiol assay
Firstly, HMGB1 of all isoforms was isolated and purified 
from the cell lysates by immunoprecipitation. HMGB1 
produced from MSC-H carried flag-tags, making it read-
ily purified by FLAG immunoprecipitation kit (Sigma, 
USA). The cells were washed twice with phosphate buffer 
and lysed by a pre-chilled mixture of 20 mM Tris(pH7.5), 
150  mM NaCl, 1% Triton X-100, and proteinase inhibi-
tors (Beyotime, China). The lysate was centrifugated 
at 14,000 × g for 10  min, and the supernatant was col-
lected for immunoprecipitation with anti-flag M2 affin-
ity gel (FLAGIPT1, Millipore, USA). The gel beads were 
selective for recombinant HMGB1 with flag-tags and 
exhibited low non-specific binding of other proteins. 
After washing with phosphate buffer, the bound protein 
was competitively displaced from the gel with the elu-
tion solution of 3 × flag peptide. HMGB1 antibody was 
used for the immunoblotting of target protein in order to 
verify that HMGB1 was purified for protein thiol assay. 
Then the free thiol groups in HMGB1 were quantified 
by the colorimetric assay (Abcam, USA). 50  μg purified 
HMGB1 was diluted with assay buffer to the final volume 
of 100  μl and mixed with one vial of Thiol Blue sensor 
which reacted with free thiol groups. The mixture was 
incubated with agitation at room temperature for 1 h, fol-
lowed by flowing through a spin column to remove the 
excess of Thiol Blue sensor. The flow-through solution 
was collected and diluted fivefold with assay buffer. The 
absorbance at 680  nm and 280  nm was measured by a 
microplate reader. The reduced HMGB1 (rHMGB1) was 
assigned to the non-oxidized control for the assay. The 
mixture of oxidized HMGB1 and rHMGB1 was prepared 
from incubation of rHMGB1 with 50 μM hydrogen per-
oxide in our previous study [13] and now served as the 
oxidized control group to determine whether HMGB-
1was oxidized in MSC-H cells. The amount of free thiol 
in HMGB1 was calculated with the formula provided by 
the manufacturer and normalized to the non-oxidized 
control.

Dual luciferase assay
The 805  bp DNA fragment from − 686 to + 119 of rat 
CTH promoter (NM_017074) was cloned and inserted 
into GV238 (sequence elements: MCS-firefly-Lucif-
erase) to construct wide-type luciferase reporter plasmid 



Page 5 of 15Wu et al. Stem Cell Research & Therapy            (2022) 13:4 	

(pCTH-wt). The point mutation at + 33 base was intro-
duced to eliminate the inference of ATG sequence 
from + 31 to + 33 on the luciferase transcription. A con-
served TCF/LEF binding sequence 589  bp upstream 
of transcriptional start site was identified on CTH pro-
moter by bioinformatics analysis. The mutation of TCF/
LEF binding site was introduced into promoter plasmid 
to construct a pCTH mutant (pCTH-mut). A truncated 
CTH promoter sequenced from −  562 to + 119 was 
cloned into GV238. The construct (pCTH-tru) consisted 
of key transcription factor binding motifs with excep-
tion of TCF/LEF binding site. All plasmids were designed 
and constructed by Genechem (Shanghai, China). Dual-
Glo luciferase assay (Promega, USA) was performed to 
assess CTH promoter activity in MSC-H cells. Briefly, 
the cells were transfected with promoter plasmids until 
grown to approximately 60% confluent in 24-well plates. 
The stimulation of β-catenin on CTH promoter activity 
was demonstrated by co-transfection of pCTH-wt and 
pCMV-S33Y-β-catenin into 293  T cells and verified in 
the experiment of Wnt/β-catenin inhibition by incuba-
tion of MSC-H with a concentration gradient of XAV939. 
pCMV-S33Y-β-catenin was a construct of oncogenic sta-
ble mutant form of β-catenin [14]. For the mock assay, 
the empty plasmid was transfected to the cells. The effect 
of β-catenin-TCF/LEF binding on promoter activity was 
determined by transfection of pCTH-tru and pCTH-
mut to MSC-H cells. The activity of Firefly luciferase was 
assayed 48 h after transfection and normalized to that of 
Renilla luciferase reporter (sequence elements: TK pro-
moter- Renilla_luciferase). The relative luciferase activity 
was expressed in percentage.

cAMP measurement
Intracellular cAMP was measured by cAMP solid-phase 
sandwich ELISA (Invitrogen, USA). 1 × 106 cells was 
lysed by 1 ml of 0.1 mol/l hydrogen chloride for 20 min 
at room temperature. The cell debris was pelleted and 
removed by centrifugation at 1000 × g for 10 min. 100 μl 
supernatant of each test sample was loaded to a 96-well 
plate together with 50 μl neutralizing reagent, 50 μl alka-
line phosphatase-conjugated cAMP, and 50  μl rabbit 
anti-cAMP antibody and incubated with slow agitation at 
room temperature for 2 h. The plate was precoated with 
anti-rabbit antibody to capture rabbit anti-cAMP anti-
body in the mixture. The cAMP of test samples competed 
with alkaline phosphatase-conjugated cAMP for the 
limited amount of cAMP antibody bound to the plate. 
With the increase of cAMP levels in test samples, alka-
line phosphatase-conjugated cAMP captured by the coat-
ing antibody was reduced and visualized by reacting with 
pNpp substrate. The absorbance at 405 nm was inversely 
proportional to the cAMP concentration in test samples. 

The cAMP standard was serially diluted and assayed as 
test samples to generate a standard curve. The cAMP 
concentration was normalized to total protein concen-
tration and expressed as pmoles cAMP per mg of total 
protein.

PKA activity assay
The PKA activity was measured by the colorimetric assay 
(Invitrogen, USA). 2 × 106 cells were incubated on ice 
for 30  min with 100  μl Tris-based cell lysis buffer con-
taining NP-40, protease inhibitor cocktail, PMSF and 
sodium orthovanadate. After centrifugation at 8000 × g 
for 10 min at 4 ℃, the supernatant was collected, diluted 
tenfold with 1 × kinase reaction buffer, and transferred to 
a 96-well plate at 40 μl per well. The PKA standard was 
diluted to a concentration gradient from 10 to 0.625 U/ml 
and loaded to the 96-well plate as test samples. The serial 
dilutions were prepared to generate a standard curve. 
10 μl ATP working solution was added to each well, fol-
lowed by incubation with agitation at 4 °C for 90 min to 
allow phosphorylation of immobilized PKA substrate 
bound to the microtiter plate. The reaction was stopped 
by aspirating the plate and washing with wash buffer. 
The mixture of rabbit anti-phospho PKA substrate anti-
body and horseradish peroxidase-conjugated anti-rabbit 
antibody were loaded at 50  μl per well and incubated 
for 60  min at room temperature to probe the phospho-
rylated substrate on the plate. The antibody binding was 
visualized by TMB chromogen solution. The absorbance 
was measured at 450  nm by a microplate reader and 
translated into PKA concentration by use of the stand-
ard curve. The PKA activity was obtained by multiplying 
PKA concentration by the total volume of test samples 
and finally being normalized to cell count.

Statistical analysis
All experiments were repeated three to five times. 
Data were processed using GraphPad Prism 5 (Graph-
Pad Software, Saint Diego, CA). Data were expressed 
as mean ± standard deviation and compared between 
groups by one-way ANOVA. A P value of < 0.05 was con-
sidered statistically significant.

Results
Microarray analysis of differentially expressed genes 
after upregulation of HMGB1
Differentially expressed genes between MSC-H and 
MSC-C cells were investigated by microarray to reveal 
the possible pathways that were involved after HMGB1 
upregulation. The inclusion criteria for differentially 
expressed genes were the absolute fold change of RNA 
levels > 1.5 and P value < 0.05. Finally, 963 genes includ-
ing 551 upregulated and 412 downregulated genes were 
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cells in transwell assay (Fig.  2b). Next, the activity of 
calcium channels was investigated to whether the cal-
cium channel-mediated calcium influx was responsible 
for the elevation of intracellular free calcium. Three 
gene transcripts encoding calcium channels were iden-
tified by microarray to increase more than 1.5-fold in 
MSC-H cells. However, Western blot analysis demon-
strated that Cav 3.2 T-type calcium channel encoded 
by CACNA1H gene was the only protein of stably 
overexpressed in MSC-H cells (Fig.  2c, Additional 
file  2: Fig.  2c) while there were no obvious changes 
for other transcripts. Intracellular free calcium was 
greatly reduced by treating MSC-H cells with ABT-639, 
a selective blocker of Cav 3.2 T-type calcium channel 
(Fig. 2a). Moreover, CACNA1H upregulation was sug-
gested to contribute significantly to high mobility of 
MSC-H cells given that ABT-639 significantly inhibited 
MSC-H cell migration in a dose-dependent manner 
(Fig. 2b). In order to elucidate the correlation between 
HMGB1 and CACNA1H expression, we constructed 
three plasmids expressing shRNAs targeting HMGB1 
and transfected them into MSC-H cells. Suppression 
of HMGB1 resulted in downregulation of CACNA1H 
(Fig.  2c) and decrease of intracellular free calcium in 
MSC-H cells (Fig. 2a).

Fig. 1  Microarray analysis of differentially expressed genes in rat mesenchymal stem cells after HMGB1 modification. The inclusion criteria for 
differentially expressed genes were the absolute fold change of RNA levels > 1.5 and P value < 0.05. The analysis yielded 963 (551 upregulated 
and 412 downregulated) genes. The majority of genes were enriched in HMGB1-mediated biological processes such as negative regulation of 
inflammatory response, positive regulation of apoptotic process, positive regulation of cell migration and angiogenesis (a). Notably, multiple key 
pathways were enriched including cAMP signaling and calcium signaling (b)

identified by the analysis (Additional file 1). These genes 
were involved in HMGB1-mediated biological process 
such as negative regulation of inflammatory response, 
positive regulation of apoptotic process, positive regu-
lation of cell migration, and angiogenesis (Fig.  1a). Fur-
thermore, KEGG enrichment analysis revealed that the 
majority of genes were enriched in top five pathways 
including cAMP signaling, neuroactive ligand-recep-
tor interaction, cytokine-cytokine receptor interaction, 
cell adhesion molecules, and calcium signaling pathway 
(Fig. 1b). Notably, cAMP signaling and calcium signaling 
pathway were reported to play a critical role in stem cell 
migration [15, 16].

Cav3.2 T‑type calcium channel was activated to enhance 
MSC‑H cell migration
Since microarray analysis revealed the association of 
calcium signaling pathway with HMGB1 upregulation, 
we investigated intracellular free calcium and calcium 
channel activity in MSC-H cells. In calcium imag-
ing, the red fluorescence from Rhod-3 calcium probes 
was visible intracellularly and varied with significantly 
higher intensity in MSC-H cells than MSC-C cells 
(Fig. 2a). The increase of intracellular free calcium was 
correlated with the enhanced cell migration of MSC-H 
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γ‑cystathionase/H2S signaling was involved 
in the activation of Cav3.2 T‑type calcium channel 
in MSC‑H cells
Although CACNA1H upregulation was suggested to 
account for the change of intracellular free calcium 
in MSC-H cells, the obvious increase of intracellular 
free calcium ion was not likely to be fully explained 
by nearly 1.5-fold increase of CACNA1H expression 
after HMGB1 upregulation. Therefore, we postulated 
that Cav3.2 T-type calcium channel was presumably 
activated via signaling pathways other than transla-
tional stimulation. After culture for 48 h, H2S level in 
supernatant was increased fourfold higher for MSC-H 
cells than MSC-C cells (Fig. 3a). The intracellular H2S 
was indicated by WSP-5 probes emitting green fluo-
rescence after reacting with H2S. The intensity was 
significantly higher in MSC-H cells than MSC-C cells, 
suggesting the production and extracellular release 
of H2S after HMGB1 upregulation (Fig.  3b). Since 

biosynthesis of H2S in mammals largely depended 
upon catalysis of cystathionine-β-synthase (CBS) 
and CTH, the expression of the two enzymes was 
assayed to determine which one was responsible for 
the synthesis of H2S by MSC-H cells. Although both 
enzymes were expressed at a low level in MSC-C cells, 
the expression of CTH was exclusively increased in 
MSC-H cells (Fig. 3c, Additional file 2: Fig. 3c). More-
over, inhibition of CTH activity by DL-propargylg-
lycine (PAG) reduced H2S synthesis (Fig.  3a, b). The 
intracellular level of free calcium was decreased in 
MSC-H cells after PAG treatment although the expres-
sion of CACNA1H was not altered (Fig. 3d). To justify 
the stimulatory effect of HMGB1 on CTH expression, 
the expression of CTH was assayed after knock-down 
of HMGB1 in MSC-H cells. The siH2 and siH3 cells 
had significantly lower levels of CTH than the siC cells 
(Fig. 3c), which was consistent with reduced H2S pro-
duction after HMGB1 knock-down (Fig. 3a, b).

Fig. 2  Contribution of Cav3.2 T-type calcium channel to MSC-H cell migration. Rhod-3 probes emitted red fluorescence when reacting with 
intercellular free calcium. MSC-H cells displayed higher fluorescent intensity than MSC-C cells, suggesting a significant increase of intercellular 
free calcium in MSC-H cells. But the fluorescence was substantially abrogated by either blockage of Cav3.2 T-type calcium channel with 8 μmol/l 
ABT-639 or HMGB1 knock-down as shown in siH2 and siH3 cells (a). In transwell assay, the population of migrated cells was increased in MSC-H 
cells when compared to MSC-C cells but diminished with increasing doses of ABT-639 (b). MSC-H cells showed a significant increase of cytoplasmic 
HMGB1. Knock-down of HMGB1 markedly reduced cytoplasmic HMGB1 level as shown in siH2 and siH3 cells. The siH1 cells had little change of 
cytoplasmic HMGB1 expression and therefore was excluded from further studies. The expression of Cav3.2 T-type calcium channel encoded by 
CACNA1H was increased 1.5-fold in MSC-H cells but inhibited by HMGB1 knock-down as shown in siH2 and siH3 cells (c)
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The regulation of CTH activity by interaction with HMGB1 
depended on redox state of HMGB1
The interaction of CTH and HMGB1 was assayed to 
determine whether this was responsible for the acti-
vation of CTH in MSC-H cells. The co-immunopre-
cipitation plus immunoblotting assay yielded trace 
CTH immunoprecipitated by HMGB1 from the cyto-
plasm of MSC-C and MSC-H cells (Fig.  4a, Addi-
tional file  2: Fig.  4a). Intriguingly, the interaction of 
CTH with HMGB1 was demonstrated previously in 
liver ischemic reperfusion injury which was pathologi-
cally driven by oxidative stress [12]. Notably, bioactive 
HMGB1 had two redox isoforms depending on redox 
status of environment where it existed. Immunoblot-
ting of cytoplasmic protein from MSC-H cells showed 
a single band corresponding to the rHMGB1 (Fig.  4b, 
Additional file  2: Fig.  4b). The free thiol content of 
cytoplasmic HMGB1 from MSC-H cells was compa-
rable to the rHMGB1 standard (Fig.  4c, Additional 

file  2: Fig.  4c), verifying that HMGB1 overexpressed 
in MSC-H cells remained non-oxidized. Therefore, 
we postulated that HMGB1 upon oxidation bound 
to CTH. The sample of approximately 50% oxidized 
HMGB1 (rHMGB1 + H2O2) was prepared from incu-
bating the rHMGB1 standard with 50  μmol/L hydro-
gen peroxide [13]. The MSC-H cytoplasm was mixed 
either with rHMGB1 or with rHMGB1 + H2O2 at 20:1 
ratio of total protein and sent to co-immunoprecip-
itation with HMGB1 antibody. The immunoblotting 
analysis confirmed that a significant amount of CTH 
was co-precipitated with HMGB1 from the mixture of 
rHMGB1 + H2O2 and MSC-H cytoplasm. In compari-
son, the co-immunoprecipitation yielded little CTH 
from the mixture of rHMGB1 and MSC-H cytoplasm 
(Fig.  4d). Moreover, the in  vitro assay demonstrated 
that cytoplasmic CTH activity was increased in MSC-H 
cells but inhibited by adding rHMGB1 + H2O2 (Fig. 4e). 
Our findings suggested that the CTH activity was 

Fig. 3  Activation of Cav3.2 T-type calcium channel by γ-cystathionase (CTH) /H2S signaling in MSC-H cells. MSC-H cells had fourfold higher H2S 
level in the culture supernatant than MSC-C cells. The extracellular H2S level was reduced in siH2 and siH3 cells with HMGB1 knock-down. When 
MSC-H cells were treated with 10 mmol/L PAG to inhibit CTH activity, H2S level in the culture supernatant was greatly decreased (a). Intracellular H2S 
level was assayed by using WSP-5 probes which reacted with intracellular H2S to emit green fluorescence. The fluorescent intensity was significantly 
higher in MSC-H cells than MSC-C cells, suggesting a remarkable increase of intracellular H2S in MSC-H cells. The intracellular H2S diminished when 
MSC-H cells was treated with 10 mmol/l PAG or subjected to HMGB1 knock-down as shown in siH2 and siH3 cells (b). The expression of CTH was 
increased in MSC-H cells but inhibited by HMGB1 knock-down as shown in siH2 and siH3 cells. Cystathionine-β-synthase (CBS) remained at a low 
level in all study groups regardless of HMGB1 overexpression and knock-down (c). Blockage of CTH by 10 mmol/l PAG reduced the fluorescent 
intensity of Rhod-3 probes without change of CACNA1H expression (d), suggesting a pivotal role of CTH on regulation of intracellular free calcium 
in MSC-H cells. The asterisk indicated a P value < 0.05
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Fig. 4  Regulation of γ-cystathionase (CTH) activity by HMGB1 upon oxidation. a Almost no CTH was co-immunoprecipitated by the bait protein 
HMGB1 from the cytoplasm of MSC-C and MSC-H cells. b, c The redox state of HMGB1 from the cytoplasm of MSC-H cells was analyzed by Western 
blot and protein free thiol assay. The partially oxidized HMGB1 sample with approximately 50% of HMGB1 oxidized (rHMGB1 + H2O2) was obtained 
by incubation the reduced HMGB1 standard (rHMGB1) with 50 μmol/l hydrogen peroxide for 1 h on ice. The immunoblotting by HMGB1 antibody 
yielded two bands of equal chemiluminescent intensity from the sample of rHMGB1 + H2O2 in comparison to a single band from rHMGB1. 
Intriguingly, the cytoplasmic extract from MSC-H cells was assayed to show a single band of HMGB1 corresponding to rHMGB1, suggesting 
cytoplasmic HMGB1 of MSC-H cells remained non-oxidized (B). HMGB1 was isolated from the cytoplasm of MSC-H cells by immunoprecipitation 
with anti-flag antibody. The purified HMGB1 contained high amount of free thiol, resembling rHMGB1 and significantly higher than the free thiol 
content of rHMGB1 + H2O2 (c). The MSC-H cytoplasm was mixed with rHMGB1 + H2O2 and rHMGB1, respectively, at 20:1 ratio of total protein. 
The HMGB1-associated protein was co-immunoprecipitated with HMGB1 antibody and analyzed by immunoblotting with anti-CTH antibody. A 
significant amount of CTH was co-immunoprecipitated from the mixture of MSC-H and rHMGB1 + H2O2. In comparison, co-immunoprecipitation 
yielded little CTH from the mixture of MSC-H and rHMGB1 (d). The CTH activity was determined by the efficiency of catalyzing α,γ-elimination 
reaction of L-cystathionine to produce α-ketobutyrate. The cytoplasm of MSC-H cells had a higher level of CTH activity than MSC-C cells. Adding 
rHMGB1 + H2O2 to MSC-H cytoplasm reduced the CTH activity, but rHMGB1 had no such effect (e). The asterisk indicated a P value < 0.05
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regulated by interaction with HMGB1 depending on 
HMGB1 redox state.

β‑Catenin was activated to increase CTH promoter activity 
in MSC‑H cells
β-catenin was assayed to determine whether CTH 
was activated by Wnt/β-catenin signaling. The 
active β-catenin was greatly increased in MSC-H 
cells although there was not obvious change of 
total β-catenin. HMGB1 knock-down inhibited the 
active isoform of β-catenin but had no effect on total 
β-catenin (Fig.  5a, Additional file  2: Fig.  5a). When 
Wnt/β-catenin signaling was blocked by 1.0  μmol/l 
XAV939, the expression of CTH was inhibited sig-
nificantly (Fig. 5b, Additional file 2: Fig. 5b). Next, the 
activity of CTH promoter was determined by luciferase 
reporter assay given that a TCF/LEF binding site 589 bp 
upstream of transcriptional start site was identified by 
bioinformatics analysis (Fig.  5c). When the pCTH-wt 

plasmid was co-transfected with pCMV-S33Y-β-
catenin into 293 T cells, the promoter activity was obvi-
ously increased. Similarly, stimulation of 293  T cells 
with 1.0  μmol/l Wnt/β-catenin agonist WAY262611 
enhanced the promoter activity of pCTH-wt, sug-
gesting that CTH promoter had a positive response 
to β-catenin activation (Fig.  5d). Then pCTH-wt was 
transfected into either MSC-H cells or MSC-C cells. 
The promoter activity was expectedly increased in the 
MSC-H cells where active β-catenin was accumulated 
(Fig. 5e). Furthermore, when MSC-H cells were treated 
with Wnt/β-catenin inhibitor XAV939, the promoter 
activity of pCTH-wt diminished in a dose-dependent 
manner (Fig.  5f ). Finally, the site-specific mutation or 
upstream truncation of the putative Tcf/Lef binding 
site markedly abrogated the β-catenin induced CTH 
promoter activation in MSC-H cells (Fig.  5g). Taken 
together, our findings suggested the CTH promoter 

Fig. 5  Regulation of γ-cystathionase (CTH) transcriptional activity by Wnt/β-catenin signaling. The active isoform of β-catenin was increased in 
MSC-H cells although total β-catenin level was not changed. HMGB1 knock-down reduced active β-catenin without effect on total β-catenin 
expression as shown in siH2 and siH3 cells (a). Inhibition of Wnt/catenin signaling by 1.0 μmol/l XAV939 suppressed the CTH expression in MSC-H 
cells (b). A conserved TCF/LEF binding sequence 589 bp upstream of transcriptional start site was identified on CTH promoter by bioinformatics 
analysis. The wild-type CTH promoter was cloned into luciferase reporter plasmid (pCTH-wt). To validate the effect TCF/LEF binding element on 
promoter activity, the plasmids of pCTH-mut and pCTH-tru were constructed by introducing site-specific mutation and upstream truncation of the 
putative TCF/LEF binding site into CTH promoter, respectively (c). In dual luciferase assay, the relative luciferase activity of pCTH-wt was significantly 
increased by co-transfection of pCMV-S33Y-β-catenin into 293 T cells when compared to the mock plasmid. Moreover, stimulation of 293 T cells 
with 1.0 μmol/l WAY262611 also enhanced the luciferase activity of pCTH-wt (d). The luciferase activity of pCTH-wt was significantly higher in 
MSC-H cells than MSC-C cells (e). XAV939 reduced the luciferase activity of pCTH-wt in MSC-H cells in a dose-dependent manner (f). The pCTH-wt 
plasmid had significantly higher luciferase activity in MSC-H cells than pCTH-mut and pCTH-tru (g). The asterisk indicated a P value < 0.05
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activity was positively regulated by Wnt/β-catenin sign-
aling in MSC-H cells.

β‑catenin was activated by cAMP/PKA signaling in MSC‑H 
cells
Microarray analysis revealed that cAMP signaling was 
the key pathway modulated by HMGB1 in MSC-H cells 
(Fig.  1). The cAMP-dependent PKA was ubiquitous in 
mammalian cells and mediated biological processes 
by phosphorylation and activation of target proteins. 
Therefore, we assumed that β-catenin was activated by 
cAMP/PKA signaling in MSC-H cells. Firstly, intracellu-
lar cAMP level was assayed, demonstrating a significant 

increase in MSC-H cells when compared to MSC-C cells 
(Fig.  6a). HMGB1 knock-down remarkably decreased 
intracellular cAMP level. Similarly, the catalytic activity 
of PKA was promoted in MSC-H cells but abrogated by 
HMGB1 knock-down (Fig. 6b). In immunoblotting assay, 
PKA catalytic subunit was highly expressed in MSC-H 
cells, being positively correlated with high expression 
of pSer675 β-catenin which was intracellularly stable 
and transcriptionally active. Moreover, phosphorylation 
of glycogen synthase kinase 3β (GSK3β) was increased 
in MSC-H cells. HMGB1 knock-down inhibited the 
expression of PKA catalytic subunit, pSer675 β-catenin, 
and phosphorylated GSK3β (Fig.  6c, Additional file  2: 

Fig. 6  β-catenin activation by cAMP/PPKA signaling in MSC-H cells. Intracellular cAMP level was significantly higher in MSC-H cells than MSC-C 
cells. HMGB1 knock-down reduced intracellular cAMP as shown in siH2 and siH3 cells (a). In accordance, PKA activity was increased in MSC-H 
cells but inhibited by HMGB1 knock-down (b). The Ser675 of β-catenin and the Ser9 of GSK3β were increasingly phosphorylated, which was 
associated with high expression of PKA catalytic subunit in MSC-H cells. HMGB1 knock-down inhibited the expression of PKA catalytic subunit and 
phosphorylation of β-catenin and GSK3β. c Blockage of PKA by 10 μmol/l H89 inhibited phosphorylation of β-catenin at Ser657 and GSK3β at Ser9 
in MSC-H cells (d). The asterisk indicated a P value < 0.05
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Fig.  6c). Finally, upregulation of pSer675 β-catenin and 
phosphorylated GSK3β in MSC-H cells was inhibited 
by PKA inhibitor H89 (Fig. 6d, Additional file 2: Fig. 6d). 
Altogether, the cAMP/PKA signaling was activated and 
responsible for β-catenin activation in MSC-H cells.

Discussion
The MSCs inherently migrate to chemotactic signals 
from injured tissue, which is as important as their capac-
ity for self-renewal and differentiation, enabling them to 
mediate tissue repair and regeneration. Although the cell 
migration has been revealed to depend on the expression 
of chemotaxis factors like CXCR4 and CXCR7, the reg-
ulation of migratory response is ultimately governed by 
transmission of intercellular signals. Calcium is a ubiq-
uitous intracellular messenger in many eukaryotic signal 
transduction cascades and has specific roles in regula-
tion of cell excitability [17], exocytosis [18], motility [19], 
and apoptosis [20]. Stem cell migration is one of the key 
physiological processes regulated by intracellular cal-
cium signal. The calcium signal induced by extracellular 
ATP stimulated MSC migration [16], and extremely low 
frequency electromagnetic fields promoted MSC migra-
tion by increasing intracellular calcium [21]. The actin-
myosin cytoskeleton was regarded as the key regulatory 
target of intracellular calcium [22–24]. Non-muscle myo-
sin II promoted MSC migration by inhibiting synthe-
sis of extracellular matrix and adhesion molecules and 
driving cytoskeletal polarization [25, 26]. Reduction of 
free calcium in the cytosol and endoplasmic reticulum 
by silencing mitochondria calcium uniporter compro-
mised cell migration by stiffening actin cytoskeleton, los-
ing cell polarization, and impairing the dynamics of focal 
adhesion proteins [27]. During chemotactic migration, 
actin depolymerization inhibited protrusions of MSCs, 
highlighting the importance of actin assembly on effi-
cient homing to target tissue [28]. Besides, intracellular 
calcium was discovered to steer cell migration by form-
ing high-calcium microdomains, namely calcium flicker, 
in response to membrane tension and chemoattract-
ant signal transduction [29]. The intermediate/big-con-
ductance potassium channels mediated by intercellular 
calcium were suggested to orchestrate MSC migration 
as well as self-renewal and differentiation [21]. In our 
study, microarray analysis revealed that calcium signal-
ing was activated in MSC-H cells (Fig.  1b), and the fol-
low-up cell experiment confirmed that MSC-H cells had 
a higher intracellular level of free calcium than MSC-C 
cells (Fig.  2a). In accordance, the cell migration was 
increased in MSC-H cells (Fig. 2b). Intracellular calcium 
homeostasis is maintained through the functional inter-
play of calcium transport channel, calcium buffers, and 
sensors, and calcium transport channels play a pivotal 

role in calcium dynamics and signal transduction [30]. 
Cav3.2 T-type calcium channel was identified to upreg-
ulate in MSC-H cells. Cav3.2 T-type calcium channel is 
a T-type member of the α1 subunit family and a protein 
in the voltage-dependent calcium channel complex. The 
α-1 subunit has 24 transmembrane segments forming 
the pores for calcium influx and is the core structure of 
T-type calcium channels. Aberrant activation of Cav3.2 
T-type calcium channel was associated with epilepsy [31], 
neuropathic pain [32], and tumor progression [33]. Here, 
we showed that blockage of Cav3.2 T-type calcium chan-
nel by ABT-639 abrogated intracellular calcium increases 
and cell migration in MSC-H cells. Moreover, HMGB1 
knock-down significantly decreased intracellular level of 
free calcium and Cav3.2 T-type calcium channel, sug-
gesting HMGB1 stimulated Cav3.2 T-type calcium chan-
nel to induce calcium influx and MSC-H cell migration.

However, the obvious changes of intracellular calcium 
could not be fully explained by 1.5-fold increase of CAC-
NA1H expression in MSC-H cells. Therefore, we pro-
posed that the activity of Cav3.2 T-type calcium channel 
would be increased in MSC-H cells by endogenous mod-
ulators such as H2S. The gas has a myriad of biological 
signaling functions and is produced in small amounts 
from cysteine by the enzymes CBS and CTH in eukary-
otic cells. During cyclophosphamide-induced nocicep-
tor excitation in urothelial cells, CTH/H2S signaling was 
activated to stimulate Cav3.2 T-type calcium channel 
by HMGB1 which was released from macrophages and 
bound to receptor for advanced glycation end-products 
[32]. Our investigation revealed that CTH but not CBS 
was remarkably increased in MSC-H cells, which was 
correlated with a significant increase of extracellular and 
intracellular H2S level (Fig.  3a, b). Moreover, inhibition 
of CTH by specific antagonist PAG blocked H2S produc-
tion and intracellular calcium increase in MSC-H cells 
(Fig.  3a, b, d). HMGB1 knock-down suppressed CTH 
expression and subsequent H2S synthesis in MSC-H cells 
(Fig. 3a–c). Our findings supported that HMGB1 stimu-
lated Cav3.2 T-type calcium channel-mediated calcium 
influx via CTH/H2S signaling.

A recent study identified CTH as HMGB1-associated 
protein during the hepatocellular response to ischemia 
reperfusion injury [12]. Thus, we assumed that HMGB1 
might modulate CTH activity via binding to CTH. How-
ever, the co-immunoprecipitation plus immunoblotting 
yielded no obvious CTH being immunoprecipitated with 
HMGB1 antibody from MSC-H cell lysates (Fig.  4a). 
Since the interaction of CTH and HMGB1 was previously 
discovered under ischemia reperfusion injury pathologi-
cally characterized by strong oxidative stress, our find-
ings opposing to the existing literature were presumably 
due to thiol redox transition of HMGB1 under different 



Page 13 of 15Wu et al. Stem Cell Research & Therapy            (2022) 13:4 	

redox conditions. Therefore, redox state of HMGB1 was 
analyzed in MSC-H cells, and the standard with and 
without hydrogen peroxide pretreatment served as oxi-
dized and non-oxidized HMGB1 control, respectively. In 
the immunoblotting, cytoplasmic protein from MSC-H 
cells showed a single band corresponding to rHMGB1 
(Fig. 4b). Furthermore, the free thiol content of HMGB1 
in MSC-H cells was equivalent to rHMGB1 (Fig.  4c). 
After adding rHMGB1 + H2O2 to the MSC-H cytoplas-
mic extract, a significant amount of CTH was precipi-
tated with HMGB1 antibody which was correlated with 
inhibition of CTH activity (Fig.  4d, e). Thus, CTH spe-
cifically interacted with oxidized HMGB1, and HMGB1 
produced from MSC-H cells remained non-oxidized ren-
dering no reaction with CTH.

To further elucidate the mechanisms that underlay the 
activation of CTH in MSC-H cells, CTH promoter was 
analyzed by bioinformatics to search putative binding site 
of transcriptional factors. A conserved TCF/LEF bind-
ing site was identified in CTH promoter and located at 
583–589 bp upstream of transcription start site (Fig. 5c). 
The luciferase reporter assay confirmed that CTH 

promoter had positive response to β-catenin (Fig.  5d). 
In canonical Wnt/β-catenin signaling, plenty of active 
β-catenin proteins translocate into the nucleus and bind 
to members of the TCF/LEF family of transcription fac-
tors to mediate the transcriptional response. Therefore, 
Wnt/β-catenin signaling was postulated to regulate CTH 
transcriptional activity in MSC-H cells. Although the 
total amount of β-catenin was not changed, a substantial 
increase of active β-catenin was discovered and correlated 
with the enhanced activity of CTH promoter in MSC-H 
cells (Fig.  5a, e). HMGB1 knock-down reduced active 
β-catenin in MSC-H cells (Fig.  5a). Moreover, blockage 
of Wnt/β-catenin signaling by XAV939 significantly sup-
pressed CTH promoter activity and protein expression in 
MSC-H cells (Fig.  5b, f ), suggesting that Wnt/β-catenin 
signaling mediated HMGB1-induced CTH transcriptional 
activation. The follow-up luciferase reporter assay showed 
that the integrity of TCF/LEF binding site was needed for 
CTH promoter activity. Site-specific mutation of the TCF/
LEF binding site abrogated the activity of CTH promoter 
(Fig.  5g). The TCF/LEF binding site was located at the 
upstream of key regulatory elements of CTH promoter. 

Fig. 7  Illustration of mechanisms that HMGB1 modification improves the mobility of mesenchymal stem cells. HMGB1 activates cAMP/PKA to 
stabilize β-catenin by phosphorylation of GSK3β and β-catenin at Ser675, enabling β-catenin to accumulate intracellularly and translocate into 
the nucleus. The CTH promoter is thereafter activated by interaction of β-catenin with TCF/LEF, stimulating gene transcription. Cytoplasmic CTH 
catalyzes endogenous production of hydrogen sulfide from organic sulfide substrates like cystathionine. The Cav 3.2 T-type calcium channel 
is activated by hydrogen sulfide to drive extracellular calcium influx, and calcium signaling pathway is subsequently activated to promote cell 
mobility. Besides, HMGB1 presumably interacts with CTH to inhibit the catalysis of hydrogen sulfide production when it is oxidized by oxidative 
stress
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Therefore, upstream truncation of the TCF/LEF binding 
site yielded the similar result as the site mutation (Fig. 5g).

Finally, the association of PKA and Wnt/β-catenin sign-
aling was investigated, given that microarray revealed that 
cAMP signaling was the most enriched pathways in MSC-H 
cells. PKA is the main intracellular target for cAMP, and 
when sensing high cAMP levels, converts from the inac-
tive tetrameric holoenzyme to the active dissociated cata-
lytic subunit. The follow-up cell experiment revealed that 
intracellular cAMP level was increased along with the 
upregulation of PKA catalytic activity in MSC-H cells. 
HMGB1 knock-down reduced the cAMP level as well as 
PKA activity (Fig.  6a, b). Active PKA regulates the down-
stream signaling cascades by phosphorylation of specific 
serine and threonine residues on target proteins. Wnt/β-
catenin signaling was reported to be upregulated by PKA 
through two pathways: phosphorylation of GSK3β [34] and 
β-catenin at Ser675 [35]. GSK3β is the crucial component 
of β-catenin destruction complex in the cytoplasm, target-
ing β-catenin for ubiquitin-mediated degradation. Phos-
phorylation of GSK3β dissociates the β-catenin destruction 
complex, resulting in stabilization of cytoplasmic β-catenin 
to promote Wnt/β-catenin-mediated transcriptional activ-
ity. Moreover, the stability of β-catenin is substantially 
improved by phosphorylation of β-catenin at Ser675. The 
two distinct pathways are not mutually exclusive but often 
work together to promote Wnt/β-catenin signaling [36]. 
Our study revealed that both phosphorylated GSK3β and 
phospho-Ser675 β-catenin were increased in MSC-H 
cells, which was suppressed by PKA specific inhibitor H89 
(Figs.  5a, 6c, d). Therefore, Wnt/β-catenin signaling was 
activated by cAMP/PKA in MSC-H cells.

It might be argued that cAMP/PKA stimulated Cav3.2 
T-type calcium channel by phosphorylation of Ser1107 in 
the II-III loop of the channel protein [37]. This was not con-
trary to our findings but provided further evidence for PKA-
dependent activation of downstream Cav3.2 T-type calcium 
channel. Limitation of the study included lack of evidence 
from in vivo experiments, and the reason why HMGB1 trig-
gered cAMP signaling need additional investigation.

Conclusion
Our study revealed that modification of MSCs with 
HMGB1 promoted cAMP/PKA mediated β-catenin stabi-
lization and nuclear translocation, which in turn increased 
the transcription of γ-cystathionase, subsequent H2S syn-
thesis and calcium influx mediated by Cav3.2 T-type cal-
cium channel (Fig. 7). The regulatory importance of this 
signaling pathway was highlighted in the cellular mobility 
of MSC-H cell line.

Abbreviations
β-catenin-S33Y: β-Catenin mutant with Ser 33 replaced by Tyr 33; cAMP: Cyclic 
adenosine monophosphate; CBS: Cystathionine β synthase; CTH: γ-Cystathionase, 
cystathionine γ lyase; DAPI: 4′,6-Diamidino-2-phenylindole; DMEM: Dulbecco’s 
modified Eagle’s medium; GSK3β: Glycogen synthase kinase 3β; GO: Gene 
ontology; HMGB1: High mobility group box 1; HMGB1 Ab: HMGB1 antibody; IP: 
Immunoprecipitation; H2S: Hydrogen sulfide; H2O2: Hydrogen peroxide; KEGG: 
Kyoto Encyclopedia of Genes and Genomes; MSC: Mesenchymal stem cell; MSC-C: 
Mesenchymal stem cells transfected with empty vector; MSC-H: HMGB1 modified 
mesenchymal stem cell; PAG: DL-propargylglycine; PKA: Protein kinase A; pCTH-wt: 
Luciferase reporter vector carrying wild-type CTH promoter; pCTH-mut: Luciferase 
reporter vector carrying CTH promoter with mutated TCF/LEF binding site; μM: 
μmol/l; mM: mmol/l; pCTH-tru: Luciferase reporter vector carrying truncated CTH 
promoter; pSer675 β catenin: Ser 675-phosphorylated β catenin, β catenin phos-
phorylated at Ser 675; rHMGB1: Reduced HMGB1; siC: Vehicle control plasmid; siH: 
Plasmid carrying shRNA targeting HMGB1.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​
10.​1186/​s13287-​021-​02677-z.

Additional file 1: Microarray data.

Additional file 2: Western blot images.

Acknowledgements
This study was made possible by grants from National Natural Science Foundation 
of China (81400306, 82001141), 789 Outstanding Talent Program of SAHNMU 
(789ZYRC202070210), Project of Invigorating Health Care through Science, Tech-
nology and Education of Jiangsu Province Medical Youth Talent (QNRC2016671), 
Natural Science Foundation of Jiangsu Province (BK20201084).

Authors’ contributions
W.H., X.X., and S.M. carried out cell experiment studies and drafted the manuscript. 
C.M. and T.X. carried out bioinformatics analysis and statistical analysis. W.W. and 
Y.M. participated in the study design and gave a major revision to the manuscript. 
F.X. and M.X. conceived of the study and participated in the study design and 
coordination. All authors read and approved the final manuscript.

Funding
National Natural Science Foundation of China (81400306, 82001141), 789 Out-
standing Talent Program of SAHNMU (789ZYRC202070210), Project of Invigorating 
Health Care through Science, Technology and Education of Jiangsu Province 
Medical Youth Talent (QNRC2016671), Natural Science Foundation of Jiangsu 
Province (BK20201084). The authors take full responsibility for the study work, 
including design of the study and collection, analysis, and interpretation of data, 
and manuscript writing. The content is solely the responsibility of the authors and 
does not represent the official views of grant providers.

Availability of data and materials
The datasets generated and/or analyzed during the current study are available 
upon request to the corresponding authors.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of General Surgery, The Second Affiliated Hospital of Nanjing Medical 
University, Nanjing, China. 2 Department of Gastroenterology, Nanjing Univer-
sity Medical School Affiliated Nanjing Drum Tower Hospital, Nanjing, China. 

https://doi.org/10.1186/s13287-021-02677-z
https://doi.org/10.1186/s13287-021-02677-z


Page 15 of 15Wu et al. Stem Cell Research & Therapy            (2022) 13:4 	

•
 
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 •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

3 Department of Vascular Surgery, Affiliated Hangzhou First People’s Hospital, Zheji-
ang University School of Medicine, Hangzhou, China. 4 Department of Anesthesiol-
ogy and Perioperative Medicine, The First Affiliated Hospital of Nanjing Medical 
University, Nanjing, China. 

Received: 10 October 2021   Accepted: 10 December 2021

References
	1.	 Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG. Mesenchymal stem cell migration 

and tissue repair. Cells. 2019;8(8):784.
	2.	 Gu W, Hong X, Potter C, Qu A, Xu Q. Mesenchymal stem cells and vascular 

regeneration. Microcirculation (New York, NY: 1994). 2017;24(1):e12324.
	3.	 Regmi S, Pathak S, Kim JO, Yong CS, Jeong JH. Mesenchymal stem cell 

therapy for the treatment of inflammatory diseases: challenges, opportuni-
ties, and future perspectives. Eur J Cell Biol. 2019;98(5–8):151041.

	4.	 Ridge SM, Sullivan FJ, Glynn SA. Mesenchymal stem cells: key players in 
cancer progression. Mol Cancer. 2017;16(1):31.

	5.	 Meng X, Chen M, Su W, Tao X, Sun M, Zou X, Ying R, Wei W, Wang B. The 
differentiation of mesenchymal stem cells to vascular cells regulated by the 
HMGB1/RAGE axis: its application in cell therapy for transplant arteriosclero-
sis. Stem Cell Res Ther. 2018;9(1):85.

	6.	 Tao X, Sun M, Chen M, Ying R, Su W, Zhang J, Xie X, Wei W, Meng X. HMGB1-
modified mesenchymal stem cells attenuate radiation-induced vascular 
injury possibly via their high motility and facilitation of endothelial differentia-
tion. Stem Cell Res Ther. 2019;10(1):92.

	7.	 Cai J, Wen J, Bauer E, Zhong H, Yuan H, Chen AF. The role of HMGB1 in cardio-
vascular biology: danger signals. Antioxid Redox Signal. 2015;23(17):1351–69.

	8.	 Lee G, Espirito Santo AI, Zwingenberger S, Cai L, Vogl T, Feldmann M, 
Horwood NJ, Chan JK, Nanchahal J. Fully reduced HMGB1 accelerates the 
regeneration of multiple tissues by transitioning stem cells to G(Alert). Proc 
Natl Acad Sci USA. 2018;115(19):E4463-e4472.

	9.	 Rabadi MM, Kuo M-C, Ghaly T, Rabadi SM, Weber M, Goligorsky MS, Ratliff BB. 
Interaction between uric acid and HMGB1 translocation and release from 
endothelial cells. Am J Physiol Renal Physiol. 2012;302(6):F730–41.

	10.	 Matsuo Y, Greenberg DM. A crystalline enzyme that cleaves homoserine and 
cystathionine. I. Isolation procedure and some physicochemical properties. J 
Biol Chem. 1958;230(2):545–60.

	11.	 Czubak J, Wróbel M, Jurkowska H. Cystathionine γ-lyase (EC 4.4.1.1): an enzy-
matic assay of α-ketobutyrate using lactate dehydrogenase. Acta Biol Crac 
Ser Zool. 2002;44:113–7.

	12.	 Zhang T, Wei W, Dirsch O, Krüger T, Kan C, Xie C, Kniemeyer O, Fang H, Sett-
macher U, Dahmen U. Identification of proteins interacting with cytoplasmic 
high-mobility group box 1 during the hepatocellular response to ischemia 
reperfusion injury. Int J Mol Sci. 2017;18(1):167.

	13.	 Meng X, Su W, Tao X, Sun M, Ying R, Wei W, Wang B. Oxidation prevents 
HMGB1 inhibition on PDGF-induced differentiation of multipotent vascular 
stem cells to smooth muscle cells: a possible mechanism linking oxidative 
stress to atherosclerosis. Biomed Res Int. 2018;2018:4019814.

	14.	 Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW. 
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-
catenin or APC. Science (New York, NY). 1997;275(5307):1787–90.

	15.	 Toriyama M, Mizuno N, Fukami T, Iguchi T, Toriyama M, Tago K, Itoh H. Phos-
phorylation of doublecortin by protein kinase A orchestrates microtubule 
and actin dynamics to promote neuronal progenitor cell migration. J Biol 
Chem. 2012;287(16):12691–702.

	16.	 Jiang LH, Mousawi F, Yang X, Roger S. ATP-induced Ca(2+)-signalling mecha-
nisms in the regulation of mesenchymal stem cell migration. Cell Mol Life Sci 
CMLS. 2017;74(20):3697–710.

	17.	 Eisner DA, Caldwell JL, Kistamás K, Trafford AW. Calcium and excitation-
contraction coupling in the heart. Circ Res. 2017;121(2):181–95.

	18.	 García AG, García-De-Diego AM, Gandía L, Borges R, García-Sancho J. 
Calcium signaling and exocytosis in adrenal chromaffin cells. Physiol Rev. 
2006;86(4):1093–131.

	19.	 Howe AK. Cross-talk between calcium and protein kinase A in the regulation 
of cell migration. Curr Opin Cell Biol. 2011;23(5):554–61.

	20.	 Rong Y, Distelhorst CW. Bcl-2 protein family members: versatile regula-
tors of calcium signaling in cell survival and apoptosis. Annu Rev Physiol. 
2008;70:73–91.

	21.	 Zhang Y, Yan J, Xu H, Yang Y, Li W, Wu H, Liu C. Extremely low frequency elec-
tromagnetic fields promote mesenchymal stem cell migration by increasing 
intracellular Ca(2+) and activating the FAK/Rho GTPases signaling pathways 
in vitro. Stem Cell Res Ther. 2018;9(1):143.

	22.	 Eddy RJ, Pierini LM, Matsumura F, Maxfield FR. Ca2+-dependent myosin II 
activation is required for uropod retraction during neutrophil migration. J Cell 
Sci. 2000;113(Pt 7):1287–98.

	23.	 Stock C, Ludwig FT, Hanley PJ, Schwab A. Roles of ion transport in control of 
cell motility. Compr Physiol. 2013;3(1):59–119.

	24.	 Betapudi V, Rai V, Beach JR, Egelhoff T. Novel regulation and dynamics 
of myosin II activation during epidermal wound responses. Exp Cell Res. 
2010;316(6):980–91.

	25.	 Arora S, Saha S, Roy S, Das M, Jana SS, Ta M. Role of nonmuscle myosin II in 
migration of Wharton’s jelly-derived mesenchymal stem cells. Stem Cells Dev. 
2015;24(17):2065–77.

	26.	 Raab M, Swift J, Dingal PC, Shah P, Shin JW, Discher DE. Crawling from soft to 
stiff matrix polarizes the cytoskeleton and phosphoregulates myosin-II heavy 
chain. J Cell Biol. 2012;199(4):669–83.

	27.	 Prudent J, Popgeorgiev N, Gadet R, Deygas M, Rimokh R, Gillet G. Mitochon-
drial Ca(2+) uptake controls actin cytoskeleton dynamics during cell migra-
tion. Sci Rep. 2016;6:36570.

	28.	 Saxena N, Mogha P, Dash S, Majumder A, Jadhav S, Sen S. Matrix elasticity reg-
ulates mesenchymal stem cell chemotaxis. J Cell Sci. 2018;131(7):jcs211391.

	29.	 Wei C, Wang X, Chen M, Ouyang K, Song LS, Cheng H. Calcium flickers steer 
cell migration. Nature. 2009;457(7231):901–5.

	30.	 Catterall WA. Voltage-gated calcium channels. Cold Spring Harb Perspect Biol. 
2011;3(8):a003947.

	31.	 Eckle VS, Shcheglovitov A, Vitko I, Dey D, Yap CC, Winckler B, Perez-Reyes E. 
Mechanisms by which a CACNA1H mutation in epilepsy patients increases 
seizure susceptibility. J Physiol. 2014;592(4):795–809.

	32.	 Hiramoto S, Tsubota M, Yamaguchi K, Okazaki K, Sakaegi A, Toriyama Y, Tanaka 
J, Sekiguchi F, Ishikura H, Wake H, et al. Cystitis-related bladder pain involves 
ATP-dependent HMGB1 release from macrophages and its downstream H(2)
S/Ca(v)3.2 signaling in mice. Cells. 2020;9(8):1748.

	33.	 Zhang Y, Zhang J, Jiang D, Zhang D, Qian Z, Liu C, Tao J. Inhibition of T-type 
Ca2+ channels by endostatin attenuates human glioblastoma cell prolifera-
tion and migration. Br J Pharmacol. 2012;166(4):1247–60.

	34.	 Jahan S, Singh S, Srivastava A, Kumar V, Kumar D, Pandey A, Rajpurohit CS, 
Purohit AR, Khanna VK, Pant AB. PKA-GSK3β and β-catenin signaling play a 
critical role in trans-resveratrol mediated neuronal differentiation in human 
cord blood stem cells. Mol Neurobiol. 2018;55(4):2828–39.

	35.	 Viale-Bouroncle S, Klingelhöffer C, Ettl T, Reichert TE, Morsczeck C. A 
protein kinase A (PKA)/β-catenin pathway sustains the BMP2/DLX3-
induced osteogenic differentiation in dental follicle cells (DFCs). Cell Signal. 
2015;27(3):598–605.

	36.	 Wu X, Li S, Xue P, Li Y. Liraglutide inhibits the apoptosis of MC3T3-E1 cells 
induced by serum deprivation through cAMP/PKA/β-catenin and PI3K/AKT/
GSK3β signaling pathways. Mol Cells. 2018;41(3):234–43.

	37.	 Hu C, Depuy SD, Yao J, McIntire WE, Barrett PQ. Protein kinase A activity 
controls the regulation of T-type CaV3.2 channels by Gbetagamma dimers. J 
Biol Chem. 2009;284(12):7465–73.

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


	Modification of mesenchymal stem cells by HMGB1 promotes the activity of Cav3.2 T-type calcium channel via PKAβ-cateninγ-cystathionase pathway
	Abstract 
	Background: 
	Methods: 
	Result: 
	Conclusion: 

	Background
	Materials and methods
	Chemicals and reagents
	Cell culture and transfection
	RNA microarray
	Transwell migration assay
	Subcellular fractionation
	Western blot
	Calcium imaging
	H2S measurement
	γ-cystathionase (CTH) activity assay
	Co-immunoprecipitation
	Protein thiol assay
	Dual luciferase assay
	cAMP measurement
	PKA activity assay
	Statistical analysis

	Results
	Microarray analysis of differentially expressed genes after upregulation of HMGB1
	Cav3.2 T-type calcium channel was activated to enhance MSC-H cell migration
	γ-cystathionaseH2S signaling was involved in the activation of Cav3.2 T-type calcium channel in MSC-H cells
	The regulation of CTH activity by interaction with HMGB1 depended on redox state of HMGB1
	β-Catenin was activated to increase CTH promoter activity in MSC-H cells
	β-catenin was activated by cAMPPKA signaling in MSC-H cells

	Discussion
	Conclusion
	Acknowledgements
	References


