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The transcription factor HMGB2 indirectly regulates APRIL expression and 
Gd-IgA1 production in patients with IgA nephropathy
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ABSTRACT
Background:  IgA nephropathy (IgAN) is the most common primary glomerulonephritis worldwide. 
Proliferation-inducing ligand (APRIL) was identified as an important cause of glycosylation 
deficiency of IgA1 (Gd-IgA1), which can ‘trigger’ IgAN. Our previous study indicated that high 
migration group protein B2 (HMGB2) in peripheral blood mononuclear cells from patients with 
IgAN was associated with disease severity, but the underlying mechanism remains unclear.
Materials and methods:  The location of HMGB2 was identified by immunofluorescence. qRT-PCR 
and Western blotting were used to measure HMGB2, HMGA1, and APRIL expression. Gd-IgA1 
levels were detected by enzyme-linked immunosorbent assay (ELISA). In addition, we used DNA 
pull-down, protein profiling, and transcription factor prediction software to identify proteins bound 
to the promoter region of the APRIL gene. RNA interference and coimmunoprecipitation (Co-IP) 
were used to verify the relationships among HMGB2, high mobility group AT-hook protein 1 
(HMGA1), and APRIL.
Results: HMGB2 expression was greater in IgAN patients than in HCs and was positively associated 
with APRIL expression in B cells. DNA pull-down and protein profiling revealed that HMGB2 and 
HMGA1 bound to the promoter region of the APRIL gene. The expression levels of HMGA1, APRIL, 
and Gd-IgA1 were downregulated after HMGB2 knockdown. Co-IP indicated that HMGB2 binds to 
HMGA1. The Gd-IgA1 concentration in the supernatant was reduced after HMGA1 knockdown. 
HMGA1 binding sites were predicted in the promoter region of the APRIL gene.
Conclusion:  HMGB2 expression is greater in IgAN patients than in healthy controls; it promotes 
APRIL expression by interacting with HMGA1, thereby inducing Gd-IgA1 overexpression and 
leading to IgAN.

Introduction

IgA nephropathy (IgAN) is one of the most common types of 
primary glomerulonephritis worldwide, and approximately 
15–40% of patients with IgAN progress to end-stage renal 
disease (ESRD) within 20 years of disease onset [1,2]. Although 
IgAN was first reported more than half a century ago, its 
pathophysiology has remained unclear [3].

High migration group protein B2 (HMGB2) is a 
well-conserved chromatin-binding protein that is abundant 
in lymphoid tissues and the testis [4]. HMGB2 has a low 
molecular weight and consists of three domains: two 99% 
homologous HMG boxes (A and B) and a C-terminal acidic 
‘tail’ domain [5]. HMGB2 is a nuclear factor that modifies, 
bends, and changes the structure of chromatin via direct 

DNA binding or in coordination with other transcription fac-
tors, thereby regulating the transcription of several cytokines. 
We previously identified an association between HMGB2 and 
the severity of IgAN [6].

A genome-wide association study of IgAN in China 
revealed that TNFSF13, a gene encoding APRIL, is involved in 
the pathogenesis of IgAN [7]. APRIL is a member of the tumor 
necrosis factor superfamily and binds to transmembrane acti-
vator and CAML interactor (TACI)/B-cell maturation antigen 
(BCMA) receptors on the B-cell membrane, promoting B-cell 
survival, proliferation, and IgA production. The serum IgA 
concentration is selectively reduced in APRIL-knockout mice, 
suggesting that APRIL is the key inducer of IgA production 
[8]. B-cell activating factor (BAFF) is encoded by the TNFSF13B 
gene; it is another member of the tumor necrosis factor 
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superfamily with high structural and functional homology to 
APRIL, and it significantly increases circulating IgA levels. 
BAFF transgenic mice exhibited IgA deposition in the renal 
mesangial region with several manifestations of IgAN, includ-
ing hematuria and proteinuria. These findings validate the 
important role of APRIL in the pathogenesis of IgAN and 
abnormal glycosylation [9].

Our previous study [10] revealed significantly increased 
levels of APRIL in the peripheral blood of patients with IgAN, 
which was closely associated with renal function. APRIL tran-
script levels were also increased in peripheral blood B cells. 
APRIL promotes Gd-IgA1 production by binding to its recep-
tor [9]. An ongoing phase II randomized double-blind con-
trolled trial is investigating the effect of an APRIL receptor 
blocker (atacicept) in the treatment of IgAN (ClinicalTrials.gov 
Identifier: NCT02808429). The association between APRIL and 
Gd-IgA1 production has been widely established in IgAN; 
however, the upstream regulators of APRIL and Gd-IgA1 
remain unclear. Thus, we explored the role of HMGB2 as a 
transcriptional regulator of APRIL in this study.

Materials and methods

Study population

Peripheral blood was collected from twenty patients with pri-
mary IgAN and twenty healthy controls to extract CD19+ B 
cells for multiplex IHC and DNA pull-down assays using an 
immunomagnetic bead method at The First Affiliated Hospital 
of Zhengzhou University between 1 February 2021, and 30 
April 2021. Seventeen patients with primary IgAN were 
recruited between 1 May 2021, and 1 October 2021. The diag-
nosis of IgAN was confirmed by immunofluorescence detec-
tion as granular deposition of IgA in the glomerular mesangium. 
The exclusion criteria were as follows: (a) Henoch-Schonlein 
purpura syndrome, systemic lupus erythematosus, or chronic 
hepatic disease; (b) use of corticosteroids or immunosuppres-
sants; and (c) suspected IgAN secondary to other diseases. Six 
age- and sex-matched healthy controls were recruited during 
the same period. Peripheral blood (15 mL) was obtained on 
the morning of renal biopsy (patients) and the day of recruit-
ment (controls). RNA was extracted from CD19+ B cells from 
seven patients with severe IgAN and six healthy controls, and 
plasma samples were divided into aliquots and stored at 
−80 °C. The baseline characteristics of IgAN Patients and 
healthy controls are shown in Supplementary Table 1.

The Medical Ethics Committee of The First Affiliated 
Hospital of Zhengzhou University approved the study proto-
col and informed written consent was obtained from all par-
ticipants (approval number 2019-KY-016). All participants 
provided written informed consent.

CD19+ B cells extracted by the immunomagnetic bead 
method and immunofluorescence detection

Peripheral blood mononuclear cells were prepared by density 
gradient centrifugation with Ficoll-Paque Plus (GE, United States). 

CD19+ B lymphocytes were extracted using immunomagnetic 
beads labeled with an anti-human CD19+ antibody (Miltenyi, 
Germany) according to the manufacturer’s instructions. 
Immunofluorescence detection was performed to confirm the 
location of HMGB2 in CD19+ B lymphocytes (CD19 and HMGB2 
antibodies: Abcam, UK).

RNA extraction and cDNA synthesis

RNA was extracted from CD19+ B lymphocytes using TRIzol 
reagent (Invitrogen, USA). The mRNA concentration was mea-
sured by a Nanodrop (Thermo, USA), and cDNA was synthe-
sized using a commercial kit from Whole Gold Biotechnology 
in a 20 μL reaction. The cDNA was stored at −20 °C.

RT–PCR

The expression of HMGB2 and APRIL was measured by semi-
quantitative reverse transcription-PCR using AceQ qPCR SYBR 
Green Master Mix (Takara, Japan) on an Applied Biosystems 
7,500 Real-Time PCR system (the primers were designed with 
Primer 6 and Oligo 7, Table 1). GAPDH was used for normal-
ization, and the results were calculated using the 2−ΔΔct 
method and subjected to statistical analysis. The primer effi-
ciency was determined by a standard curve, and all primer 
sets used were not less than 90% efficient. The r-square 
value of the regression line had to be no less than 0.98.

ELISA

Plasma Gd-IgA1 levels were detected with a commercial 
enzyme-linked immunosorbent assay (ELISA) kit according to 
the manufacturer’s specifications (IBL, Japan).

Cell culture and RNA interference experiments

The DAKIKI cell line was purchased from ATCC (Manassas, 
USA) and cultured in RPMI 1640 medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS) (Gibco, USA) 
and 1% penicillin-streptomycin (Shanghai, China). The cells 
were incubated in a humidified environment with 95% atmo-
spheric air and 5% CO2. DAKIKI cells were added to 12-well 
plates at 1 × 106 cells/well in four groups: si-NC, HMGB2-siRNA1, 
HMGB2-siRNA2, and HMGA1-siRNA (RiboBio, China). HMGA1 
and HMGB2 knockdown was carried out using riboFECTTMCP 
Reagent transfection reagent obtained from RiboBio (China) 

Table 1. The primer sequences used in this study.

Target iD Sequence

HMGB2 F GTGGCCTaGCTCGTCaaGTT
R GCGTaCGaGGaCaTTTTGCC

aPRil F CTaCTCTGGTGCCTTCaaGTGTCTG
R CTGGCTTCCGaGTGTTGTCTGG

GaPDH F aaGGTGaaGGTCGGaGTCa
R GCaaGaTGGTGaTGGGaTTT

The efficiency of the HMGB2/aPRil/GaPDH primers was 99.46%/99.53% 
/99.84%, and the R-square values of the regression lines of HMGB2/aPRil/
GaPDH were 0.99/0.96/0.98.

https://doi.org/10.1080/0886022X.2024.2338931
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(siRNA/transfection reagent =100 nM). The supernatant was 
collected for ELISA detection of Gd-IgA1, and the cells were 
collected for protein and RNA extraction.

Western blot

HMGB2 and β-actin were quantified by Western blotting. 
Briefly, DAKIKI cells were collected and lysed, after which the 
proteins were extracted. Protein samples were separated 
using sodium dodecyl sulfate–polyacrylamide gel electropho-
resis for 50 min and transferred to polyvinylidene difluoride 
membranes for 3 h. Bands were excised according to the 
molecular weight of the target protein and blocked (5% BSA) 
for 2 h at room temperature. Primary antibodies diluted with 
blocking solution were added and incubated overnight at 
4 °C or room temperature for 2 h. The samples were washed 
three times with TBST (10 min), incubated with secondary 
antibodies (HMGA1: Abcam, England; HMGB2: Abcam, 
England; β-actin: Servicebio, China) for 1 h at room tempera-
ture, and then washed three times at room temperature 
(10 min). The membrane was immersed in a chemilumines-
cent substrate (Solarbio, China) for 2 min and visualized in a 
Bio-Rad gel imaging system (USA).

DNA pull-down and protein mass spectrometry

Briefly, nuclear protein was extracted according to the 
instructions of the nuclear protein extraction kit 
(ThermoFisher, USA). The nuclear protein supernatant was 
transferred to a tube, and an equal amount of DNA probe 
was added. The biotin-labeled and unbiotin-labeled groups 
were labeled, and the biotin-methylated probes were mixed 
and incubated for 6–8 h at 4 °C. The next day, streptavidin 
magnetic beads (Fitgene, China) were prepared, added to 
the protein solution, mixed at 4 °C and incubated for 2 h. 
Then, the magnetic beads were placed in a magnetic sep-
arator, and after removing the liquid, 1 mL of RIP wash buf-
fer was added. After 30 cycles of manual mixing, the beads 
were placed in the magnetic separator, and the liquid was 
removed. The above steps were repeated twice. After remov-
ing the supernatant, biotin eluate was added, and the mix-
ture was eluted at room temperature for 15 min. Then, the 
mixture was placed in a magnetic separator, and the DNA 
was removed. The target products were identified by aga-
rose electrophoresis and SDS–PAGE. The primers used for 
amplification of the TNFSF13 promoter are shown in 
Supplementary Table 2. The products were eluted and ana-
lyzed by protein mass spectrometry for identification (pro-
tein mass spectrometry was performed and analyzed by 
Shandong Weizhen Biosciences, Inc.).

Database retrieval

The raw mass spectra were processed and transformed by 
MM File Conversion software to obtain MGF files, which were 
subsequently searched against the UniProt database with 
MASCOT (http://www.matrixscience.com/).

Co-IP

For coimmunoprecipitation (Co-IP) experiments, cells were 
collected with a cell scraper and added to RIPA cell lysate 
containing protease inhibitors according to the instructions 
of the assay kit. After 20 min of lysis, the cells were centri-
fuged at 13,000 × g for 10 min at 4 °C. The supernatant was 
incubated overnight at 4 °C with anti-Flag magnetic beads 
(Beyotime, Shanghai, China). The beads were washed three 
times with the inhibitor-containing lysate, and the immune 
complexes were eluted by SDS–PAGE loading buffer and ver-
ified by Western blot analysis.

Transcription factor-binding site prediction

The binding site in the TNFSF13 promoter region was pre-
dicted using online transcription factor prediction software 
(http://consite.genereg.net/).

Statistical analysis

Statistical analyses were performed using SPSS 26.0. 
Continuous variables were compared using independent sam-
ple t-tests and Pearson’s correlations if necessary. Normally 
distributed data are expressed as the mean ± standard devia-
tion. Other data were analyzed using the Mann–Whitney U 
test and Spearman’s correlation test and are expressed as 
medians (first quartile and third quartile). For comparisons 
among three or more groups, one-way analysis of variance 
(ANOVA) was used to identify significant differences between 
groups. A p value <0.05 was considered to indicate statistical 
significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The 
mapping was performed using GraphPad Prism software.

Results

Localization of HMGB2 in CD19+ B lymphocytes

In our previous study, HMGB2 was found to be involved in 
IgAN and associated with the severity of the disease [6]. 
Therefore, additional studies are needed to determine the 
role of B cells in the pathogenesis of IgAN. We detected dif-
ferences in HMGB2 expression between patients and healthy 
controls, but the regulatory mechanism involved remains 
unclear, and additional exploration was performed in this 
study (Supplementary Figure 2). Previous studies have shown 
that HMGB2 can be expressed both in the nucleus and cyto-
plasm [11,12]. We used CD19+ B cells extracted by immuno-
magnetic beads for immunofluorescence and found that 
HMGB2 is expressed in the nucleus and cytoplasm of periph-
eral B cells in both patients and healthy controls (Figure 1).

HMGB2 expression was elevated in B cells and was 
positively associated with APRIL

HMGB2 expression was significantly greater in the B cells of 
patients with IgAN than in those of healthy controls (IgAN 
vs. HC: 3.40 ± 2.58 vs. 0.94 ± 1.01, p = 0.021; Figure 2(a)). 

https://doi.org/10.1080/0886022X.2024.2338931
http://www.matrixscience.com/
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Given that APRIL promotes Gd-IgA1 production, we ana-
lyzed the correlation between HMGB2 and APRIL in B cells 
and found a significant positive correlation between them 
in patients with IgAN (r = 0.517, p = 0.034; Figure 2(b)).

APRIL and Gd-IgA1 expression decreased after HMGB2 
siRNA knockdown

The human immortalized B-cell line DAKIKI was cultured 
and transfected with HMGB2 siRNA. The protein expression 

levels of HMGB2 were determined by Western blotting 
(Figure 3(a,b)). The expression of Gd-IgA1 in cell culture 
supernatants was determined by ELISA, and the relation-
ships among HMGB2, APRIL, and Gd-IgA1 were also 
assessed. We found that, compared with those in the NC 
group, the mRNA levels of HMGB2 were significantly lower 
after DAKIKI cells were treated with siRNA (NC vs. siRNA1: 
1 ± 0 vs. 0.40 ± 0.13, p < 0.001; NC vs. siRNA2: 1 ± 0 vs. 
0.32 ± 0.10, p < 0.001; Figure 3(c)). APRIL expression was also 
significantly reduced compared with that in the NC group 

Figure 1. The location of HMGB2 in CD19+ B lymphocytes. Ficoll-Paque Plus density gradient centrifugation was used to produce peripheral blood mono-
nuclear cells. immunomagnetic beads tagged with an anti-human CD19+ antibody were used to extract CD19+ B cells. Representative image of B lym-
phocytes stained by multiplex iHC. Scale bar, 1000 μm. DaPi (blue), CD19+ (red), HMGB2 (green).

Figure 2. The expression level of HMGB2 in igan patients and the correlation between HMGB2 and aPRil in CD19+ B lymphocytes. (a) Peripheral blood 
was drawn from normal controls (n = 6) and igan patients (n = 17), and B cells were isolated for Rna extraction. qRT-PCR was used to detect the expression 
level of HMGB2. p = 0.021. (b) The expression levels of HMGB2 and aPRil were measured by qRT–PCR. Spearman’s correlation test was used to analyze the 
correlation between HMGB2 and aPRil. R = 0.517, p = 0.034.
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(NC vs. siRNA1: 1 ± 0 vs. 0.50 ± 0.07, p < 0.001; NC vs. siRNA2: 
1 ± 0 vs. 0.51 ± 0.07, p < 0.001; Figure 3(d)). ELISA revealed 
that Gd-IgA1 levels also decreased significantly after HMGB2 
knockdown (NC vs. siRNA1: 4.07 ± 0.71 vs. 1.20 ± 0.42 ng/mL, 
p = 0.001; NC vs. siRNA2: 4.07 ± 0.71 vs. 1.57 ± 0.40 ng/mL, 
p = 0.001; Figure 3(e)).

The TNFSF13 promoter-binding protein was identified 
using a DNA pull-down assay and mass spectrometry

We used DNA pull-down and mass spectrometry to iden-
tify proteins that bind to the APRIL-encoding gene TNFSF13 

(Supplementary Figure 1 and Supplementary Table 3). 
CD19+ B cells were extracted from 10 patients with IgAN 
not treated with hormones or immunosuppressants via 
immunomagnetic beads. The target fragments were 
obtained by probe agarose gel electrophoresis and gel 
extraction. The observed fragment size of the PCR product 
was similar to that of the target fragment on a 1% aga-
rose gel (Figure 4(a)). After nucleoprotein extraction from 
CD19+ B cells, a DNA pull-down assay was conducted, and 
the products were separated by SDS–PAGE (Figure 4(b)). 
The pull-down products with the biotinylated DNA probe 
and the unbiotin-labeled control were detected by mass 

Figure 3. The expression levels of aPRil and Gd-iga1 after HMGB2 knockdown in the DaKiKi cell line. DaKiKi cells were transfected with si-nC, HMGB2 
siRna1, or HMGB2 siRna2. The control group was untreated DaKiKi cells. (a) The protein expression level of HMGB2 was detected by Western blot. (b) 
Densitometric analysis of the WB signals. (c) The mRna level of HMGB2 was measured by qRT–PCR. (d) The mRna expression level of aPRil was measured 
by qRT–PCR. (e) The expression level of Gd-iga1 in the cell culture supernatant was determined by enzyme-linked immunosorbent assay (eliSa). The 
experiments were repeated three times. The data are presented as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: not significant.

https://doi.org/10.1080/0886022X.2024.2338931
https://doi.org/10.1080/0886022X.2024.2338931
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spectrometry to screen for differentially expressed pro-
teins. This study identified 276 proteins. Excluding 15 con-
trol proteins, 261 proteins can bind to the promoter region 
of TNFSF13. STRING software was used to construct a pro-
tein–protein interaction (PPI) network of the 261 proteins 
(Supplementary Figure 1). HMGB2 was among these 
proteins.

HMGB2 bound to HMGA1

To explore how HMGB2 regulates APRIL expression, we used 
STRING software to determine the relationships between the 
261 proteins (Figure S1) and HMGB2. In total, 11 proteins 
had direct or indirect relationships with HMGB2 (HMGA1, 
HIST1H1B, HIST1H1C, HIST1H1D, HIST1H1E, H1FX, H1F0, NCL, 
XRCC5, GZMA, and SET; Figure 5(a)). Previously, RP-HPLC and 
mass spectrometry revealed that HMGB2 bound to the 
high-mobility family member protein HMGA1 [13]. To verify 
these findings, Western blotting was used to measure the 
expression of HMGA1 after HMGB2 knockdown (Figure 
5(b,c)). Furthermore, Co-IP was performed to investigate the 
possible interactions between HMGB2 and HMGA1. Co-IP 
demonstrated an interaction between HMGB2 and HMGA1 
(Figure 5(d)).

HMGA1 regulates the expression of APRIL and Gd-IgA1

We transfected DAKIKI cells with HMGA1 siRNA to deter-
mine the correlation between HMGA1 and APRIL (Figure 
6(a,b)). Subsequently, the APRIL mRNA expression level was 
detected by qRT-PCR. The mRNA level of APRIL was reduced 
after HMGA1 knockdown (Figure 6(c)). We also detected the 
expression level of Gd-IgA1 in the supernatant. The results 
showed that the concentration of Gd-IgA1 in the superna-
tant was significantly reduced after the cells were treated 
with HMGA1 siRNA (Figure 6(d)).

Predicted binding sites of HMGA1 in the promoter of the 
TNFSF13 gene

Transcription factor prediction software (http://consite.
genereg.net/) identified four putative HMGA1-binding sites in 
the promoter of the TNFSF13 gene (Table 2).

Discussion

IgAN is one of the most common forms of primary glomeru-
lonephritis worldwide, although its pathogenesis has not 
been fully elucidated [14,15]. Our results showed that ele-
vated HMGB2 expression in the circulating B lymphocytes of 
patients with IgAN may promote APRIL expression and 
induce Gd-IgA1, possibly by interacting with HMGA1, a tran-
scriptional regulator of the APRIL-encoding gene (TNFSF13).

The current study supports APRIL-mediated production of 
Gd-IgA1 [9,10]. We previously used recombinant human 
APRIL protein to stimulate peripheral blood B cells and found 
that patients’ B cells secreted more Gd-IgA1, indicating that 
APRIL increases Gd-IgA1 production in IgAN [10]. 
APRIL-targeting drugs have been applied in clinical practice 
to treat IgAN [16], demonstrating the important role of APRIL 
in the pathogenesis of IgAN. In our previous study, we veri-
fied that HMGB2 expression was slightly correlated with 
serum Gd-IgA1 levels [6]. In this study, we found that the 
mRNA expression of HMGB2 was associated with APRIL 
expression in circulating B lymphocytes. We used siRNA to 
reduce HMGB2 expression in DAKIKI cells. APRIL expression 
and Gd-IgA1 levels decreased, suggesting that HMGB2 regu-
lates APRIL and consequently affects Gd-IgA1 expression. 
However, the mechanism by which HMGB2 regulates APRIL 
expression remains unknown.

By binding to DNA, the HMGB family, which consists of 
HMGB1-HMGB4, is involved in the inflammatory response. 
Following antigen stimulation, cells release HMGB1, which 
binds and stimulates cell surface receptors in the innate 
immune system [17]. Since HMGB2 and HMGB1 are nearly 
identical, they share similar functions and are frequently 
investigated in the same studies [18]. HMGB2 has antimicro-
bial effects on several commensal and pathogenic gut micro-
biota and is involved in the pathogenesis of IgAN [19], which 
is consistent with our previous report [6]

HMGB2 is involved in transcription, chromatin remodel-
ing, and recombination. HMGB2 can act as a transcription 
factor, directly inducing target gene expression. A study by 
Yamanaka also showed that HMGB2 can interact with other 
transcription factors to promote target gene transcription 
[20]. Previous studies suggested that ubiquitous expression 
of HMGB1 and HMGB2 downregulates or upregulates the 
in vivo transcriptional activity of various p53 family mem-
bers in cell-specific and promoter-specific manners [21]. 
Additionally, HMGB2 controls chondrocyte hypertrophy via 
Wnt signaling and Runt-related transcription Factor 2 [22]. 
Therefore, we employed DNA pull-down technology to 
determine the levels of TNFSF13 promoter-binding pro-
teins. We also performed mass spectrometry analysis on 

Figure 4. electrophoresis diagram of agarose and SDS–PaGe gel diagram. 
(a) agarose electrophoresis map of the Dna probes; (b) SDS–PaGe gel dia-
gram of Dna pull-down.

https://doi.org/10.1080/0886022X.2024.2338931
https://doi.org/10.1080/0886022X.2024.2338931
http://consite.genereg.net/
http://consite.genereg.net/
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the identified proteins. HMGB2 was also among the 261 
proteins, suggesting that HMGB2 may directly or indirectly 
regulate TNFSF13. We used STRING software to assess the 
relationships between the promoter-binding proteins and 
HMGB2 and identified 11 proteins directly or indirectly 
related to HMGB2 (HMGA1, HIST1H1B, HIST1H1C, HIST1H1D, 
HIST1H1E, H1FX, H1F0, NCL, XRCC5, GZMA, and SET). 
Sgarra R–RP-HPLC and mass spectrometry indicated that 

HMGA1 binds to HMGB2 [13]. We also measured the mRNA 
expression level of APRIL and the concentration of Gd-IgA1 
after treating cells with HMGA1 siRNA. The results showed 
that the expression levels of APRIL and Gd-IgA1 were 
downregulated. Moreover, co-IP also showed that HMGB2 
interacted with HMGA1. As an architectural transcription 
factor, HMGA1 remodels chromatin structure and promotes 
interactions between transcriptional regulators and DNA 

Figure 5. HMGB2 combined with HMGa1 and HMGa1 may regulate the expression of aPRil and Gd-iga1. (a) The PPi network shows the relationships of 
proteins that bind to the promoter region of TNFSF13 with HMGB2. These small circles represent proteins, and the lines linking two proteins represent 
interactions between proteins. (b–d) DaKiKi cells were transfected with si-nC, HMGB2 siRna1, or HMGB2 siRna2. The control group was untreated DaKiKi 
cells. The protein expression of HMGB2 and HMGa1 after HMGB2 knockdown in DaKiKi cells were decreased. (e) The lysate was immunoprecipitated with 
an anti-HMGB2 antibody. Western blotting was used to detect the expression of HMGB2 and HMGa1. The experiments were repeated three times. The data 
are presented as the mean ± SD. *p < 0.05; **p < 0.01, ns not significant.
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[23]. Shen et  al. reported that HMGA1 positively regulates 
HBV transcription by binding to the conserved ATTGG site 
within the enhancer II/core promoter (EII/Cp) and recruit-
ing the transcription factors FOXO3α and PGC1α [24]. 
HMGA1 has recently been implicated in cell proliferation 
and migration, especially in cancers [25]. Similarly, APRIL 
promotes lymphocyte proliferation and has been impli-
cated in various cancers [26].

Using transcription factor prediction software (http://
consite.genereg.net/), we predicted four HMGA1-binding sites 
in the promoter region of the TNFSF13 gene. HMGA1 and 
HMGB2 can regulate gene expression by binding to other 
transcription factors and regulating the expression of APRIL 
and Gd-IgA1. Thus, these results showed that HMGB2 regu-
lates APRIL expression by interacting with HMGA1.

Figure 6. The expression levels of HMGa1, aPRil and Gd-iga1 in HMGa1-knockdown DaKiKi cells. DaKiKi cells were transfected with si-nC or HMGa1 
siRna. The control group was untreated DaKiKi cells. (a,b) Western blotting and qRT–PCR were used to verify the efficiency of HMGa1 siRna knockdown. 
(c) The mRna expression level of aPRil detected by qRT-PCR. (d) The concentration of Gd-iga1 in cell supernatants was determined by eliSa. The exper-
iments were repeated three times. The data are presented as the mean ± SD. ***p < 0.001; ****p < 0.0001; ns: not significant.

Table 2. The position and sequence of HMGa1 bound to the 
aPRil-encoding gene TNFSF13.

Transcription factor Binding sites Gene location

HMGa1 aTTTTaTTaTTTTaG −1875 to −1890bp
aCGTTTCCTTaTCTCT −1529 to 1544 bp
aTTTTTaTTaTTaTTG −443 to −458bp
GTCTCTCTCTTTaTTC −384 to −399bp

(Attention: HMGa1 binding gene positions were calculated using the first 
base of TNFSF13 exon 1 as zero, according to chromosome GRCh38.).

Figure 7. Hypothesis diagram: HMGB2 can promote the expression of 
aPRil by binding to HMGa1, leading to the onset of igan.

http://consite.genereg.net/
http://consite.genereg.net/
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However, this study has several limitations that must be 
addressed. First, more patients should be included to verify our 
findings; Second, we did not investigate whether HMGA1 is 
involved in HMGB2 recruitment; Third, we did not explore 
whether HMGB2 also changed in T cells or other cells in PBMCs.

In summary, this study showed that highly expressed 
HMGB2 binds to HMGA1 and promotes APRIL expression, 
which in turn increases the production of Gd-IgA1, an initiat-
ing factor that eventually leads to the onset of IgAN (Figure 7).
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