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Abstract

Diabetic kidney disease (DKD) is the predominant type of end-stage renal disease. Increasing evidence suggests thatglo-
merular mesangial cell (MC) inflammation is pivotal for cell proliferation and DKD progression. However, the exact-
mechanism of MC inflammation remains largely unknown. This study aims to elucidate the role of inflammatoryfactor
high-mobility group box 1 (Hmgbl) in DKD. Inflammatory factors related to DKD progression are screened viaRNA
sequencing (RNA-seq). In vivo and in vitro experiments, including db/db diabetic mice model, CCK-8 assay, EdUassay,
flow cytometric analysis, Co-IP, FISH, qRT-PCR, western blot, single cell nuclear RNA sequencing (snRNA-seq),are
performed to investigate the effects of Hmgb1 on the inflammatory behavior of MCs in DKD. Here, wedemonstrate that
Hmgbl is significantly upregulated in renal tissues of DKD mice and mesangial cells cultured withhigh glucose, and
Hmgb! cytopasmic accumulation promotes MC inflammation and proliferation. Mechanistically,Hmgb1 cytopasmic accu-
mulation is two-way regulated by MC-specific cyto-IncRNA E130307A14Rik interaction andlactate-mediated acetylated
and lactylated Hmgbl nucleocytoplasmic translocation, and accelerates NF«kB signalingpathway activation via directly
binding to IkBa. Together, this work reveals the promoting role of Hmgb1 on MCinflammation and proliferation in DKD
and helps expound the regulation of Hmgb1 cytopasmic accumulation in twoways. In particular, Hmgb1 may be a promis-

ing therapeutic target for DKD.
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Background

Diabetic kidney disease (DKD) is the predominant cause
of both end-stage renal disease and chronic kidney dis-
ease, which acts as a principal microvascular complication
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of diabetes [1, 2]. The main pathological features of DKD
include interstitial fibrosis, atrophy of renal tubules, thick-
ening of the glomerular basement membrane, and dilation
of mesangial cells, all of which have a significant impact
on the health of individuals [3]. In some sense, mesangial
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expansion is a crucial structural abnormality characterized
by the abnormal growth of mesangial cell (MC) and exces-
sive synthesis of matrix proteins. During the initial phase
of DKD, the principal indication is the excessive growth of
glomerular MCs, which gives rise to the extracellular matrix
components production that block capillaries over time,
thereby triggering glomerular sclerosis and kidney failure
ultimately [4, 5]. But the reasons and effects of mesangial
cell proliferation on kidney function are not clearly under-
stood. Hence, it is crucial to comprehend the fundamental
processes of mesangial cell growth in order to elucidate the
disease-causing mechanisms of DKD.

As illustrated by growing studies at home and abroad,
inflammatory response in the kidney conducts increasingly
significant roles in the development and advancement of
DKD, and that treatments targeting inflammation could
potentially protect the kidneys in DKD [6]. As already
exhibited by preclinical studies, multiple inflammatory sig-
naling pathways, such as nuclear factor-kappa B (NF-kB),
are activated in response to elevated glucose levels [7].
Since the complex cell heterogeneity in kidney, to identify
cell specific targets might be the effective anti-inflamma-
tory strategy in DKD. Our prior research indicated NF-xB
activation participated in the generation of inflammatory
substances by mesangial cells which reinforce mesangial
cell growth [8—10]. This underscores the significance of the
NF-xB pathway in mesangial cell inflammation. Neverthe-
less, the process of inflammation in mesangial cells contin-
ues to be mostly enigmatic.

The family of high mobility group (HMG), known for
their ability to move quickly in polyacrylamide gel electro-
phoresis, consists of the nuclear proteins HMGA, HMGB,
HMGN. Hmgbl1, a highly abundant protein in mammalian
cells and tissues, is the most common protein in the HMG
family and the second most common protein in the nucleus
[11]. In general, Hmgb1 is primarily found in the nucleus
where it interacts with chromatin and affects transcription,
DNA repairing, differentiation, and cell growth. In multifar-
ious stressful conditions, it can shift back and forth from the
nucleus to the cytoplasm, which not only serves as a cyto-
kine that is secreted into the extracellular environment, but
also acts as a DAMP molecule to induce inflammation [12—
14]. Hmgb1 outside the cell can bind to different receptors
on the cell surface, such as advanced glycation end-products
(RAGE) and Toll-like receptors (TLR), which results in
the activation of NF-xB nuclear transcription [15—-17]. To
sum up, these studies evidently demonstrate that extracel-
lular Hmgb1 is closely related to NF-kB pathway. A recent
report indicated that Hmgb1 was confined in the cytoplasm,
enhancing the inflammatory reaction through NF-kB acti-
vation, which worsened the damage caused by cerebral
ischemia reperfusion [18]. Nonetheless, the function and
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process of cytoplasmic Hmgb1 buildup in the inflammation
of mesangial cells in DKD are still not understood.

As apparently displayed by our current research, the
build-up of cytosolic Hmgbl results in mesangial cell
inflammation and proliferation by binding directly to IkBa
and activating the NF-kB signaling. Apart from that, the
movement of Hmgbl from the nucleus to the cytoplasm
induced by lactate, along with acetylation and lactylation,
and the subsequent increase in the presence of Hmgbl in
the cytoplasm of mesangial cells under high glucose stress
through the E130307A14Rik-Hmgb1 axis. These data col-
lectively suggest that Hmgbl cytoplasmic accumulation
aggravates DKD progression.

Materials and methods
Cell culture

The mouse mesangial cell line was obtained from the Amer-
ican Type Culture Collection in the US. Cultured cells were
incubated in DMEM supplemented with 10% fetal bovine
serum from Gibco in California, USA. To create the stan-
dard state, 5.5 mmol/L glucose / 19.5 mmol/L mannitol
(L-MC) was used, while the DKD condition was replicated
with 25 mmol/L glucose (H-MC) as previously explained
[19]. Subsequently, the cells were cultured with 5% CO, at
37°C in the incubator. Mycoplasma contamination was reg-
ularly screened by adopting the Mycoplasma PCR Detec-
tion Kit (Yeasen biotech, Shanghai, China).

Animal experiments

Blood sugar levels, urine protein levels, and creatinine lev-
els were systematically and comprehensively assessed in
db/db mice and db/m mice. As previously reported, the db/
db mice at eight weeks old were deemed to be in the ini-
tial phases of DKD [20]. The Leprdb/+Leprdb mice (db/
db, male, C57BL/BKS background) and the genetic con-
trols (m+/+Leprdb) were obtained from Nanjing Biomedi-
cal Research Institute in Nanjing, China for conducting
single-nucleus RNA sequencing (snRNA-seq), bulk RNA
sequencing (RNA-seq), and in vivo knock down experi-
ments. Experiments involving snRNA-seq and RNA-seq
were conducted using 16-week-old male db/db mice (DKD
group, n=3) and age-matched control db/m mice (NC
group, n=23). Aside from that, male db/db mice aged 10
weeks were subjected to knockdown animal experiments
where they received treatment with Lv-shRNA (LV-sh-
E130307A14Rik group, n=10) or control lentivirus (LV-
sh-NC group, n=10) through tail vein injection (1x 10’
TU/mL, 100 pL). Measurements of blood sugar, weight,
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creatinine, and microalbumin in urine were taken on a
biweek basis. Four weeks later, all mice were sacrificed. All
remaining kidneys were preserved under appropriate stor-
age conditions for subsequent experiments.

Plasmids, siRNA, lentivirus and cell transfection

To create over-expression vectors, the cDNA sequences
for Hmgb1, NF-kB-p65, and E130307A14Rik were cloned
into the empty vector pcDNA3.1 from TSINGKE in Bei-
jing, China. RiboBio inserted the complete mouse Hmgb1
cDNA sequence and its three truncated forms (A box, B
box, and C tail) into the pcDNA3.1-3 X Flag vector. SiR-
NAs directed against Hmgbl1 (si-H-1, si-H-2, and si-H-3)
and E130307A14Rik (si-E-1, si-E-2, and si-E-3) as well as
control substances were purchased from RiboBio in Guang-
zhou, China, and TSINGKE in Beijing, China. ShRNA
sequences against E130307A14Rik and control hairpins
were into pGLVH1/GFP vector (TSINGKE, Beijing, China)
separately. The transfection was conducted by employing
plasmid or siRNAs and Lipofectamine 2000 reagents in line
with the manufacturers’ protocols. Acting as a direct Hmgb1
antagonist, glycyrrhizin (Selleck Chemical, TX, USA)
inhibits the expression of Hmgb1. The Glycyrrhizin powder
is dissolved in dimethyl sulfoxide, resulting in a final con-
centration of 10 uM in MCs [21].

Extraction of RNA followed by quantitative real-
time polymerase chain reaction (qRT-PCR)

RNA extraction was performed with Trizol (Invitrogen, CA,
USA) in accordance with the manufacturer’s instructions.
The RNA was then reverse transcribed into cDNA by the
PrimeScript RT kit (Takara, Otsu, Japan). Afterwards, the
qRT-PCR analysis was performed with the SYBR Green
Real-time PCR Master Mix Kit manufactured by Takara in
Dalian, China. It’s particularly noteworthy that the analy-
sis involved normalizing relative quantification data of
IncRNAs and mRNAs to -actin. Each experiment was con-
ducted three times at least.

SnRNA-seq

Kidney tissue samples were obtained from db/db DKD mice
(n=3) and control mice (n=23). Subsequently, single cell
suspensions were prepared after perfusion collection, fol-
lowed by capturing mRNA and performing reverse tran-
scription on the 10xgenomics platform. The constructed
libraries underwent snRNA-seq using the [llumina sequenc-
ing platform from Omicsmart in Guangzhou, China. Nor-
malized data function, RunTSNE function, and Find
clustering function were employed to analyze the source

data for integration, normalization, t-SNE dimensionality
reduction, and cell clustering in order to identify differen-
tially expressed genes at the single cell level.

RNA-seq

The Illumina HiSeq sequencing platform from TSINGKE in
Beijing, China was adopted to look into examine the varia-
tion in mRNA expression levels in kidney samples from
three db/db DKD mice and three control mice. Data analysis
was conducted by TSINGKE (Beijing, China).

Western blot

Proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (8, 10, 12, 15% SDS-PAGE), transferred onto
the polyvinylidene fluoride membrane (Millipore, Mas-
sachusetts, USA). The barrier was blocked with 5% skim
milk for 2 h at room temperature, then incubated with the
appropriate primary antibody at 4 °C for 12 to 16 h. Primary
antibodies used in this study were Mcp-1, Tnf-o, Hmgbl,
Lactyl-lysine, Acetyl-Lysine, IxBa, p-IxBa, NF-xB p65,
p-p65, B-actin, and H3, all diluted to 1:1000 or 1:5000 from
different suppliers like ABclonal, Abcam, PTM Bio, and
Beyotime. This was followed by secondary antibodies at
room temperature for 2 h and detection using enhanced che-
miluminescence (ECL) system. The analysis of the partially
quantified band data was carried out by Image J software.

Nucleocytoplasmic separation and expression
detection

Nuclear and cytoplasmic protein components were extracted
in accordance with the kit’s NE-PER Nuclear and Cytoplas-
mic Extractant (Thermo Scientific™) product brochure.
Western blot was employed to detect protein expression lev-
els. The B-actin protein served as a cytoplasmic reference,
while the H3 protein functioned as a nuclear reference.

EdU test

Cells were added to 24-well plates following the guidelines
of the EdU kit (RiboBio, Guangzhou, China). A concentra-
tion of 100 mM EdU was applied for 2 h. Afterwards, the
cells underwent treatment with 4% paraformaldehyde for
30 min, followed by exposure to Triton X 100 for 10 min
prior to staining with the required reagents. Subsequently,
the fluorescent microscope (Leica, Wetzlar, Germany) was
adopted to capture the treated cells at last.
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Flow cytometric analysis

Cell suspensions were placed in 6-well plates at a density
of 5.5 10° cells per well. Moreover, three compound wells
were done for each group. Subsequently, the precipitates
were soaked in 75% ethanol and stored at 4 °C for 6 h. Flow
cytometry analysis was employed to identify alterations in
cell cycle distribution.

RNA pull-down

Following the guidelines of the kit from Thermo Fisher
Scientific in MA, USA, the biotin-labeled E130307A14Rik
probe from GenePharma in Shanghai, China, was blended
with magnetic beads for 2 h at 25 °C. Subsequently, the
magnetic beads were exposed to cell lysate overnight at 4
°C. The complexes of RNA and protein were isolated by
adopting biotin elution buffer. The proteins were recovered,
purified (Beyotime Bitechnology, Shanghai, China), and
western blot.

RNA immuno-precipitation (RIP)

The RIP kit (Millipore, Billerica, MA, USA) was used in
this process. Microspheres were coated with antibodies
by blending either anti-Hmgb! or anti-IgG with magnetic
beads for 4 h at 4 °C on a shaker. Afterwards, formaldehyde-
treated cells were cross-linked with protein-RNA com-
plexes. A fraction representing 10% of the lysate was used as
a control, while the rest of the cell lysate was then exposed
to the appropriate beads and incubated for 12—16 h at 4 °C.
After immuno-precipitation, the unbound substances were
removed and the bound RNA and proteins were purified,
then analyzed separately using qRT-PCR and western blot
techniques.

Co-immuno-precipitation (Co-IP)

Antibodies against Hmgb1 (ABclonal), IkBa (Abcam), Klac
(PTM BIO), Ace (ABclonal), or IgG (CST) were attached to
magnetic beads at 4 °C for 8 h. Cell lysis was conducted
by adopting IP lysis from the Co-IP Kit (DIANA Biotech-
nology Co., Ltd, Wuhan, China). Subsequently, antibody-
coated magnetic beads were mixed with cell lysates and left
to incubate at 4 °C for 12 to 16 h. The proteins that adhered
to specific antibodies were washed, then dissolved in lane
marker buffer, and subsequently examined through western
blotting.
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Immunofluorescence (IF) staining

Cells were subjected to 4% paraformaldehyde for 30 min
followed by exposure to 0.1% Triton X-100 for 10 min.
Afterwards, cells were treated with 5% goat serum for 1 h.
Subsequently, they were incubated overnight with a mix-
ture of anti-Hmgbl (1:50). A second FITC-labeled anti-
rabbit antibody was performed. DAPI was adopted to dye
the nucleus core. Finally, images were observed by fluores-
cence microscope or laser scanning confocal microscope,
and analyzed with LASAFLite (Leica, Solms, Germany).

Bioinformatics analysis methods

Changes in biological processes were investigated in DKD
by conducting Gene Ontology (GO) on genes expressed
differently in DKD [22]. Subsequently, the GeneCards plat-
form was utilized to identify molecules linked to inflamma-
tion [23]. The Hitpredict database (https://www.hitpredict.
org/) was employed to predict binding proteins of Hmgb1
[24]. The RPIseq database was utilized to forecast the pre-
cise binding locations of IncRNAs with Hmgb1 [25]. Deep-
Kla database (http://lin-group.cn/server/DeepKla/index.
html) were adopted to predict lactylation sites of Hmgb1.

Statistical analysis

Statistical analysis of the results was conducted by employ-
ing GraphPad Prism 8.0.2 software from San Diego, Cali-
fornia, USA. Quantitative data from the experiment were
presented as the average value plus or minus the standard
deviation. Group differences were evaluated by conducting
either Student’s t-test or one-way ANOVA. A statistical sig-
nificance was determined with a significance level below
0.05.

Results

Cytosolic Hmgb1 promotes inflammation and
proliferation in mesangial cells

RNA-seq was conducted on renal tissue from mice with
DKD and normal controls to identify inflammatory factors.
The data revealed that 68 dysexpressed genes were found
in DKD (P<0.05, FPKM > 150, |log2FC| >1), consisting
of 20 upregulated and 48 down-regulated genes (Fig. 1A).
Based on GO analysis, the term ‘inflammatory response’
was found to be enriched with multiple genes including
Hmgbl, Meplb, Txnip, Nox4, Umod, Nlrc4, and Lipa
(Fig. 1B). Moreover, combined the results of 290 inflam-
matory factors from Genecards database, 4 candidate genes
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Fig. 1 Cytosolic Hmgb1 accumulates in mesangial cells under DKD
condition. (A) Dysexpressed genes were examined in the renal tissue
of db/db DKD mice (n=3 for 16 weeks) and normal controls (n=3
for 16 weeks) by RNA-seq (P <0.05, FPKM > 150, |log2FC| >1). (B)
GO term analysis of differentially expressed genes. (C) Venny shown
that 4 DKD-associated inflammatory factors, including Hmgbl1, Ttr,
Ace and Nlrc4, Among them, Hmgb1 is upregulated and Ttr, Ace and
Nirc4 are downregulated. (D-E) qRT-PCR and western blot were used

were found. Among these, Hmgbl was the only upregu-
lated one among these (Fig. 1C). Therefore, we focused on
Hmgb1 for further study. Subsequently, the levels of Hmgb1
were evaluated in H-MCs and renal tissues of DKD mice,
which were conspicuously elevated (Fig. 1D-E). In compar-
ison with L-MC, Hmgb1 cytoplasm protein levels increased
and in contrast decreased levels of nuclear proteins in H-MC
(Fig. 1F). What’s more, Hmgb1 was predominantly found in
the nucleus of L-MC, but with exposure to high glucose,

H-MC

to detect the mRNA and protein expression levels of Hmgblin L-MC
and H-MC, in the renal tissue of db/db DKD mice (n=3 for 16 weeks)
and the normal group of mice (n=3 for 16 weeks). (F-G) Western blot
amd IF were performed to detect expression of Hmgb!l in the cyto-
plasm and nucleus in L-MC and H-MC, Scale bar, 3 um. Data are
presented as mean+SD. *P<0.05, **P<0.01,***P<0.001 and NS,
no significance

Hmgbl was mostly located in the cytoplasm (Fig. 1G).
Apart from that, the western blot findings indicated that the
existence of Hmgb1 caused a significant increase in Mcp-1
and Tnf-a concentrations in L-MCs, On the contrary, lower-
ing Hmgb1 in H-MCs resulted in lessened Mcp-1 and Tnf-a
levels (Fig. 2A). Moreover, the EQU data showed that cell
proliferation increased with Hmgbl overexpression and
decreased with its suppression (Fig. 2B). Flow cytometry
analysis indicated that increased expression of Hmgbl in
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Fig. 2 Hmgb1 promotes inflammation and proliferation in mesangial
cells. (A) The protein expression levels of Mcp-1 and Tnf-o were
tested by western blot after transfecting Hmgb1 over-expression plas-
mid in L-MC or Hmgbl siRNAs (si-H-1 and si-H-3) in H-MC. (B)
EdU (scale bar, 20 um) assays were performed to evaluate cell via-
bility after transfecting Hmgb1 over-expression plasmid in L-MC or
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**P<0.01, ¥***P<0.001 and NS, no significance
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L-MC led to a decrease in the population of cells in G1
phase and an increase in the population of cells in S phase,
whereas decreased expression of Hmgb1 in H-MC resulted
in more cells being arrested in G1 phase and fewer cells
progressing to S phase (Fig. 2C). As a result, the data reveal
that the build-up of Hmgbl in the cytoplasm may control
inflammation and cell growth in MCs.

Hmgb1 activates the NF-kB pathway through
interaction with IkBa

Using the Hitpredict database, we analyzed the potential
binding proteins of Hmgb1 and identified NF-kB as a poten-
tial binding partner for Hmgb1 (Fig. 3A). And the Autodock
software was further adopted to predict the relationship
between Hmgb1 and NF-«B related molecules. IkBo which
could potentially bind to Hmgbl was found (Fig. 3B).
Co-IP assay further confirmed their binding (Fig. 3C). Sub-
sequently, western blot analysis displayed a conspicuous
augment in the levels of p-IkBa and p-p65 in the overall
protein owing to the over-expression of Hmgb1 in L-MC,
along with higher p-p65 levels in the nucleus; on the other
hand, reducing Hmgbl protein level by using si-Hmgbl
or Glycyrrhetinic in H-MC (Fig.S2) led to a decrease in

both, p-IxBa and p-p65 expressions (Fig. 3D). Altogether,
as revealed by the above-mentioned results, upregulated
Hmgbl may initiated NF-xB activation through inducing
IxBa phosphorylation in H-MC.

Two ways to Hmgb1 cytopasmic accumulation:
lactate-induced Hmgb1 lactylation and acetylation
and direct interaction with MC-specific IncRNA
E130307A14Rik

Glycolysis abnormalities in DKD mice give rise to gly-
colysis-derived lactate accumulation in the renal of DKD
mice [26, 27]. As pointed out by relevant reports, lactate can
directly induce Hmgb1 lactylation and acetylation, result-
ing in its translocation from the nucleus to the cytoplasm in
macrophages [28]. Our study also explored the movement
of Hmgb1 from the nucleus to the cytoplasm in mesangial
cells. The qRT-PCR results revealed an increased expres-
sion of glycolysis-relevant genes (Hk1, Slc2al, Pkm2 and
Ldha) in H-MC (Fig. 4A). And compared to L-MC, lactate
levels increased in H-MC (Fig. 4B). Lactate could reinforce
the lactlation and acetylation Hmgbl1 levels (Klac-Hmgbl
and Ace-Hmgb1) in L-MC (Fig. 4C). Thus, it suggests that
lactate induced Hmgb1 lactylation and acetylation propels

C
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Fig. 3 Hmgbl activates NF-kB signal pathway via interacting with
IkBa. (A) Prediction of proteins that may bind to Hmgb1 by Hitpredict
database. (B) Autodock shows the binding pattern of Hmgb1 protein
and IkBa protein: green indicated Hmgb1 and blue indicated IkBa.
(C) Co-IP assay was applied in MCs protein lysates using separately
anti-Hmgb1, anti-IxBa, or anti-IgG, and then, the levels of IkBa and

Hmgbl were detected by western blot. (D) The levels of NF-«B sig-
naling pathway-related proteins (IkBo, p-IkBa, p65 and p-p65) were
examined by western blot with Hmgbl over-expression vector in
L-MC group, Hmgb1 siRNA in H-MC or inhibitor (Glycyrrhizin, Gly)
in H-MC. Results were displayed as mean +SD. *P <0.05, **P < 0.01,
***P <0.001 and NS, no significance
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the nucleoplasmic translocation of Hmgbl in mesangial
cells under high glucose.
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Current researches focus on Hmgb!l secretion and act-

ing as a cytokine following with its nucleoplasmic trans-
location in diseases [29], but the mechanism of Hmgbl
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{ Fig. 4 Two ways to Hmgb1 cytopasmic accumulation: lactate induced
Hmgb1 lactylation and acetylation and direct interaction with MC
specific IncRNA E130307A14Rik. (A) The mRNA expression levels
of glycolysis genes (Hkl1, Slc2al, Pkm2 and Ldha) were measured
by qRT-PCR in L-MC and H-MC. (B) Lactate levels in L-MC and
H-MC were measured by Lactate Assay Kit. (C) L-MC were immu-
noprecipitated with anti-HMGBI1 antibody after lactate stimulation
followed by immunoblotting for Klac, Ace and Hmgbl1. (D) Heatmap
of 17 mesangial cell-specific IncRNAs by snRNA-seq. (E) 9 differen-
tially expressed IncRNAs including 5 up-regulated (E130310104Rik,
Gm15261, Gm17276, E130307A14Rik and Gm28379) and 4 down-
regulated (Gm16311, Gm14964, Gm15962 and Gm30524) in MCs
were shown. (F) The qRT-PCR detected the expressiong of 4 candi-
date IncRNAs in MC, mesangial cell; TCMK-1, mice renal tubular
epithelial cell; POD, mice podocyte and the expression of 4 candidate
IncRNAs in L-MC and H-MC. (G) 4 candidate IncRNAs were pre-
dicted the precise interaction with Hmgb1 by RPIseq. (H) RIP assay
was performed in cell lysates using anti-Hmgb1 or anti-IgG, followed
by qRT-PCR validation of E130307A14Rik. (I) RNA pull-down was
performed in cell lysates using the E130307A14Rik probe, followed
by western blot validation of Hmgbl. (J) The structures of Hmgbl
and deletion mappings of Hmgbl (FL-Hmgbl: full length of Hmgb1:
1-225, A box: 9-73 B box: 95-163 and C tail:186-215). (K) RIP-
gPCR to identify the E130307A14Rik and binding domains in Hmgb1
by full length or truncated Hmgb1 proteins. (L) Prediction of Hmgbl
lactylation sites by DeepKla. (M) E130307A14Rik full-length and 4
truncated fragments were displayed with schematic diagram, and were
predicted the precise interaction with Hmgb1 by RPIseq. (N) RNA pull
down assay and western blot were used to detect Hmgb1 binds to the
fragments of E130307A14Rik. (O) Western blot were performed to
detect expression of Hmgb1 in L-MC and H-MC after overexpression
or knockdown E130307A 14Rik. Results were displayed as mean + SD.
*P<0.05, **P<0.01, ***P<0.001 and NS, no significance

cytopasmic accumulation in mesangial cells remains largely
unknown. The function of proteins in DKD may be regu-
lated by long non-coding RNAs (IncRNAs) on the basis
of our previous research [30, 31], but it remains unclear
about the specific role of mesangial cell-specific IncRNAs
in DKD. By employing snRNA-seq, we found 17 mesan-
gial cell-specific IncRNAs (Fig. 4D), and 9 DKD-relevant
IncRNAs in mesangial cell cluster of DKD and NC mice,
including 5 up-regulated IncRNAs and 4 down-regulated
IncRNAs (Fig. 4E). Combined these results, 4 candidate
IncRNAs (E130307A14Rik, Gm17276, E13010104Rik and
Gm14964) were obtained with the features of mesangial
cell-specific and DKD-relevant. Candidate IncRNAs were
detected through qRT-PCR in kidney intrinsic cells MC,
POD, and TC under high glucose conditions. Among them,
E130307A14Rik was specifically high expressed in H-MC
(Fig. 4F). Moreover, RPIseq database showed the highest
binding ability scores between Hmgb1 and E130307A14Rik
(Fig. 4G), suggesting the potential role of E130307A14Rik
in Hmgbl of mesangial cell. Therefore, we focused on
E130307A14Rik for further study. Subsequently, RIP and
RNA pull down methods were employed to confirm the
association between E130307A14Rik and Hmgb1 (Fig. 4H-
I). Hmgb1 consists of three parts (A box, B box, and C tail),
then Flag tagged complete Hmgbl was produced along

with three separate shortened sections that do not intersect
in the inactive regions (Fig. 4J). RIP assays revealed that
E130307A14Rik is bound to the A box of Hmgb1 (Fig. 4K).
And through DeepKla databases analysis, we found that
A box of Hmgbl is susceptible to lactylation (Fig. 4L).
Besides, the RNA pull down and western blot assays evi-
dently displayed that E130307A14Rik fragments 1-1500 nt
(#1 and #2) could bind specifically to Hmgb1 (Fig. 4M-N).
As apparently demonstrated by, validation of western blot
results demonstrated that upregulation of E130307A14Rik
gave rise to elevated levels of Hmgb1 protein in L-MC, with
a contrasting effect observed (Fig. 40). Altogether, these
experimental findings revealed that two ways of regulations
promote Hmgb1 cytopasmic accumulation in mesangial cell
via lactate induced Hmgb1 lactylation and acetylation and
direct interaction with MC-specific E130307A14Rik.

E130307A14Rik-Hmgb1 axis mediates inflammation
by NF-kB pathway

To demonstrate that E130307A14Rik can activate the
NF-kB signal pathway by regulating Hmgb1, rescue experi-
ments were performed to estimate the co-regulating effect of
E130307A14Rik and Hmgb!1 in NF-kB pathway. The west-
ern blot findings evidently demonstrated that upregulation of
E130307A14Rik in L-MC cells resulted in higher levels of
p-IxBa and p-p65 in the overall protein, along with increased
p-p65 expression in the nucleus. This effect was reversed by
inhibiting Hmgb1 expression. On the contrary, inhibiting
the level of E130307A14Rik suppressed the expressions of
p-IxBa and p-p65, but this effect was reversed when Hmgb1
expression was increased (Fig. 5A). To sum up, these results
apparently revealed that E130307A14Rik could activate the
NF-kB signal pathway through Hmgbl. Subsequently, to
demonstrate the interaction between E130307A14Rik and
Hmgb1 in MCs inflammation response. Rescue trials were
performed accordingly. Western blot analysis illustrated
that lowering Hmgb1 levels led to a decrease in the elevated
levels of Mcp-1 and Tnf-a in L-MC cells originating from
overexpressed E130307A14Rik. On the contrary, elevating
Hmgb1 levels counteracted the effects of E130307A14Rik
depletion on the inhibition of Mcp-1 and Tnf-a expression
in H-MC cells (Fig. 5B). Overall, these data illustrated that
E130307A14Rik-Hmgbl axis aggravates inflammation
response in MCs.

Suppression of E130307A14Rik mitigates kidney
damage in DKD mice through Hmgb1

In vivo, we investigated how the E130307A14Rik-Hmgb1

axis impacts the kidney. LV-sh-E130307A14Rik and LV-sh-
NC were administered to db/db DKD mice through the tail
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Fig. 5 E130307A14Rik-Hmgbl axis mediates inflammation by
NF-kB pathway. (A) The rescue experiments were performed to
detect the effect of E130307A14Rik on NF-«xB signaling via regulat-
ing Hmgbl. The NF-«B signaling pathway (IxBa, p-IxBa, p65 and
p-p65) was detected after regulation the levels of E130307A14Rik,

vein, with 10 mice in each group. The qRT-PCR findings
indicated E130307A14Rik knockdown effectively down-
graded the expression of E130307A14Rik in the kidneys
compared to the LV-sh-NC group (Fig. 6A). Moreover,
staining results for HE, PAS, and MASSON indicated poten-
tial improvement in pathological changes, the glomerular
enlargement, tubulointerstitial fibrosis and mesangial matrix
expansion resulted from diabetes were noticeably lessened
(Fig. 6B). In comparison with db/m mice, Blood glucose,
body weight, kidney weight to body weight ratio, urinary
albumin, urinary creatinine, and UACR were increased in

@ Springer

Hmgbl or both of them by western blot. (B) The protein expression
levels of Mcp-1 and Tnf-o were tested after after regulation the level
of E130307A14Rik, Hmgb1 or both of them by western blot. Results
were displayed as mean+SD. *P<0.05, ¥**P<0.01, ***P <0.001 and
NS, no significance

db/db mice (Fig. S4). Moreover, E130307A14Rik knock-
down mice exhibited improvement in blood glucose, urinary
albumin, urinary creatinine, and UACR compared to the
controls (Fig. 6C). As obviously displayed by western blot
results, in comparison with the controls, E130307A14Rik
knockdown reduced the levels of Hmgbl, p-IkBa, p-p65
(Fig. 6D). Silencing E130307A14Rik decreased the levels
of Mcp-1 and Tnf-a inflammatory factor proteins (Fig. 6E).
As suggested by the above research finding, targeting the
E130307A14Rik-Hmgb1 axis could be a potential strategy
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Fig. 6 E130307A14Rik knockdown alleviates renal injury in DKD
mice by regulating Hmgbl. (A) E130307A14Rik expression levels
in the renal tissue of LV-sh-E130307A14Rik group mice and LV-sh-
NC group of mice (n=10 for each mice group). (B) HE, PAS and
MASSON staining revealed reduced damage in the kidney structure
of E130307A14Rik knockdown mice (Scale bar =100 um). (C) Bio-
chemical indicators of DKD were determined in E130307A14Rik
knockdown mice and controls, including blood glucose, body weight,
kidney weight to body weight ratio, urinary albumin, urinary creatinine,

for treating kidney damage caused by diabetes through
modulation of the NF-kB pathway.

Discussion

Featured by heightened inflammatory pathways, release of
cytokines and chemokines, and immune cell infiltration,
kidney inflammation gives an impetus that the progression
of DKD [32]. In recent times, molecules associated with
inflammation in the kidneys have been linked to processes
involved in DKD [33]. The specific function of inflammatory
cytokines in diabetic kidney damage has not been confirmed
yet. On that account, this research screened inflammatory
factors in DKD mice via RNA-seq and revealed the role

and UACR (n=10 for each mice group). (D) The protein expression of
Hmgbl and key factors (IkBa, p-IkBa, p65 and p-p65) in the NF-xB
signaling pathway in E130307A14Rik knockdown mice and the con-
trols were detected by western blot. (E) Western blot were performed
to assess the expression levels of Mcp-1 and Tnf-o in E130307A14Rik
knockdown mice and controls. E130307A14Rik knockdown mice
(n=6 for 16 weeks) and controls (n=6 for 16 weeks). Results were
displayed as mean+SD. *P<0.05, **P<0.01, ***P<0.001 and NS,

no significance

of Hmgbl cytopasmic accumulation on mesangial cells
inflammation and proliferation in DKD. Furthermore, our
results demonstrated that lactate-mediated acetylated and
lactylated Hmgbl nucleocytoplasmic translocation and
mesangial cells-specific cyto-IncRNA E130307A14Rik
interaction participate in the Hmgb1 cytopasmic accumula-
tion in mesangial cells, leading to accelerate NFkB signal-
ing pathway activation via directly binding to IxBa (Fig. 7).

A persistent question in the study of Hmgbl biology
is the significance of cytosolic Hmgbl, as the transfer of
Hmgbl from the nucleus to the extracellular environment
triggers in an augmented amount of Hmgbl in the cyto-
sol [11]. As suggested by studies indicate that cytosolic
Hmgbl triggers autophagy in mouse fibroblasts or human
cancer cells under various environmental stressors such as

@ Springer



408 Page 12 of 15

K. Wu et al.

Fig.7 A schematic diagram

for the role of Hmgbl1 in high
glucose-induced MCs. Schematic
model displayed that cytosolic
Hmgb1 accumulation promotes
the inflammation and prolif-
eration of mesangial cells via
directly binding to IkBa and acti-
vating NF-«kB signaling pathway
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starvation and oxidative damage, which gives rise to the
release of DAMPs and subsequent inflammation [34, 35].
Furthermore, cytosolic Hmgbl has been shown to interact
with unbound nucleic acids, which results in the activa-
tion of the important cGAS/STING pathway, which plays
a crucial role in inflammation [36, 37]. Our study indicates
that cytoplasmic Hmgb1 might play a role in the inflamma-
tion of mesangial cells in DKD. As clearly revealed by the
experimental results, Hmgbl was upregulated in DKD in
vivo and in vitro, accumulating abnormally in the cytoplasm
of mesangial cells under high glucose conditions. Addition-
ally, our findings indicated that cytosolic Hmgbl acceler-
ates the growth of mesangial cells and the production of the
pro-inflammatory molecules, indicating the role of cytosolic
Hmgbl1 in the proliferation and inflammation of mesangial
cells in DKD. Additionally, our findings from Co-IP and
western blot analysis revealed that Hmgb1 has the ability to
directly interact with IkBa. Moreover, Hmgb1 was found to
enhance p-IkBa and p-p65. Conversely, the downregulation
of Hmgbl using siRNA or the inhibition of Hmgbl with
Gly resulted in decreased expression of p-IkBa and p-p65
in mesangial cells. As known, in resting cells, a dimer com-
posed of NF-kB subunits p65 and p50 exists in an inactive
state by binding to the IkB kinase complex (IkBa, IkBf and
IkBe) in the cytoplasm. When the cell is stimulated from the
outside, the IxB kinase complex becomes active, leading to

@ Springer
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DKD progression

phosphorylation of IkB, which then quickly moves p65 into
the nucleus and triggers the transcription of specific genes
[38]. Collectively, as illustrated by these results, upregulated
cytosolic Hmgb1l may initiated NF-kB activation through
inducing IkBa phosphorylation in mesangial cells, which
facilitates the mesangial cells proliferation and inflamma-
tion in DKD.

Post-translational modifications (PTMs) have a sig-
nificant impact on the location and function of Hmgb1, as
widely recognized in the scientific community [39]. Hmgb1
can transition from the nucleus to the cytoplasm through
modifications of nuclear localization signals NLSI1 and
NLS2 via acetylation and deacetylation mechanisms [40].
Aside from acetylation, other alterations like lactylation
may also control the movement of Hmgbl [28]. Lacty-
lation, a newly identified form of post-translational altera-
tion, includes attaching lactyl groups to proteins by utilizing
lactate produced from glycolysis [41]. Diabetic microvas-
cular pathology, such as DKD, has been shown to have ele-
vated glycolytic activity in a hyperglycemic condition [42].
It’s significant to note that our results highly accord with
these studies, showing elevated levels of glycolysis indica-
tors and lactate in mesangial cells when exposed to high
glucose. Moreover, our research suggests that Klac-Hmgb1
and Ace-Hmgb1 are elevated in mesangial cells, suggesting
that the localization of Hmgb1 in the cytosol of mesangial
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cells may be due to lactate-induced Hmgb1 lactylation and
acetylation.

Traditionally, nuclear output is responsible for the cyto-
plasmic accumulation of Hmgb1. However, what causes it
to reside in the cytoplasm are of concern to us. LncRNA is
a type of functional RNA that is longer than 200 nucleotides
and cannot be translated into proteins [43, 44]. It has been
demonstrated that IncRNA plays a regulatory role of bio-
logical functions in the progression of numerous diseases,
including DKD. Our previous research has shown that Inc-
Rmrp promotes proliferation and fibrosis of the mesangial
cell in DKD by miR-1a-3p [30], and the Inc-Rpphl speeds
up cell proliferation and inflammation of the mesangial cell
by interacting with Gal-3 [31]. However, in view of the
complexity of renal tissue cells, the search for mesangial
cell-specific IncRNAs probably can answer the question of
Hmgbl cytoplasmic retention in mesangial cells. Conse-
quently, snRNA-seq was utilized to delve deeper into the
role of cytosolic Hmgb1 in mesangial cells in this study.
This cutting-edge technology enables thorough sequenc-
ing analysis of genome, transcriptome, and epigenetics
at the level of individual cells [45]. A new cyto-IncRNA
E130307A14Rik specific to mesangial cells was discovered
in this research using snRNA-seq. It was found to be over-
expressed in the kidney tissues of mice with DKD and in
mesangial cells exposed to high glucose. Furthermore, our
experiments with RIP and RNA pull down showed a strong
interaction between E130307A14Rik and Hmgb1, particu-
larly with the function domain A box region of Hmgbl.
Our findings from the DeepKla database indicate that the
A box structural domain of Hmgb1 is vulnerable to lacty-
lation. When considering the structure of Hmgb1 alongside
our results, it implies that the A box of Hmgb1 plays a cru-
cial role in the E130307A14Rik/Hmgb1 axis. This axis is
accountable for triggering inflammation in mesangial cells
and leading to renal injury via the NF-kB pathway, in both
experimental models and living organisms. Therefore,
we identified a new mechanism by which lactate induced
Hmgbl lactlation and acetylation and mesangial cell-spe-
cific cyto-IncRNA E130307A14Rik interaction regulated
Hmgb1 cytopasmic accumulation in mesangial cell inflam-
mation. In particular, these findings revealed that cytosolic
Hmgbl-mediated NF-«B activation is a novel finding in
clarifying the mechanism of DKD progression.

Conclusions

In brief, our research illustrates that the accumulation of
Hmgb1 within the cytoplasm could potentially exacerbate
inflammation and cellular proliferation in mesangial cells
in diabetic kidney disease through its direct interaction with

IkBa. More importantly, the experimental results revealed
the regulation pattern of Hmgbl cytopasmic accumula-
tion in two ways from protein post-translational modifica-
tions level and single-cell IncRNA regulation level. These
findings are advantageous for us to enrich and broaden
our understanding of the mechanisms underlying DKD
development.
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