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Abstract
Background
Mesenchymal stem cells induce kidney transplant tolerance by increasing regulatory T (Treg) cells. Bone
marrow mesenchymal stem cell exosomes (BMMSC-Ex) promote Treg cell differentiation. Long noncoding RNA differentiation antagonizing non-protein coding RNA (DANCR) is expressed in BMMSCs and
can be encapsulated in exosomes. We aimed to explore the role of DANCR in BMMSC-Ex in immune
tolerance after kidney transplantation and related mechanism.
Methods
The kidney transplantation model was established and levels of serum creatinine (SCr) were determined.
Hematoxylin-eosin staining was conducted to detect the inflammation and immunohistochemistry was
performed to detect the infiltration of CD4+ T cells. Levels of IFN-γ, IL-17 and IL-2 were examined by
ELISA. Flow cytometry was conducted to determine Treg cells.
Results
In allograft group, the inflammatory response was severe, CD4+ T cell infiltration, SCr levels, and plasma
rejection related factors were up-regulated, while injection of BMMSC-Ex reversed the results. BMMSC-Ex
increased Treg cells in kidney transplantation mice. Interference with DANCR reversed the promoting
effect of BMMSC-Ex on Treg cell differentiation. DANCR bound to SIRT1, promoted ubiquitination and
accelerated its degradation. The injection of BMMSC-Ex (after interference with DANCR) promoted SIRT1
levels, inflammatory response, CD4+ T cell infiltration, SCr levels, and plasma rejection related factors′
expression, while Treg cells were decreased.
Conclusion
LncRNA DANCR in BMMSC-Ex promoted Treg cell differentiation and induced immune tolerance of
kidney transplantation by down-regulating SIRT1 expression in CD4+ T cells.

Introduction
Kidney transplantation is a common treatment for chronic renal insufficiency at the endstage [1]. However, it still faces challenges such as long-term survival of receptors and adverse reactions
to immunosuppressive agents, which can lead to an overall suppression of the immune system,
increasing infection rates, and the incidence of tumors [2].
Regulatory T (Treg) cells are a subpopulation of T cells with independent functions, and forkhead box P3
(Foxp3) is the main surface marker [3]. Liao T et al. found that induced Treg cells significantly weakened
the histological graft injury and rejection, and significantly improved the survival of kidney allograft [4]. In
addition, Mesenchymal stem cells (MSCs) has been reported to induce kidney transplantation tolerance
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by increasing the number of Treg cells [5]. Studies have shown that exosomes can delay kidney graft
rejection and participate in immune tolerance of kidney transplantation [6-8]. However, the effect of MSCderived exosomes on immune tolerance of kidney transplantation has not been clearly reported. Besides,
exosomes secreted by bone marrow mesenchymal stem cells (BMMSCs) promote differentiation of CD4+
T cells into Treg cells [9, 10]. We hypothesized that exosomes secreted by BMMSCs promote kidney
transplantation immune tolerance by promoting CD4+ T cell differentiation into Treg cells.
As the main medium of information communication between MSCs and other cells, exosomes have been
reported to realize the regulation function of MSC on target cells by encapsulating a variety of molecules
including long non-coding RNA (lncRNA), microRNA (miRNA), and mRNA [11]. LncRNA differentiation
antagonizing non-protein coding RNA (DANCR) is a tumor suppressor that plays a tumor-suppressive role
in renal cell carcinoma [12]. In addition, DANCR is significantly decreased in acute kidney injury, and it can
promote the viability and inhibits apoptosis of renal tubular epithelial cells treated with
LPS [13]. Therefore, we suggested that DANCR plays a protective role in kidney injury. Furthermore,
DANCR is expressed in BMMSCs and can be encapsulated in the exosomes [14, 15]. We hypothesized
that BMMSCs might play a role in kidney transplantation by secreting exosomes encased with DANCR.
Sirtuin-1 (SIRT1) is an important target of immunotherapy, elimination of SIRT1 in T cells promotes the
differentiation of CD4+ T cells into Treg cells and enhances Foxp3 levels [16, 17]. In addition, inhibition of
SIRT1 can improve the patient survival and the function of transplanted kidney [18].
Therefore, we hypothesized that lncRNA DANCR in BMMSCs exosomes promoted Treg cell differentiation
and induced kidney transplantation immune tolerance by down-regulating the expression of SIRT1.

Materials And Methods
BMMSCs collection and culture
Femurs and tibias of 6-week-old C57BL/6 female mice were collected, washed with phosphate buffered
solution (PBS) containing 2% fetal bovine serum (FBS), and inoculated in DMEM medium containing 2%
FBS and penicillin/streptomycin. The adherent cells were removed 48 h later. After the adherent cells
reached 90% fusion, the adherent cells were treated with trypsin [19]. Mice were raised in the Animal
Center of Zhengzhou University. All animal procedures met the standards of the Institutional Animal Care
and Use Committee of Zhengzhou University People's Hospital.
BMMSCs exosomes (BMMSC-Ex) collection
BMMSCs cells were cultured in depleted exosomal medium (cells were centrifuged at 100000 g), the
supernatant was collected and centrifuged at 300 g for 10 min, 3000 g for 10 min, 20,000 g for 30 min,
and 120,000 g for 70 min. BMMSC-Ex were obtained after resuspended in PBS [20].
Transmission electron microscopy (TEM)
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TEM was conducted to observe the morphology of BMMSC-Ex using a Tecnai™ transmission electron
microscope (FEI, USA). Before photography, BMMSC-Ex was suspended in 2.5% glutaraldehyde and
loaded on the copper grids [19].
Nanoparticles Tracking Analysis (NTA)
The size of BMMSC-Ex was determined by NTA with Nanosight NS300 (Malvern, UK). Exosomes were
resuspended by PBS, diluted, and injected into the sample chamber. The NTA software was used to
capture and analyze the data.
Western blot
Proteins of BMMSC-Ex or CD4+ T cells were collected with RIPA Lysis Buffer (Beyotime, Shanghai), and
the samples were quantified by Pierce TM BCA Protein Assay Kit (Thermo Fisher Scientific, USA). The
samples were administrated with SDS-PAGE followed by transferred to the polyvinylidene difluoride
membrane (Millipore, Germany). The membrane was blocked and then incubated with primary antibodies
against CD9 (ab92726, 1:2000), TSG101 (ab125011, 1:1000), CD63 (ab217345, 1:1000), SIRT1 (ab12193,
1:2000). Calnexin (ab22595, 1:1000) and β-actin (ab8227, 1:1000) overnight at 4°C. The membranes
were then incubated with Goat Anti-Rabbit IgG H&L (HRP) for 2 h. Finally, the blots were observed with
BeyoECL Moon (Beyotime Biotechnology, Shanghai) [21].
Animal model
Mice were grouped into isograft control (BALB/c to BALB/c, n=7), allograft (C57BL/6 to BALB/c, n=7),
allograft + PBS (C57BL/6 to BALB/c, n=7), allograft + BMMSC-Ex (C57BL/6 to BALB/c, n=7). For the
model of isogenic kidney transplantation, BALB/c mice were performed as donors and recipients. For the
model of allograft kidney transplantation, C57BL/6 mice were acted as donors and BALB/c mice were the
recipients.
Mice were anaesthetized with pentobarbital sodium and ether, and subcutaneously injected with
butorphanol (1 mg/kg) for analgesia. In donor mice, a median abdominal incision was made, and the left
kidney was used as the donor kidney, the left kidney and blood vessels were exposed. The abdominal
aorta and the inferior vena cava were dissociated, ligated, and blocked. After perfusion, the abdominal
aorta, inferior vena cava and ureter were moved, and the left kidney and its associated blood vessels and
ureter were stored in 4°C high osmotic citron salt adenine solution. In recipient mice, a median abdominal
incision was made, and the left kidney was resected, the donor kidney was placed into the left lower
abdomen. Then, 2 mL (50 U/mL) of 4°C heparin saline was injected into the right peritoneum for systemic
heparinized. The transplanted blood vessel was first anastomosed to the recipient aorta and then to the
inferior vena cava. After the anastomosis, the blood supply was restored and the ureter was implanted
into the bladder. The cold ischemia time was 60 min and the hot ischemia time was 20 min.
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For allograft + PBS group, mice were infused with PBS through caudal vein 1 day before and 1 day after
kidney transplantation. For allograft + BMMSC-Ex group, mice were infused with BMMSC-Ex (10 μg,
suspended in PBS) through caudal vein 1 day before and 1 day after kidney transplantation. All animal
procedures met the standards of the Institutional Animal Care and Use Committee of Zhengzhou
University People's Hospital [6].
HE (hematoxylin-eosin) staining
Six days after transplantation, the kidney tissues were collected, fixed with 10% formaldehyde,
dehydrated with different concentrations of alcohol gradient, embedded in paraffin, and cut into 5 μm
slices. Tissues were then dewaxed with xylene, rehydrated with gradient alcohol and stained with HE
(Beyotime Biotechnology, Shanghai). After gradient dehydration and transparency, the kidney tissues
were sealed with neutral gum and observed under a light microscope (Olympus BX51, Japan).
CD4 staining
Six days after transplantation, the kidney tissues were collected, fixed with 4% paraformaldehyde,
incubated with 0.3% H2O2 for 30 min, blocked with Tris-buffered saline containing 10% normal serum and
1% Bull Serum Albumin for 2 h, and incubated overnight with Anti-CD4 antibody (ab183685, 1:200) at
4°C. The next day, sections were washed and incubated with biotin-labeled secondary antibody at room
temperature for 1 h, following stained with 3,3'-diaminobenzidine for 10 min. Finally, the
images were observed under a microscope (Zeiss, Germany) [22]
Serum creatinine (SCr) levels
Blood samples were taken from mice and centrifuged at 1500 g for 15 min. SCr levels were examined
using an Indiko automatic biochemical analyzer (Thermo Fisher Scientific, USA) [23].
ELISA (enzyme-linked immunosorbent assay)
Levels of IL-2, IL-17, and IFN-γ were examined by ELISA assay referring to its instructions. The ELISA kits
for IFN-γ, IL-2, and IL-17 were all purchased from Invitrogen™ (Thermo Fisher Scientific, USA) [24].
Flow cytometry
Six days after transplantation, the recipient mice were sacrificed, and spleen and kidney samples were
collected and prepared into single-cell suspension. Cells were incubated with anti-CD4-APC antibody and
anti-Foxp3-PE antibody following the instructions (eBiosciences). Data were collected and analyzed with
flow cytometry (FACSCalibur, BD Biosciences, USA) [25].
Cell transfection
The LV, LV-DANCR, LV-shRNA, LV-shDANCR were cloned into a lentiviral vector and transferred into 293T
cells. After that, the obtained virus particles were used to infect BMMSCs or BMMSC-Ex.
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For the BMMSCs-LV-Ex group, BMMSCs-LV-DANCR-Ex group, BMMSCs-LV-shRNA-Ex group, and
BMMSCs-LV-shDANCR-Ex group, the LV, LV-DANCR, LV-shRNA, or LV-shDANCR was transfected into
BMMSCs followed by the collection of BMMSC-Ex.
CD4+ T cell isolation
CD4+ T cells were isolated from spleens of healthy C57BL/6 mice using Dynabeads™ Untouched™ Mouse
CD4 Cells Kit (Thermo Fisher Scientific, USA) referring to the instructions. CD4+ T cells were in the
supernatant. Then cultured with different concentrations of BMMSC-Ex (10, 50, 100 ng/mL) for 2
days [26].
qRT-PCR
RNA was isolated from BMMSCs, BMMSC-Ex, CD4 + T cells, spleen and kidney tissues using Trizol
(Beyotime Biotechnology, Shanghai). After reverse transcription, DANCR levels were determined using
SYBR qPCR Mix (Takara, Japan) on a Real-time fluorescence quantitative PCR instrument (Applied
Biosystems, USA). GAPDH was used as an internal reference and the intergroup multiples were calculated
by the 2-ΔΔCt method.
DANCR: (F: 5′-CGTCTCTTACGTCTGCGGAA-3′
R: 5′-GGACACGTGGTTGCTACAAG-3′);
GAPDH: (F: 5′-TGCACCACCAACTGCTTAG-3′
R: 5′-GGATGCAGGGATGATGTTC-3′)
RNA pull-down assay
RNA pull-down assay was performed according to the instructions of the Magnetic RNA-Protein PullDown Kit (Thermo Fisher, USA). CD4+ T cells were lysed using RIP buffer containing protease inhibitor
and RNase inhibitor. The biotin-labeled lncRNA DANCR (Bio-DANCR) or control (Bio-NC) was captured
with beads and then transfected into CD4+ T cell lysate. Western blot was carried out to examine the
protein levels of SIRT1.
RNA immunoprecipitation (RIP) assay
RIP assay was performed according to the instructions of Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Germany). CD4+ T cells were lysed using RIP buffer containing
protease inhibitor and RNase inhibitor. The CD4+ T cell lysate was incubated with magnetic beads coated
with anti-SIRT1 (ab32441, 1:30). Normal Rabbit IgG was used as the negative control. After washing and
purification, qRT-PCR was carried out to examine DANCR levels.
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Co-immunoprecipitation (Co-IP)
The FLAG-SMURF2, LV-DANCR (or LV) constructs were transfected into CD4+ T cells and treated with 10
μM MG132 (proteasome inhibitor) for 4 h. Cells were then lysed with RIP Lysis Buffer and incubated with
magnetic beads coated with anti-FLAG (SMURF2, Cell Signaling Technology, 1:50). Western blot was
carried out to examine the protein levels of SIRT1.
The HA-Ub, FLAG-SMURF2, LV-DANCR (or LV) constructs were transfected into CD4+ T cells and treated
with 10 μM MG132 for 4 h. Cells were then lysed with RIP Lysis Buffer and incubated with magnetic
beads coated with anti-HA-Ub (ab3341, 1:1000). Western blot was carried out to examine the protein
levels of SIRT1.
Statistical analysis
Analyses were performed with GraphPad Prism 8.01. The difference was assessed by Student's t-test or
one-way ANOVA followed by the LSD post hoc test. P<0.05 was considered statistically significant [27].

Results
Characteristics of BMMSC-Ex.
To be first, the Characteristics of BMMSC-Ex were observed. Analysis of TEM and NTA showed that
BMMSC-Ex was cup-shaped with a diameter of ~100 nm (Figure 1A, 1B). Besides, BMMSC-Ex expressed
CD9, TSG101 and CD63, but did not express calnexin (Figure 1C), which up to identification criteria of
exosomes.

BMMSC-Ex improved kidney transplant rejection in mice.
To investigate the effect of BMMSC-Ex on kidney transplant rejection in mice, we established mouse
model of isogenic kidney transplantation and allograft kidney transplantation, and BMMSC-Ex was
infused through tail vein. It could be seen that the inflammatory response was reduced after injection of
BMMSC-Ex compared with the allograft group (Figure 2A). Also, CD4+ T cell infiltration was significantly
up-regulated (P<0.001) in the allograft group, and significantly down-regulated (P<0.01) in the allograft +
BMMSC-Ex group (Figure 2B). Besides, the SCr levels were also increased (P<0.001) in the allograft group,
while the injection of BMMSC-Ex decreased SCr levels (P<0.01) (Figure 2C). ELISA results showed that the
expression of rejection-related factors (IFN-γ, IL-2 and IL-17) in plasma of allograft group was
significantly up-regulated (P<0.001 or P<0.01), while the expression levels were decreased (P<0.01) after
injection of BMMSC-Ex. (Figure 2D-2F). Results indicated that BMMSC-Ex could improve the rejection of
kidney transplantation in mice.

BMMSC-Ex increased Treg cells in kidney transplantation mice.
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Studies have indicated that Treg cells could reduce transplant rejection [4, 5]. We aimed to explore
whether BMMSC-Ex improved kidney transplant rejection in mice by increasing Treg cells. Mice were
grouped as described in Figure 2. As shown in Figure 3A and Figure 3B, in spleen tissues and
transplanted kidney tissues, Treg cells (CD4+ FoxP3+ T) were both increased in the allograft group, and
the injection of BMMSC-Ex further increased its proportion. Data demonstrated that BMMSC-Ex might
improve kidney transplant rejection in mice by up-regulating the proportion of Treg cells.

Interference with DANCR reversed the promoting effect of BMMSC-Ex on Treg cell differentiation.
A large number of literatures has shown that BMMSC-Ex can promote the differentiation of CD4+ T cells
into Treg cells [9, 10]. Figure 4A and Figure 4B showed that overexpressing DANCR up-regulated DANCR
levels (P<0.01) and interference with DANCR down-regulated DANCR levels (P<0.01) in BMMSCs and
BMMSC-Ex. Then, CD4+ T cells were isolated followed by the addition of different concentrations of
BMMSC-Ex (10, 50, 100 ng/mL) and cultured for 2 days. QRT-PCR results showed that the addition of
BMMSC-Ex (≥50 ng/mL) promoted the expression of DANCR (Figure 4C). The LV-DANCR (or LV) was
transfected into BMMSCs and then BMMSC-Ex was collected. Figure 4D showed that the addition of
BMMSC-Ex increased DANCR levels, and overexpressing DANCR further promoted DANCR expression.
The LV-shDANCR (or LV-shRNA) was transfected into BMMSCs and then BMMSC-Ex was collected.
Figure 4E showed that the addition of BMMSC-Ex increased DANCR levels, and interference with DANCR
reversed the effect of BMMSC-Ex. After inducing Treg cell differentiation, flow cytometry and qRT-PCR
results showed that BMMSC-Ex promoted the proportion of Treg cells as well as the levels of Foxp3 and
IL-10, while interference with DANCR reversed the effect of BMMSC-Ex (Figure 4F, 4G).

DANCR bound to SIRT1 to inhibit its expression.
Elimination of SIRT1 has been reported to promote differentiation of CD4+ T cells into Treg cells, and
inhibition of SIRT1 can improve the survival rate of transplanted kidneys [17, 18]. Besides, through
RPISeq software prediction, we found that there might be an interaction between DANCR and SIRT1. RNA
pull-down assay showed that compared with Bio-NC, a large amount of SIRT1 was detected in the BioDANCR pull-down complex (Figure 5A). RIP assay showed that DANCR was significantly enriched in
SIRT1 precipitation (Figure 5B). In addition, Interfering with DANCR did not significantly affect the
expression of SIRT1 mRNA, but significantly promoted the expression of SIRT1 protein (Figure 5C).
Similarly, overexpressing DANCR did not significantly affect the expression of SIRT1 mRNA, but
significantly inhibited the expression of SIRT1 protein (Figure 5D). Data demonstrated that DANCR might
inhibit SIRT1 expression by binding to SIRT1.

DANCR accelerated SIRT1 degradation and promoted E3 ubiquitin ligase SMURF2-mediated
ubiquitylation.
In the following work, we investigated how DANCR affected SIRT1 protein levels. CD4+ T cells were
infected with LV-DANCR or LV, and then treated with 10 μg/mL CHX (cycloheximide, protein synthesis
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inhibitor) for 0, 2, 4, 8 h. Figure 6A showed that overexpression of DANCR promoted the degradation of
SIRT1 protein. Then, cells were treated with (or without) 10 μM of MG132 for 4 h. Western blot results
indicated that LV-DANCR-mediated degradation of SIRT1 protein was completely inhibited by MG132
(Figure 6B). We speculated whether DANCR accelerated the degradation of SIRT1 by affecting its
ubiquitination. Co-IP results showed that in LV-DANCR transfected cells, the levels of SIRT1 pulled down
by Flag-SMURF2 were increased (Figure 6C). Next, immunoprecipitation (IP) was performed with anti-HA
(Ub) Antibody, followed by western blot (IB) with anti-SIRT1 Antibody. The results showed that the
addition of Flag-SMURF2 promoted SIRT1 ubiquitination, and the overexpression of DANCR further upregulated the level of Flag-SMURF2-mediated SIRT1 ubiquitination (Figure 6D). Results demonstrated
that overexpression of DANCR might accelerate SIRT1 protein degradation by promoting SMURF2mediated SIRT1 ubiquitination.

After interference with DANCR, the collected BMMSC-Ex inhibited Treg cell differentiation by up-regulating
SIRT1 expression in CD4+ T cells.
Next, we explored whether BMMSC-Ex (after interference with DANCR) affected Treg differentiation by
regulating SIRT1 protein. Figure 7A showed that in CD4+ T cells, LV-shDANCR-Ex promoted the expression
of SIRT1, and co-culture with LV-shSIRT1 reversed the effect. Flow cytometry results showed that Treg
cells were inhibited by LV-shDANCR-Ex and the effect was reversed by co-culture with LV-shSIRT1 (Figure
7B). QRT-PCR results showed that LV-shDANCR-Ex inhibited the expression of Foxp3 and IL-10 in CD4+ T
cells, and co-culture with LV-shSIRT1 increased their levels (Figure 7C, 7D).

After interference with DANCR, the collected BMMSC-Ex aggravated kidney transplant rejection in mice.
To investigate the effect of BMMSC-Ex interfering with DANCR on kidney transplant rejection in mice in
vivo, exosomes collected after transfection of BMMSCs with or without LV-shRNA or LV-shDANCR were
injected into mice via tail vein. In spleen and transplanted kidney tissues, injection of BMMSC-Ex
promoted the expression of DANCR, and LV-shDANCR-Ex reversed the effect (Figure 8A). Western blot
results showed that injection of BMMSC-Ex inhibited the expression of SIRT1 in the spleen and kidney,
while LV- shDANCR-Ex reversed the effect (Figure 8B). HE staining of kidney tissues showed that the
inflammatory response was reduced after injection of BMMSC-Ex, and this effect was reversed by
injection of BMMSCs-LV-shDANCR-Ex (Figure 8C). CD4 immunohistochemistry of kidney tissues showed
that the injection of BMMSC-Ex significantly reduced CD4+ T cell infiltration, which was reversed by LVshDANCR-Ex (Figure 8D). Besides, the injection of BMMSC-Ex reduced the expression of serum creatinine
(SCr) as well as the expression of rejection-related factors (IFN-γ, IL-2, and IL-17) in plasma, and the effect
was reversed by injection of LV-shDANCR-Ex (Figure 8E-8H). Figure 8I results showed that the injection of
BMMSC-Ex increased the proportion of Treg cells in the spleen and transplanted kidney tissues, while the
injection of LV-shDANCR-Ex reversed this effect.

Discussion
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The transplanted kidney will be "attacked" by immune-active cells, mainly lymphocytes, which is called
kidney rejection. Immunosuppressant is often used in clinical practice to prevent the immune rejection of
kidney transplants, but it will produce immune-mediated injury and adverse reactions [28]. Therefore, it is
very necessary to explore the mechanism of immune tolerance in kidney transplantation. In the present
study, the mouse kidney transplantation model was established and we found that BMMSC-Ex could
improve kidney transplant rejection and up-regulate the proportion of Treg cells in kidney transplantation
mice. At the same time, we also found that DANCR could bind to SIRT1, promote its ubiquitination and
accelerate its degradation. In addition, after interference with DANCR, BMMSC-Ex inhibited the
differentiation of CD4+ T cells into Treg cells by up-regulating the expression of SIRT1 and finally
aggravated kidney transplant rejection in mice.
Treg cells play an important role in the resistance to immune rejection in kidney transplantation. Treg
cells can specifically inhibit autoreactive T cells and are important cells involved in peripheral immune
tolerance [29]. It has been reported that injection of MSCs can improve kidney transplant rejection and
induce immune tolerance by increasing the proportion of Treg cells [5, 30]. The role of exosomes in organ
transplantation has been demonstrated in a large number of literatures. For example, it has been reported
that the addition of Treg cell-derived exosomes promotes immune tolerance in kidney transplantation [7,
8]. Other studies show that BMMSCs-derived exosomes promote the differentiation of CD4+ T cells into
Treg cells [19, 26]. In our study, we found that injection of BMMSC-Ex could reduce the inflammatory
response, the infiltration of CD4+ T cells, decrease the expression levels of serum SCr and plasma
rejection related factors (IFN-γ, IL-2, and IL-17), and improve the rejection of kidney transplantation in
mice. Meanwhile, injection of BMMSC-Ex also up-regulated the proportion of Treg cells in kidney
transplantation mice. The results indicated that BMMSCs-derived exosomes might promote kidney
transplantation immune tolerance by promoting CD4+ T cell differentiation into Treg cells.
Exosomes mediate intercellular communication by delivering lncRNA, mRNA, and other signaling
molecules [11]. LncRNA has been reported to regulate the immune system [31]. Studies have shown that
lncRNA DANCR can protect kidney against injury. It can inhibit renal cell carcinoma, promote the viability
of LPS-induced renal tubular epithelial cells and inhibit cell apoptosis [12, 13]. Furthermore, lncRNA
DANCR can be expressed in BMMSCs and can be encapsulated in exosomes [14, 15]. In our study, after
interfering with DANCR, the expression of DANCR was decreased, while it was increased after
overexpression of DANCR in BMMSCs and BMMSC-Ex. Besides, the addition of BMMSC-Ex further
promoted the expression of DANCR after overexpressing DNACR, while interference with DANCR downregulated its expression. In addition, after interference with DANCR, Treg cells was decreased, as well as
the expression of Foxp3 and IL-10. Data suggested that interference with DANCR might inhibit the
promotion of BMMSC-Ex on Treg cell differentiation.
Through RPISeq software, DANCR was predicted to interact with SIRT1. Sirtuin-1 (SIRT1), a member of
the Sirtuin family, is an important target for immunotherapy due to its deacetylation of transcription
factor Foxp3 and thymoretinic acid receptor-associated orphan receptor γ (RORγt). It has been reported
that inhibition of SIRT1 can improve the survival rate and function of transplanted kidneys [18, 32]. Also,
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an inhibitor of sirtuin-1 (Ex-527) significantly increases the proportion of Treg cells, as well as Foxp3
expression levels [23]. RNA pull-down, RIP, Co-IP, and other experiments confirmed the binding relationship
between DANCR and SIRT1, and DANCR accelerated the degradation of SIRT1 by promoting its
ubiquitination. Furthermore, after interference with DANCR, BMMSC-Ex inhibited the differentiation of
CD4+ T cells into Treg cells by up-regulating the expression of SIRT1 and aggravated the rejection of
kidney transplantation in mice.
Overall, our experiments firstly confirmed that lncRNA DANCR in BMMSC-Ex could promote immune
tolerance of kidney transplantation partly by down-regulating SIRT1 expression, and promoting CD4+ T
cells to differentiate into Treg cells. We also found that DANCR could bind to SIRT1, promote E3 ubiquitin
ligase SMURF2-mediated ubiquitination and accelerate the degradation of SIRT1.
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Figure 1
Characteristics of BMMSC-Ex. BMMSCs were isolated from the femur and tibia of healthy C57BL/6 mice
and then BMMSC-Ex was collected. (A) The morphology of BMMSC-Ex was observed by transmission
electron microscopy (TEM). Scale bar: 200 nm. (B) The size of BMMSC-Ex was determined by
nanoparticle tracking analysis (NTA). (C) Exosome markers CD9, TSG101, CD63, and calnexin were
detected by Western blot.

Figure 2
BMMSC-Ex improved kidney transplant rejection in mice. The mouse model of kidney transplantation
was established. Mice were divided into four groups (n=7 per group): the isograft control group (isogenic
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kidney transplantation), the allograft group (allograft kidney transplantation), the allograft + PBS group
(mice were infused with PBS through caudal vein 1 day before and 1 day after kidney transplantation),
the allograft + BMMSC-Ex group (mice were infused with BMMSC-Ex through caudal vein 1 day before
and 1 day after kidney transplantation). Six days after transplantation, the recipient mice were sacrificed,
the transplanted kidney tissues, serum, and plasma samples were collected for analysis. (A) The
inflammation of kidney tissues was observed by HE staining. Scale bar: 100 μm. (B) The infiltration of
CD4+ T cells in kidney tissues was observed by CD4 immunohistochemistry. Scale bar: 40 μm. (C) Serum
creatinine (SCr) levels were measured by an automatic biochemical analyzer. (D-F) The expression of
rejection-related factors (IFN-γ, IL-2, and IL-17) in plasma was detected by ELISA. ** P<0.01, *** P<0.001
versus the isograft control group; ## P<0.01 versus the allograft + PBS group.
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Figure 3
BMMSC-Ex increased the proportion of Treg cells in kidney transplantation mice. Mice were grouped as
described in Figure 2. Six days after transplantation, the recipient mice were sacrificed, and spleen and
kidney tissues were collected and prepared into single-cell suspension for analysis. (A) The proportion of
Treg cells (CD4+ Foxp3+ T) in the spleen tissues was determined by flow cytometry. (B) The proportion of
Treg cells in transplanted kidney tissues was determined by flow cytometry. * P<0.05 versus the isograft
control group; # P<0.05 versus the allograft + PBS group.

Figure 4
Interference with DANCR reversed the promoting effect of BMMSC-Ex on Treg cell differentiation.
BMMSCs were isolated from the femur and tibia of healthy C57BL/6 mice and transfected with LVPage 17/23

DANCR or LV, followed by the collection of BMMSC-Ex. (A) The expression of DANCR in BMMSCs and
BMMSC-Ex was detected by qRT-PCR. ** P<0.01 versus the LV group. BMMSCs were transfected with LVshDANCR or LV-shRNA, followed by the collection of BMMSC-Ex. (B) The expression of DANCR in
BMMSCs and BMMSC-Ex was detected by qRT-PCR. ** P<0.01 versus the LV-shRNA group. CD4+ T cells
were isolated from spleens of healthy C57BL/6 mice using a mouse CD4+ T cell isolation kit, and then
the collected BMMSC-Ex (10, 50, 100 ng/mL) was added for co-culture for 2 days. (C) The expression of
DANCR in CD4+ T cells was detected by qRT-PCR. **P<0.01, *** P<0.001 versus the control group. CD4+ T
cells were grouped: Control (CD4+ T cells), BMMSC-Ex (50 ng/mL BMMSC-Ex was added to CD4+ T
cells), BMMSCS-LV-Ex (BMMSCs were transfected with LV, and BMMSC-Ex was collected and added to
CD4+ T cells), BMMSCs-LV-DANCR-Ex (BMMSCs were transfected with LV-DANCR, and BMMSC-Ex was
collected and added to CD4+ T cells). (D) The expression of DANCR in CD4+ T cells was detected by qRTPCR. **P<0.01 versus the control group; # P<0.05 versus the BMMSCs-LV-Ex group. CD4+ T cells were
grouped: Control (CD4+ T cells), BMMSC-Ex (50 ng/mL BMMSC-Ex was added to CD4+ T cells),
BMMSCs-LV-shRNA-Ex (BMMSCs were transfected with LV-shRNA, and BMMSC-Ex was collected and
added to CD4+ T cells), BMMSCs-LV-shDANCR-Ex (BMMSCs were transfected with LV-shDANCR, and
BMMSC-Ex was collected and added to CD4+ T cells). (E) The expression of DANCR in CD4+ T cells was
detected by qRT-PCR. ** P<0.01 versus the control group; ## P<0.01 versus the BMMSCs-LV-shRNA-Ex
group. CD4+ T cells were grouped: control, BMMSC-Ex, BMMSCS-LV-shRNA-Ex, BMMSCs-LV-shDANCREx. Cells were all cultured in the medium supplemented with Treg cell differentiation inducer (5 μg/mL
anti-CD3, 5 μg/mL anti-CD28, 2 ng/mL TGFβ1, and 10 U/mL IL-2) for 4 days. (F) The proportion of Treg
cells in CD4+ T cells was determined by flow cytometry. * P<0.05 versus the control group; # P<0.05
versus the BMMSCs-LV-shRNA-Ex group. (G) The expression of Foxp3 and IL-10 in CD4+ T cells was
detected by qRT-PCR. ** P<0.01 versus the control group; # P<0.05, ## P<0.01 versus the BMMSCs-LVshRNA-Ex group.
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Figure 5
DANCR bound to SIRT1 to inhibit its expression. (A-B) RNA pull-down and RIP were conducted to confirm
the binding relationship between DANCR and SIRT1. ** P<0.01 versus the IgG group. CD4+ T cells were
transfected with LV-shRNA or LV-shDANCR. (C) SIRT1 levels were detected by qRT-PCR and Western blot.
NS P>0.05, ** P<0.01 versus the LV-shRNA group. CD4+ T cells were transfected with LV or LV-DANCR.
(D) SIRT1 levels were detected by qRT-PCR and Western blot. NS P>0.05, ** P<0.01 versus the LV group.
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Figure 6
DANCR accelerated SIRT1 degradation and promoted E3 ubiquitin ligase SMURF2-mediated
ubiquitination. CD4+ T cells were infected with LV-DANCR or LV and then treated with 10 μg/mL CHX for
0, 2, 4, 8 h. (A) The protein level of SIRT1 was detected by Western blot. **P<0.01, ***P<0.001 versus the
LV group. CD4+ T cells were infected with LV-DANCR or LV and then treated with (or without) 10 μM
MG132 for 4 h. (B) The protein level of SIRT1 was determined by Western blot. ** P<0.01 versus the LV
group or LV-DANCR group; ns P>0.05 versus the LV group or MG132 + LV group; ** P<0.01 versus the LV
group or the LV-DANCR group. CD4+ T cells were infected with FLAG-SMURF2, LV-DANCR or LV, and then
treated with 10 μM MG132 for 4 h. (C) Co-IP assay was conducted to detect the interaction between
SIRT1 and E3 ubiquitin ligase SMURF2. CD4+ T cells were infected with HA-Ub, FLAG-SMURF2, LVDANCR, or LV, and then treated with 10 μM MG132 for 4 h. (D) Cell lysates were immunoprecipitated (IP)
with anti-HA (Ub) Antibody and then immunoblotted (IB) with anti-SIRT1 Antibody.
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Figure 7
After interference with DANCR, the collected BMMSC-Ex inhibited Treg cell differentiation by up-regulating
SIRT1 expression in CD4+ T cells. BMMSCs were isolated and transfected with LV-shDANCR or LV-shRNA,
and the BMMSC-Ex was collected and co-cultured with CD4+ T cells (transfected with LV-NC or LVshSIRT1). The concentration of added exosomes was 50 ng/mL and cells were induced for Treg cell
differentiation. (A) The protein level of SIRT1 was detected by Western blot. (B) The proportion of Treg
cells was determined by flow cytometry. (C-D) The expression of Foxp3 and IL-10 in CD4+ T cells was
detected by qRT-PCR. * P<0.05, ** P<0.01 versus the LV-shRNA-Ex group; # P<0.05, ## P<0.01 versus the
LV-shDANCR-Ex + LV-NC group.
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Figure 8
After interference with DANCR, the collected BMMSC-Ex aggravated kidney transplant rejection in mice.
The model of kidney transplantation in mice was established. BMMSCs were transfected with LV-shRNA,
and exosomes of BMMSCs were collected (LV-shRNA-Ex). BMMSCs were transfected with LV-shDANCR,
and exosomes of BMMSCs were collected (LV-shDANCR-Ex). Mice were grouped (n=7 per group): the
allograft + PBS group (mice were infused with PBS through caudal vein 1 day before and 1 day after
kidney transplantation), the allograft + BMMSC-Ex group (mice were infused with BMMSC-Ex through
caudal vein 1 day before and 1 day after kidney transplantation), the allograft + LV-shRNA-Ex group (mice
were infused with LV-shRNA-Ex through caudal vein 1 day before and 1 day after kidney transplantation),
the allograft + LV-shDANCR-Ex group (mice were infused with LV-shDANCR-Ex through caudal vein 1 day
before and 1 day after kidney transplantation). Six days after transplantation, the recipient mice were
sacrificed, the spleen tissues, transplanted kidney tissues, serum, and plasma samples were collected for
analysis. (A) QRT-PCR was used to detect the expression of DANCR in the spleen and transplanted kidney.
(B) Western blot was used to detect SIRT1 expression in the spleen and kidney. (C) The inflammation of
kidney tissues was observed by HE staining. Scale bar: 100 μm. (D) The infiltration of CD4+ T cells in
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kidney tissues was observed by CD4 immunohistochemistry. Scale bar: 40 μm. (E) SCr levels were
measured by an automatic biochemical analyzer. (F-H) The expression of rejection-related factors (IFN-γ,
IL-2, and IL-17) in plasma was detected by ELISA. (I) The proportion of Treg cells in the spleen and kidney
was determined by flow cytometry. * P<0.05, ** P<0.01, *** P<0.001 versus the allograft + PBS group; #
P<0.05, ## P<0.01, ### P<0.001 versus the allograft + LV-shRNA-Ex group.

Page 23/23

