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Exosomes have been implicated in diabetic kidney disease
(DKD), but the regulation of exosomes in DKD is largely un-
known. Here, we have verified the decrease of exosome
secretion in DKD and unveiled the underlying mechanism.
In Boston Universitymouse proximal tubule (BUMPT) cells,
high-glucose (HG) treatment led to a significant decrease
in exosome secretion, which was associated with specific
downregulation of RAB27B, a key guanosine-50-triphos-
phatase in exosome secretion. Overexpression of RAB27B
restored exosome secretion in HG-treated cells, suggest-
ing a role of RAB27B downregulation in the decrease of
exosome secretion in DKD. To understand the mechanism
of RAB27B downregulation, we conducted bioinformatics
analysis that identified FOXO1 binding sites in the Rab27b
gene promoter. Consistently, HG induced phosphorylation
of FOXO1 in BUMPT cells, preventing FOXO1 accumula-
tion and activation in the nucleus. Overexpression of non-
phosphorylatable, constitutively active FOXO1 led to the
upregulation of RAB27B and an increase in exosome se-
cretion in HG-treated cells. In vivo, compared with normal
mice, diabetic mice showed increased FOXO1 phosphor-
ylation, decreased RAB27B expression, and reduced
exosome secretion. Collectively, these results unveil
the mechanism of exosome dysfunction in DKD where
FOXO1 is phosphorylated and inactivated in DKD, re-
sulting in RAB27B downregulation and the decrease of
exosome secretion.

Exosomes are single membrane-bound microvesicles con-
taining nucleic acids, proteins, and lipids, which are
formed in cells by an endosomal route and secreted to
the extracellular milieu (1). A main cell biologic function

of exosomes is to mediate intercellular communication.
Exosomes have been implicated in various pathophysio-
logical processes and diseases, such as mammalian devel-
opment, infection and immune response, metabolic and
cardiovascular diseases, neurodegeneration, cancer, and
kidney disease (2–8).

There are two primary mechanisms for the biogenesis
of exosomes, the endosomal sorting complex required for
transport (ESCRT)-dependent pathway and the ESCRT-in-
dependent pathway (9). The ESCRT machinery consists of
a series of cytosolic protein complexes, including ESCRT-
0, ESCRT-I, ESCRT-II, and ESCRT-III, which facilitate the
formation of multivesicular bodies (10). In contrast, the
ESCRT-independent pathway mainly involves lipid raft-
based microdomains for lateral segregation of cargos
within the endosomal membrane. Regardless, the vesicles
are finally excreted to the extracellular space via the fu-
sion of multivesicular bodies with the plasma membrane.
Exosome secretion is performed and regulated mainly by
the RAB family of small guanosine-50-triphosphatases
(GTPases) and soluble NSF attachment protein receptor
(SNARE) proteins (11). In this regard, RAB GTPases regu-
late exosome secretion by controlling various steps of
intracellular vesicular trafficking, while SNARE proteins
regulate exosome secretion via mediating the fusion of
lipid bilayers (11).

As a common diabetic complication, diabetic kidney
disease (DKD) is a leading cause of end-stage renal disease
(ESRD) worldwide, bearing an enormous economic and
health burden to patients, families, and the society
(12–15). Considerable endeavors have been made to de-
lineate the pathogenesis, discover biomarkers for early

1Department of Nephrology, The Second Xiangya Hospital, Central South
University, Changsha, China
2Department of Cellular Biology and Anatomy, Medical College of Georgia at
Augusta University, Augusta, GA
3Charlie Norwood VA Medical Center, Augusta, GA

Corresponding author: Zheng Dong, zdong@augusta.edu

Received 1 November 2020 and accepted 9 February 2021

This article contains supplementary material online at https://doi.org/10.2337/
figshare.13812038.

© 2021 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/content/license.

See accompanying article, p. 1440.

C
O
M
P
L
IC

A
T
IO

N
S

1536 Diabetes Volume 70, July 2021

https://doi.org/10.2337/figshare.13812038
https://doi.org/10.2337/figshare.13812038
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db20-1108&domain=pdf&date_stamp=2021-07-27


diagnosis and progression prediction, and develop effect-
ive therapeutic interventions for DKD (16–24). Emerging
research has implicated exosomes in DKD as a mode of
intercellular communication. For example, Wu et al. (25)
showed that exosomes from high-glucose (HG)-treated
glomerular endothelial cells induced epithelial-mesenchy-
mal transition and dysfunction in cultured podocytes.
Zhu et al. (26) reported that exosomes from HG-treated
macrophages activated glomerular mesangial cells via the
transforming growth factor (TGF)-b1/Smad3 pathway
in vitro and in vivo. Exosomes from HG-treated macro-
phages could activate macrophages via the nuclear factor
(NF)-kB pathway (27). Su et al. (28) further demonstrated
that exosomes from podocytes mediated the dedifferen-
tiation of renal proximal tubule cells via miRNA-221 in
DKD models. Other studies suggested beneficial effects
of stem cells-derived exosomes in the treatment of DKD
and role as biomarkers of urinary exosomes in DKD
(29–36). Despite these studies, very little is known about
the regulation of exosome biogenesis and secretion in
DKD.

Our recent study demonstrated a significant reduction
in exosome secretion in HG-treated renal tubular cells
and in renal cortical tissues of Akita diabetic mice (37).
The current study has verified this finding and further in-
vestigated the molecular mechanism leading to decreased
exosome secretion in DKD. Our results show that in dia-
betic kidney cells and tissues, FOXO1 is phosphorylated
and inactivated, resulting in the downregulation of RAB27B
and the decrease of exosome secretion. These findings
provide new insights into exosome regulation in the
pathogenesis of DKD.

RESEARCH DESIGN AND METHODS

Antibodies and Special Reagents
Antibodies were purchased from the following sources:
anti-ALIX and anti-TSG101 antibodies from Santa Cruz
Biotechnology (Dallas, TX); anti-CD63 and anti–a-tubulin
antibodies from Abcam (Cambridge, MA); anti-FOXO1,
anti–phosphorylated (p)-FOXO1 (Ser256), anti-cyclophilin
B, anti-GAPDH, and anti-histone H3 antibodies from Cell
Signaling Technology (Danvers, MA); anti–b-actin anti-
body from Sigma-Aldrich (St. Louis, MO); anti-RAB27A and
anti-RAB27B antibodies from Proteintech (Chicago, IL); and
all secondary antibodies from Jackson ImmunoResearch
(West Grove, PA). Special reagents were purchased from
the following sources: Foxo1 siRNA and scrambled siRNA
from Cell Signaling Technology, Rab27b plasmid from Ori-
Gene Technologies (Rockville, MD), nonphosphorylatable,
constitutively active Foxo1 plasmid from Addgene (Cam-
bridge, MA) (38), exosome-depleted FBS from Thermo
Fisher Scientific (Waltham, MA), streptozotocin (STZ) from
Sigma-Aldrich, and recombinant human TGF-b1 from R&D
Systems (Minneapolis, MN).

Cell Culture and HG Incubation
The Boston University mouse proximal tubular cell line
(BUMPT) was originally obtained from Dr. Wilfred Lieber-
thal (Boston University School of Medicine, Boston, MA)
(39). We established a stably transfected BUMPT cell line
overexpressing RAB27B with the Rab27b plasmid and a
stably transfected BUMPT cell line overexpressing non-
phosphorylatable FOXO1 with the plasmid of constitu-
tively active Foxo1. The human proximal tubular HK-2
cell line was from ATCC (CRL-2190). BUMPT cells and
HK-2 cells were cultured in media containing HG (30
mmol/L glucose) or normal glucose (NG; 5.5 mmol/L glu-
cose 1 24.5 mmol/L D-mannitol) for 8 days, as previously
described (37). Briefly, medium with 10% FBS was re-
freshed on the 3rd and 5th day. On the 7th day, cells
were changed to serum-free medium. After 24 h, the me-
dium was changed to serum-free medium again. Cell cul-
ture medium was collected at the end of the 8th day for
exosome isolation.

Isolation and Identification of Exosomes From Cell
Culture Medium
Exosomes were isolated from collected cell culture me-
dium by centrifugation and ultracentrifugation, as previ-
ously described (37). The exosome pellets were lysed for
immunoblot analysis of exosome marker proteins or re-
suspended in particle-free PBS for nanoparticle tracking
analysis (NTA).

Diabetic Mouse Models
Animal work was conducted according to a protocol ap-
proved by the Institutional Animal Care and Use Commit-
tee of Charlie Norwood VA Medical Center (Augusta, GA).
C57BL/6 male mice (7 weeks) from The Jackson Labora-
tory were treated with 50 mg/kg/day STZ for 5 days to in-
duce type 1 diabetes (T1DM), as previously described
(40). Mice with a fasting blood glucose >200 mg/dL were
considered diabetic. In addition, Ins2Akita mice were used
for T1DM. Obese db/db mice were used as a model of
type 2 diabetes, and their lean littermates (db/m) served
as nondiabetic controls. Mice were sacrificed at 20–22
weeks of age.

Isolation of Exosomes From Mouse Renal Cortical
Tissues
Exosomes were isolated from 10 mg of mouse renal cor-
tical tissues by digestion, centrifugation, filtration, and
ultracentrifugation, as previously described (37). The exo-
some pellets were resuspended in particle-free PBS for
NTA.

NTA
NTA was performed with ZetaView (Particle Metrix, Me-
bane, NC) to measure the size, distribution, and concen-
tration of exosomes, as previously described (37). The
concentration of exosomes was normalized with the cor-
responding cell count. The cell count was measured using
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a TC20 Automated Cell Counter after the cells in each
dish were digested into suspension by trypsin at the end
of treatment.

Immunoblot Analysis
Proteins were separated by 10% SDS-PAGE and analyzed
by immunoblot using the method as previously described
(37).

Cell Transfection
Rab27b and nonphosphorylatable, constitutively active
Foxo1 were subcloned into the pcDNA4/TO vector (Addg-
ene). For transient transfection, cells were transfected
with 1 mg plasmids using Lipofectamine 2000 (Invitrogen,
Waltham, MA). For stable transfection, cells were trans-
fected with 1 mg plasmid DNA using Lipofectamine 2000,
followed by 2 weeks of selection with 500 mg/mL Zeocin
(Invitrogen).

Subcellular Fractionation
Cells were rinsed with cold PBS and scraped in 500 mL
PBS with 0.1% NP-40. The cell lysates were centrifuged at
13,000g for 30 s to collect supernatant as the cytoplasmic
fraction. The pellet was washed with PBS with 0.1% NP-40,
collected by centrifugation, and resuspended in Laemmli
buffer as the nuclear fraction.

Quantitative Real-Time PCR Analysis
Quantitative real-time PCR analysis was performed using
the method as previously described (15). Primer sequen-
ces of b-actin and Rab27b were as follows: mouse b-actin
(forward: 50-GGCTGTATTCCCCTCCATCG-30, reverse:
50-CCAGTTGGTAACAATGCCATGT-30); human b-actin
(forward: 50-CATGTACGTTGCTATCCAGGC-30, reverse:
50-CTCCTTAATGTCACGCACGAT-30); mouse Rab27b
(forward: 50-CGTCAGGAAAAGCGTTTAAGGT-30, reverse:
50-AGAAGCTCTGTTGACTGGTGA-30); and human Rab27b
(forward: 50-TAGACTTTCGGGAAAAACGTGTG-30, reverse:
50-AGAAGCTCTGTTGACTGGTGA-30).

Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assay was per-
formed using the method as previously described (15). The
DNA samples were analyzed by real-time PCR with input
DNA for normalization using primers designed according
to the FOXO1 binding site sequence in the Rab27b gene
(forward: 50-CGGAAAGACAGTTTGGTGATAAAG-30, re-
verse: 50-TCAAGCCTAGCCTATTCTGTT T-30).

Immunohistochemistry and Histological Staining
Kidney tissues were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and then sectioned at 4 mm. For im-
munohistochemistry, tissue sections were subjected to
rehydration, antigen retrieval, and incubation in blocking
buffer containing 2% BSA, 0.2% milk, and 2% normal
goat serum in PBS with 0.8% Triton X-100. Tissue

sections were then exposed to the primary antibody over-
night at 4�C, followed by incubation with the horseradish
peroxidase-conjugated secondary antibody (DAKO, Car-
pinteria, CA) for 1 h at room temperature. The sections
were finally developed with VECTASTAIN Elite ABC kit
and ImmPACT DAB peroxidase substrate (Vector Labora-
tories, Burlingame, CA). Quantification analysis was per-
formed by Image-Pro Plus software (Media Cybernetics,
Rockville, MD). For periodic acid Schiff staining, tissue
sections were oxidized in 1% periodic acid solution for 10
min, rinsed in distilled water, and then incubated in
Schiff’s solution for 10 min. The slides were rinsed in
metabisulfite solution and washed in running water, fol-
lowed by counterstaining with hematoxylin. Sirius Red/
Fast Green collagen staining was performed according to
the manufacturer’s instructions using the Sirius Red/Fast
Green collagen staining kit from Chondrex (Woodinville,
WA). Quantification was performed by Image-Pro Plus
software.

Statistics
Data are expressed as mean ± SD. Statistical analysis was
performed using GraphPad Prism software (GraphPad
Software, San Diego, CA). Significant differences between
groups were tested by the Student t test when there were
only two groups. For more than two groups, significant
differences between groups were determined by one-way
ANOVA. Differential Rab27b mRNA expression in the
glomerulus and tubulointerstitium between healthy do-
nors and DKD patients was obtained from the Nephroseq
v5 online platform (https://v5.nephroseq.org). The Pear-
son correlation analysis between Rab27b mRNA expres-
sion in the tubulointerstitium and estimated glomerular
filtration rate (eGFR) based on the MDRD equation in
human diabetic kidneys was also performed using the
Nephroseq v5 online platform. P < 0.05 (two-sided) was
considered statistically significant.

Data and Resource Availability
The data of this study are available on request.

RESULTS

HG Incubation Reduces Exosome Secretion in Renal
Tubular Cells
BUMPT cells and HK-2 cells were cultured in media con-
taining HG (30 mmol/L glucose) or NG (5.5 mmol/L glu-
cose 1 24.5 mmol/L D-mannitol) for 8 days. The media
were collected at the end of the 8th day for exosome iso-
lation and analysis. To characterize the isolated exosomes,
we performed NTA (Fig. 1A) and immunoblot analysis of
exosome marker proteins, including ALIX, CD63, and
TSG101 in the NG and HG groups from an equal number
of cells (Fig. 1B). The results showed that the peak diam-
eter of extracted exosomes was �120 nm and that the
protein levels of ALIX, CD63, and TSG101 in the HG
group were lower than those in the NG group. Interestingly,
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HG-treated BUMPT cells and HK-2 cells produced fewer
exosomes, whereas there was no significant change in the
size of exosomes (Fig. 1C and D and Supplementary Fig. 1A
and B). These data indicate that HG incubation reduces exo-
some secretion in renal tubular cells.

RAB27B Is Specifically Downregulated in HG-Treated
Cells
We then investigated the molecular mechanisms regulating
exosome secretion under diabetic condition. Immunoblot
analysis was performed to examine the expression of sev-
eral key proteins involved in exosome biogenesis and secre-
tion, such as ALIX, TSG101, RAB27A, and RAB27B (Fig.
2A–E and Supplementary Fig. 1C–G). The results showed a
significant and specific decrease in RAB27B expression after
HG incubation. We further analyzed the mRNA level of
Rab27b from cell lysates in the NG and HG groups by real--
time PCR (Fig. 2F and Supplementary Fig. 1H), revealing
that the mRNA level of Rab27b in the HG group was sig-
nificantly lower than that in the NG group. The results indi-
cate that HG incubation downregulates RAB27B at the
gene transcription level in renal tubular cells.

RAB27B Downregulation Contributes to Decreased
Exosome Secretion in HG-Incubated Cells
To investigate whether RAB27B repression was respon-
sible for decreased exosome secretion in HG-incubated

cells, we generated stable, RAB27B-overexpressing BUMPT
cells. Immunoblot analysis showed that stable transfection
of Rab27b in BUMPT cells led to significantly higher expres-
sion of RAB27B compared with that of empty vector-trans-
fected cells (Fig. 3A and B). We performed NTA to analyze
the number and size of exosomes secreted by these cells in
the absence or presence of HG incubation. As expected,
HG reduced exosome secretion. RAB27B overexpression in-
creased exosome secretion in both NG-treated and HG-
treated cells (Fig. 3C). In contrast, RAB27B overexpression
did not significantly change in the size of exosomes (Fig.
3D). Together, these data suggest that RAB27B is a critical
factor for exosome secretion and that its downregulation
in HG-treated cells contributes to the decreased exosome
secretion in these cells.

Regulation of RAB27B by FOXO1 in BUMPT Cells
We next investigated how RAB27B was downregulated by
HG exposure. Because the downregulation was associated
with a significant decrease in mRNA expression (Fig. 2F),
we focused on the transcription mechanism. We first ana-
lyzed the Rab27b gene promoter with the JASPAR data-
base (https://jaspar.genereg.net), which identified the
most potential FOXO1 binding site in the mouse Rab27b
gene promoter region (Fig. 4A). The FOXO1 binding site
was identical in mouse and rat and was partially conserved
in human (Fig. 4B). Notably, FOXO1 is an important tran-
scription factor involved in renal tubulointerstitial fibrosis
in DKD (41,42).

To determine whether RAB27B can be regulated by
FOXO1, we examined the effects of FOXO1 knockdown
and overexpression. Transient transfection of Foxo1 siR-
NA (siFoxo1) attenuated FOXO1 expression in BUMPT
cells (Fig. 4C and D). Importantly, RAB27B expression
was significantly reduced in FOXO1 knockdown cells (Fig.
4C and E), indicating the regulation of RAB27B by FOXO1.

FOXO1 is negatively regulated by phosphorylation.
Specifically, phosphorylation of FOXO1 at T24, S256, and
S319 sites prevents its accumulation in the nucleus and
results in its inactivation. Accordingly, mutation of these
sites to nonphosphorylatable residuals results in constitu-
tively active FOXO1 (38,43). In our study, transfection of
nonphosphorylatable, constitutively active Foxo1 led to
an increase in RAB27B expression in BUMPT cells (Fig.
4F and H), further indicating that FOXO1 is an upstream
inducer of RAB27B in renal tubular cells.

HG Induces FOXO1 Phosphorylation and Inactivation
in BUMPT Cells
There is evidence that FOXO1 is phosphorylated and inac-
tivated in DKD (44). Our results shown above in Fig. 4
suggest FOXO1 may be an upstream regulator of RAB27B.
We therefore hypothesized that FOXO1 phosphorylation
and inactivation in DKD leads to RAB27B downregulation
for decreased exosome secretion. To test this possibility, we
initially verified that HG incubation induced FOXO1 and

Figure 1—HG incubation reduces exosome secretion in BUMPT
cells. BUMPT cells were cultured in DMEM containing 30 mmol/L
glucose (HG) or 5.5 mmol/L glucose with 24.5 mmol/L D-mannitol
(NG) for 8 days as detailed in Research Design and Methods. Cell
culture medium was collected at the 8th day for exosome isolation
and further analysis. A: NTA of isolated exosomes from the HG
condition. B: Immunoblot analysis of exosome marker proteins, in-
cluding ALIX, CD63, and TSG101. Exosome samples collected
from an equal number of cells in the NG and HG groups were ana-
lyzed. C: HG incubation reduced exosome secretion. Exosomes
were quantified by NTA, and the exosome number was then nor-
malized with the cell numbers in the NG and HG groups (n 5 3).
**P < 0.01. D: HG treatment did not change the size of exosomes.
Peak diameter of exosomes was analyzed by NTA in the NG and
HG groups (n5 3).
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FOXO1 phosphorylation in BUMPT cells, although the in-
duction was not dramatic (Fig. 5A–C). We further analyzed
nuclear translocation of FOXO1 by fractionation of the
cells. As shown in Fig. 5D–F, in normal glucose cells, most
of the FOXO1 was detected in the cytosol, but some was in
the nucleus. Upon HG treatment, nuclear accumulation of
FOXO1 was partially reduced, whereas cytosolic FOXO1
was increased. Taken together, these data indicate that HG
induces FOXO1 phosphorylation and inhibits FOXO1 nu-
clear translocation or activation in renal tubular cells.

Regulation of RAB27B by FOXO1 Reduces Exosome
Secretion in HG-Incubated BUMPT Cells
To determine whether the regulation of RAB27B by
FOXO1 reduces exosome secretion in BUMPT cells under
the HG condition, we examined the effects of overexpress-
ing nonphosphorylatable, constitutively active FOXO1. As
shown in Fig. 6A–D, overexpression of active FOXO1 in
BUMPT cells reduced FOXO1 phosphorylation and signifi-
cantly increased the expression of RAB27B in both NG-
treated and HG-treated cells. NTA detected a decrease of
exosome secretion after HG incubation of BUMPT cells,
and remarkably, this decrease was attenuated in FOXO1

overexpressing cells. Of note, active FOXO1 dramatically in-
creased exosome secretion in both NG-treated and HG-
treated cells, whereas it did not affect the size of exosomes
(Fig. 6E and F). To verify FOXO1 binding to the predicted
site of the Rab27b promoter (Fig. 4A), ChIP assay was per-
formed. As shown in Fig. 6G, HG incubation induced a
26.7% decrease in FOXO1 binding to the Rab27b promoter
sequence. These data suggest that downregulation of
RAB27B by FOXO1 contributes to reduced exosome secre-
tion during HG incubation of renal tubular cells.

FOXO1 Inactivation and RAB27B Repression Are
Associated With Decreased Exosome Secretion in
DKD Mice
To verify the FOXO1/RAB27B pathway of exosome regu-
lation in vivo, we analyzed DKD in mouse models of
T1DM and type 2 diabetes. Renal cortical tissues were col-
lected at 20 weeks after the STZ injection. As shown in
Supplementary Fig. 2, STZ-treated mice had lower body
weight, higher fasting blood glucose, worse renal tubular
damage, and more severe interstitial fibrosis compared
with nondiabetic controls. NTA detected fewer exosomes
(30.7% decrease vs. control) in renal cortical tissues of

Figure 2—RAB27B is specifically downregulated in HG-treated BUMPT cells. BUMPT cells were cultured in DMEM containing 30 mmol/L
glucose (HG) or 5.5 mmol/L glucose with 24.5 mmol/L D-mannitol (NG). Cell lysates were collected for immunoblot analysis. A: Decreased
protein level of RAB27B in HG-treated cells. Representative immunoblots of ALIX, TSG101, RAB27A, and RAB27B from cell lysates in the
NG and HG groups. Densitometric analyses of ALIX (B), TSG101 (C), RAB27A (D), and RAB27B (E) from cell lysates in the NG and HG
groups. b-Actin was used as the loading control. After normalization with b-actin, the protein level in the NG group was arbitrarily set as 1,
and the protein level in the HG group was compared with it to calculate the fold change. *P < 0.05 (n 5 3). F: Decreased mRNA level of
Rab27b in HG-treated cells. The mRNA level of Rab27b was detected by real-time PCR with b-actin as the reference gene. After normal-
ization with b-actin, the mRNA level in the NG group was arbitrarily set as 1, and the mRNA level in the HG group was compared with it to
calculate the fold change. *P< 0.05 (n5 3).
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diabetic mice compared with control mice, whereas there
was no significant difference in the sizes of exosomes be-
tween these two groups (Fig. 7A and B). In immunoblot
analysis, diabetic mice had higher FOXO1 phosphorylation
and lower expression of RAB27B in renal cortical tissues
than control mice (Fig. 7C–I). The expression of other pro-
teins involved in exosome biogenesis and secretion, includ-
ing RAB27A, was not significantly altered by STZ-induced
diabetes. DKD-associated decrease in RAB27B expression
was further verified by immunostaining (Fig. 7J and K).
Moreover, quantitative real-time PCR demonstrated lower
mRNA of Rab27b in renal cortical tissues of diabetic mice
than those of control mice (Fig. 7M). Similar results were
shown for renal cortical tissues of diabetic Akita mice
(Supplementary Fig. 3) and db/db mice (Supplementary

Fig. 4). Taken together, these data indicate the correlation
of FOXO1 phosphorylation/inactivation, RAB27B re-
pression, and decreased exosome secretion in diabetic
kidneys.

Rab27b Is Downregulated in Human Diabetic Kidneys
and Negatively Associated With eGFR
Data were obtained from Nephroseq database (https://
www.nephroseq.org). Microarray analysis showed a de-
creased mRNA level of Rab27b in the glomerulus and tu-
bulointerstitium of DKD patients compared with healthy
donors (Supplementary Fig. 5A and B). Besides, the
Rab27b mRNA level in the tubulointerstitium of DKD pa-
tients was negatively associated with the eGFR based on
the MDRD equation (Supplementary Fig. 5C).

Figure 3—Overexpression of RAB27B restores exosome secretion in HG-incubated cells. BUMPT cells were stably transfected with
Rab27b or empty vector plasmids. The cells were then cultured in medium containing 30 mmol/L glucose (HG) or 5.5 mmol/L glucose with
24.5 mmol/L D-mannitol (NG) to collect whole cell lysates for immunoblot analysis of RAB27B. Culture medium was collected for isolation
and analysis of exosomes. A: Representative blots of RAB27B and b-actin (loading control). B: Densitometric analysis of RAB27B. After
normalization with b-actin, the protein level in BUMPT cells stably transfected with the empty vector under the NG condition was arbitrarily
set as 1, and the protein level in the other groups was compared with that 1 to calculate the fold change. *P < 0.05, **P < 0.01, ***P <
0.001 (n 5 3). C: RAB27B overexpression restored exosome secretion in BUMPT cells under the HG condition. Exosomes isolated from
different conditions were analyzed with NTA for quantification. The exosome numbers were then normalized with cell counts. The number
of exosomes released by empty vector-transfected BUMPT cells under the NG condition was arbitrarily set as 1, and the number of exo-
somes released by the other groups was compared with that 1 to calculate the fold change. *P < 0.05, **P < 0.01, ***P < 0.001 (n 5 3).
D: RAB27B overexpression did not change the size of exosomes. The peak diameter of exosomes was determined by NTA (n5 3).
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DISCUSSION

Emerging evidence has implicated exosomes as a mode of
intercellular communication in DKD, but the regulation of
exosomes in DKD is largely unclear. In the current study,
we have verified the significant decrease of exosome secre-
tion in DKD using in vivo and in vitro models. Importantly,
we show that this decrease results from the downregulation
of RAB27B, a key RAB GTPase in exosome secretion. Our
work further demonstrates a critical role of FOXO1 in the

downregulation of RAB27B in DKD. In normal nondiabetic
conditions, FOXO1 accumulates in the nucleus to induce the
transcription or expression of RAB27B promoting exosome
secretion. In diabetes, kidney cells and tissues are exposed
to HG or hyperglycemia that induces the phosphorylation
and cytosolic retention of FOXO1, preventing its nuclear ac-
cumulation and consequent transactivation and expression
of RAB27B leading to the decrease of exosome secretion
(Fig. 8). These findings unveil a novel mechanism that is

Figure 4—Regulation of RAB27B by FOXO1 in BUMPT cells. BUMPT cells were transiently transfected with siRNA or plasmid. Cell lysates
were collected 48 h later for immunoblot analysis. A: Predicted FOXO1 binding site in the mouse Rab27b gene promoter region. The 5' re-
gion of the mouse Rab27b gene was analyzed for FOXO1 binding sites using the JASPAR database (https://jaspar.genereg.net). The bind-
ing site with a JASPAR score >10 was listed. B: Conservation of the predicted FOXO1 binding site in mouse, rat, and human genomes.
Bases in common among different species are colored red. C–E: Knockdown of FOXO1 decreased RAB27B expression. BUMPT cells
were transiently transfected with Foxo1 siRNA or scrambled sequence siRNA to collect cell lysates for immunoblot analysis. C: Represen-
tative immunoblots of FOXO1 and RAB27B. Densitometric analyses of FOXO1 (D) and RAB27B (E). b-Actin was used as the loading con-
trol. After normalization with b-actin, the protein level in the scramble group was arbitrarily set as 1, and the protein level in the siFoxo1
group was compared with that 1 to calculate the fold change. *P < 0.05, ***P < 0.001 (n 5 3). F–H: Nonphosphorylatable, constitutively
active FOXO1 increased RAB27B expression. BUMPT cells were transiently transfected with empty vector or the plasmid of nonphos-
phorylatable, constitutively active Foxo1 to collect cell lysates for immunoblot analysis. F: Representative immunoblots of FOXO1 and
RAB27B. Densitometric analyses of FOXO1 (G) and RAB27B (H). b-Actin was used as loading control. After normalization with b-actin,
the protein level in the empty vector group was arbitrarily set as 1, and the protein level in the Foxo1 overexpression group was compared
with that 1 to calculate the fold change. *P< 0.05, **P < 0.01 (n5 3).
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responsible for the decrease of exosome secretion in DKD
and probably other diabetic complications.

Our recent study demonstrated the first evidence of
decreased exosome secretion in DKD (37). The current
study further verified this finding by showing decreased
exosome secretion in HG-treated BUMPT cells and in
renal cortical tissues of STZ-induced diabetic mice.
Functionally, our previous study suggested that the
exosomes from HG-treated BUMPT cells have a higher
ability for fibroblast activation than those from NG-
treated cells. Especially, they induced higher prolifer-
ation in fibroblasts accompanied by the production of
more fibrotic proteins. Therefore, DKD is associated
with not only the decrease in exosome production in re-
nal tubular cells but also a change in the content of
exosomes. Further analysis of exosomal contents may
reveal the molecular basis of profibrotic activity of the
exosomes derived from DKD cells or tissues. In this re-
gard, the recent study by Liu et al. (45) suggested that
tubule-derived exosomes may contribute to renal fibro-
sis through shuttling sonic hedgehog ligands, although
it is unknown whether the exosomes from DKD cells or
tissues contain more of these ligands.

In this study, we focused on the impact of HG on exo-
some secretion in proximal tubular cells. Other studies in-
vestigated the impact of HG on exosome secretion in
glomerular cells. Wu et al. (25) and Ling et al. (46) re-
ported that HG-treated mouse glomerular endothelial
cells secreted more exosomes than NG-treated ones.
Likewise, da Silva Novaes et al. (47) showed that HG-
treated human mesangial cells secreted more exosomes
than NG-treated ones. According to those studies, the
exosome secretion in HG-treated glomerular cells is in-
creased. Therefore, the impact of HG on exosome se-
cretion may be divergent in different types of cells in
kidneys.

To understand the mechanism of decreased exosome
production in DKD models, we analyzed the proteins
involved in exosome biogenesis and secretion. It is in-
teresting that RAB27B was downregulated in both HG-
treated BUMPT cells and in renal cortical tissues of
STZ-treated mice, whereas there were no significant
changes in the expression of ALIX, TSG101, and RAB27A
(Figs. 2 and 7). ALIX and TSG101, belonging to the ESCRT
machinery and are involved in the regulation of exosome
biogenesis, whereas RAB27A and RAB27B are two small

Figure 5—HG induces FOXO1 phosphorylation and inactivation in BUMPT cells. BUMPT cells were cultured in DMEM containing 30
mmol/L glucose (HG) or 5.5 mmol/L glucose with 24.5 mmol/L D-mannitol (NG) for 8 days. Cell lysates and subcellular fractions were col-
lected at the end of the 8th day for immunoblot analysis. A: Increased FOXO1 phosphorylation in HG-treated cells. Representative immu-
noblots of total FOXO1 and p-FOXO1 (Ser256) in cell lysates from the NG and HG groups. B: Densitometric analysis of total FOXO1 in
NG-treated and HG-treated cells. b-Actin was used as the loading control. After normalization with b-actin, the protein level in the NG
group was arbitrarily set as 1, and the protein level in the HG group was compared with that 1 to calculate the fold change. *P < 0.05 (n5
3). C: Densitometric analysis of p-FOXO1 (Ser256) in NG-treated and HG-treated cells. Total FOXO1 was used as the loading control. After
normalization with total FOXO1, the protein level in the NG group was arbitrarily set as 1, and the protein level in the HG group was com-
pared with that 1 to calculate the fold change. **P < 0.01 (n 5 3). D–F: Less nuclear FOXO1 in HG-treated cells than in NG-treated cells.
Histone H3 and a-tubulin were probed as respective controls for nuclear and cytoplasmic fractions. D: Representative immunoblots of to-
tal FOXO1 in cytoplasmic and nuclear fractions of NG-treated and HG-treated cells. E: Densitometric analysis of cytoplasmic FOXO1 in
NG-treated and HG-treated cells. After normalization with a-tubulin, the protein level in NG-treated cells was arbitrarily set as 1, and the
protein level in the HG group was compared with that 1 to calculate the fold change. *P< 0.05 (n5 3). F: Densitometric analysis of nuclear
FOXO1 in NG-treated and HG-treated cells. After normalization with histone H3, the protein level in NG-treated cells was arbitrarily set as
1, and the protein level in the HG group was compared with that 1 to calculate the fold change. **P< 0.01 (n5 3).
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GTPases in the late endosomal compartment that play crit-
ical roles in exosome secretion (11). Our results suggest
that DKD is not associated with an overall shutdown of the

exosomal biogenesis machinery but with a specific down-
regulation of the exosome secretion regulator RAB27B.
Notably, overexpression of RAB27B restored exosome

Figure 6—Regulation of RAB27B by FOXO1 affects exosome secretion in BUMPT cells under the HG condition. BUMPT cells were stably
transfected with nonphosphorylatable, constitutively active FOXO1 or control empty vector. The cells were then cultured in DMEM con-
taining 30 mmol/L glucose (HG) or 5.5 mmol/L glucose with 24.5 mmol/L D-mannitol (NG) for 8 days. Cell lysates and culture medium were
collected at the end of the 8th day. Exosomes were isolated from the cell culture medium. A–D: Overexpression of nonphosphorylatable,
constitutively active FOXO1 increased RAB27B expression. A: Representative immunoblots of total FOXO1, p-FOXO1 (Ser256), and
RAB27B. B: Densitometric analysis of total FOXO1. b-Actin was used as the loading control. After normalization with b-actin, the protein
level in BUMPT cells stably transfected with the empty vector under NG condition was arbitrarily set as 1, and the protein level in the other
groups was compared with that 1 to calculate the fold change. **P < 0.01 (n 5 3). C: Densitometric analysis of p-FOXO1 (Ser256). The
signal of p-FOXO1 was normalized by that of total FOXO1. After that, the protein level in BUMPT cells stably transfected with the empty
vector under the NG condition was arbitrarily set as 1, and the protein level in the other groups was compared with that 1 to calculate the
fold change. **P < 0.01, ***P < 0.001 (n 5 3). D: Densitometric analysis of RAB27B. b-Actin was used as the loading control. After nor-
malization with b-actin, the protein level in BUMPT cells stably transfected with the empty vector under the NG condition was arbitrarily
set as 1, and the protein level in the other groups was compared with that 1 to calculate the fold change. *P < 0.05, ***P < 0.001 (n 5 3).
E: Nonphosphorylatable, active FOXO1 restored exosome secretion in BUMPT cells under the HG condition. The relative number of exo-
somes in four groups was based on quantification by NTA after normalization with cell counts. The number of exosomes released by
BUMPT cells stably transfected with the empty vector under the NG condition was arbitrarily set as 1, and the number of exosomes re-
leased by the other groups was compared with that 1 to calculate the fold change. *P < 0.05, ***P < 0.001 (n 5 3). F: Nonphosphorylat-
able, active FOXO1 did not change the size of exosomes under the HG condition. The peak diameter of exosomes was analyzed by NTA
(n5 3). G: Decreased binding of FOXO1 to the Rab27b promoter sequence in HG-treated cells. BUMPT cells were cultured in DMEM con-
taining 30 mmol/L glucose (HG) or 5.5 mmol/L glucose with 24.5 mmol/L D-mannitol (NG) for 8 days for ChIP assay using anti-FOXO1 anti-
body. The values were normalized to that of the NG group, which was arbitrarily set at 1. *P < 0.05 (n5 3).
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Figure 7—FOXO1 phosphorylation, RAB27B downregulation, and decreased exosome secretion in renal cortical tissues of STZ-induced diabetic
mice. C57BL/6J male mice (8 weeks) were treated with STZ to induce diabetes or with vehicle solution as the control (Con). The mice were sacri-
ficed at 20 weeks of age to collect renal cortical tissues. A: Diabetic mice produced fewer exosomes in renal cortical tissues than nondiabetic
mice. The relative number of exosomes in the control (n5 4) and STZ (n5 8) groups was based on quantification by NTA from equal weights of re-
nal cortical tissues. ***P< 0.001. B: No significant difference in the sizes of exosomes isolated from renal cortical tissues of nondiabetic mice and
diabetic mice. Peak diameter of exosomeswas analyzed by NTA in control (n5 4) and STZ (n5 8) groups.C–I: Increased FOXO1 phosphorylation
and decreased RAB27B expression in renal cortical tissues of diabetic mice. C: Representative immunoblots of ALIX, TSG101, FOXO1, p-FOXO1
(Ser256), RAB27B, and RAB27A. Densitometric analyses of ALIX (D) and TSG101 (E) in the control (n5 4) and STZ (n5 8) groups. Cyclophilin B
was used as the loading control. After normalization with cyclophilin B, the protein level of the control group was arbitrarily set as 1, and the protein
level of other mice was compared with it to calculate the fold change. F: Densitometric analysis of total FOXO1 in the control (n5 4) and STZ (n5
8) groups. b-Actin was used as the loading control. After normalization with b-actin, the protein level of the control group was arbitrarily set as 1,
and the protein level of the other mice was compared with it to calculate the fold change. G: Densitometric analysis of p-FOXO1 (Ser256) in the
control (n5 4) and STZ (n5 8) groups. p-FOXO1 was normalized with total FOXO1. After normalization, the protein level of the control group was
arbitrarily set as 1, and the protein level of other mice was compared with it to calculate the fold change. **P < 0.01. Densitometric analyses of
RAB27B (H) and RAB27A (I) in the control (n5 4) and STZ (n5 8) groups. b-Actin was used as the loading control. After normalization with b-actin,
the protein level of the control group was arbitrarily set as 1, and the protein level of other mice was compared with it to calculate the fold change.
***P< 0.001. J and K: Immunohistochemistry showing decreased RAB27B expression in diabetic mouse kidneys. J: Representative immunohis-
tochemistry images. Original magnification�10; scale bar, 0.1 mm. K: Quantitative analysis of RAB27B staining by Image-Pro Plus in the control
(n5 4) and STZ (n5 8) groups. ***P < 0.001.M: Decreased mRNA level of Rab27b in renal cortical tissues of diabetic mice. The mRNA level of
Rab27b was detected by real-time PCR in the control (n5 4) and STZ (n5 8) groups. b-Actin was used as the reference gene. After normalization
with b-actin, the mRNA level of the control group was arbitrarily set as 1, and the mRNA levels of the other mice were compared with it to calculate
the fold change. ***P< 0.001.
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secretion in HG-treated cells (Fig. 3), suggesting that down-
regulation of RAB27B may be the cause of decreased exo-
some secretion in DKD. To our knowledge, this is the first
evidence that RAB27B is repressed, accounting for de-
creased exosome secretion in diabetic kidneys.

What leads to RAB27B downregulation in DKD? To ad-
dress this, our initial analysis showed that HG incubation
reduced Rab27b mRNA expression in cells (Fig. 2F), indi-
cating a possible repression of RAB27B at the transcrip-
tional level. Wheras HG incubation led to RAB27B
repression, TGF-b1 treatment did not affect RAB27B ex-
pression in BUMPT cells (Supplementary Fig. 6). We fur-
ther analyzed its gene promoter and identified putative
FOXO1 binding sites. Interestingly, Das et al. (44) re-
ported the phosphorylation and inactivation of FOXO1 in
DKD. With this information, we examined whether
FOXO1 inactivation could be the cause of RAB27B down-
regulation in DKD. Our results show that knockdown of
FOXO1 decreased RAB27B expression in BUMPT cells,
whereas overexpression of FOXO1 had the opposite effect,
indicating that RAB27B is subjected to FOXO1 regulation
in renal tubular cells. FOXO1 is a forkhead transcription
factor that plays vital roles in the regulation of various cel-
lular functions, including proliferation, apoptosis, metabol-
ism, oxidative stress, atrophy, and inflammation (48).

Several transcription factors have been shown to
regulate RAB27B under different experimental condi-
tions. For example, Tiwari et al. (49) reported the re-
cruitment of NF-E2 to the Rab27b gene promoter by
ChIP assay in primary murine megakaryocytes, suggest-
ing that RAB27B may be a direct transcriptional target
of NF-E2. More recently, Yang et al. (50) demonstrated
the transcriptional regulation of RAB27B by CREB in
human pancreatic cancer cells. Our current study un-
covers a previously uncharacterized FOXO1-RAB27B
signaling pathway in renal tubular cells in DKD.

An important mechanism that regulates the transcrip-
tional activity of FOXO1 is phosphorylation. In T1DM
OVE26 mice, Das et al. (44) demonstrated a significant
increase of FOXO1 phosphorylation that was associated
with a decrease in catalase expression and increases in
fibrotic protein expression. Consistently, our present
study showed a significant FOXO1 phosphorylation in
HG-treated BUMPT cells and in renal cortical tissues of
STZ-treated mice (Figs. 5 and 7). We further demon-
strated less FOXO1 accumulation in the nucleus of HG-
treated BUMPT cells. This observation is in line with the
current understanding of FOXO1 regulation. It has been
reported that phosphorylation of FOXO1 is closely associ-
ated with its nuclear export and promotes FOXO1 nuclear
exclusion, resulting in weakened transcriptional activities
(51). In our study, overexpression of nonphosphorylat-
able, constitutively active FOXO1 led to the upregulation
of RAB27B and increase in exosome secretion in HG-
treated BUMPT cells (Fig. 6), further supporting the scen-
ario that phosphorylation of FOXO1 in DKD may result
in decreased transcription and expression of RAB27B,
leading to decreased exosome secretion.
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