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Lipid-induced DRAM recruits STOM to lysosomes
and induces LMP to promote exosome release

from hepatocytes in NAFLD

Jie Zhang11', JieTan't, Mengke Wang’, Yifen Wang’, Mengzhen Dong’, Xuefeng Ma’, Baokai Sun’,
Shousheng Liu?, Zhenzhen Zhao?, Lizhen Chen', Kai Liu®, Yongning Xin'¥, Likun Zhuangz*

The biogenesis and diagnostic value of exosomes in nonalcoholic fatty liver disease (NAFLD) are unclear. In this
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study, we revealed that the plasma exosome level was higher in patients with NAFLD than that in healthy con-
trols. Damage-regulated autophagy modulator (DRAM) was identified as one of the genes related to exosome
secretion in patients with NAFLD. Then, loss or knockdown of DRAM down-regulated exosome secretion from
hepatic cells using a knockout mouse model and a knockdown cell model. DRAM knockout reversed high-fat diet-
induced increase of secreted exosomes. Furthermore, DRAM knockdown inhibited fatty acid (FA)-induced lyso-
somal membrane permeabilization and lysosome inhibitor reversed the down-regulation of exosome release in
DRAM knockout mice. Last, FA-induced DRAM interacted with stomatin and promoted its lysosomal localization
to enhance exosome secretion from hepatic cells. We revealed a DRAM-mediated mechanism for exosome secre-
tion and provided the foundation for plasma exosomes as a potential biomarker for NAFLD.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) characterized by excessive
fat deposition in liver cells refers to a clinicopathological syndrome
that is closely related to insulin resistance and genetic susceptibility
(I). The natural history of NAFLD ranges from NAFL to nonalcoholic
steatohepatitis (NASH), and the latter might process to cirrhosis
and hepatocellular carcinoma (2). NAFLD is becoming one of the
most common causes of chronic liver diseases and one of the main
reasons for liver transplantation (3). Therefore, the early diagnosis
of NAFLD is particularly important. The current gold standard for
diagnosing NAFLD is liver biopsy, but it is an invasive examination
that has the risk of bleeding, pain, and even death (4). Plasma
biomarkers have advantages in speed and convenience for clinical
screening, and it is urgent to find a plasma biomarker with high
sensitivity and specificity for the diagnosis of NAFLD.

At present, a number of studies have found that extracellular
vesicles (EVs) and their contents might be potential biomarkers for
diseases (5-7). EVs are membranous vesicles that are secreted from
cells and can be mainly classified into microvesicles and exosomes
according to the production pathways and sizes. Exosomes are vesi-
cles with a size of 30 to 150 nm that are derived from multivesicular
bodies (MVBs) and released by the fusion of MVB with the plasma
membrane (8). Exosomes contain a lot of biological molecules such
as protein, DNA, and RNA, which are key mediums for cellular
communications (9). Previous studies have shown that the number
and the content of exosomes could reflect the physiological or patho-
logical state of the cells that release them, and exosomes could affect
the behavior of recipient cells through their contents (10, 11). Sun
et al. (12) revealed that the number of exosomes could be used as a
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potential biomarker for cognitive impairment in patients with HIV
infection. Liu et al. (13) found that the number of exosomes was
positively correlated with the pathological stages of non-small cell
lung cancer and had an indicative effect on the prognosis. These sug-
gested that the number of exosomes could change during the devel-
opment of diseases and might be a potential biomarker for diseases.

Previous studies have shown that exosomes are significantly in-
creased in mice treated with high-fat diet (HFD) and hepatocytes
treated with fatty acids (FAs) (14). We used the Gene Expression
Omnibus (GEO) database and Gene Set Enrichment Analysis (GSEA)
and screened out damage-regulated autophagy modulator (DRAM)
as one of the genes that were positively correlated with exosome
secretion in patients with NAFLD. DRAM is a lysosomal protein and
is regulated by TP53 (15). Studies also showed that FA could induce
an increase in the expression of DRAM in hepatic cells (16). These
suggested that DRAM might be related with exosome secretion and
disease progression of NAFLD.

In this study, we aimed to investigate the role and mechanism of
DRAM in exosome release during the NAFLD occurrence. Using the
GEO database and GSEA, DRAM was identified as one of the genes
related to the exosome secretion in patients with NAFLD. CRISPR-
Cas9 technology was used to construct the DRAM knockout mouse,
and the results showed that loss of DRAM could inhibit HFD-induced
release of exosomes. Further investigations showed that lipid-induced
DRAM could recruit stomatin (STOM) to the lysosomes, lead to the
lysosomal membrane permeabilization (LMP), and further promote
the release of exosomes from hepatic cells. These data could provide the
DRAM-mediated mechanism for lipid-induced release of exosomes
from hepatic cells, and the number of plasma exosomes might be
used as one of the diagnostic indicators for patients with NAFLD.

RESULTS

Plasma exosome level was increased in patients with NAFLD
To evaluate the level of plasma exosomes in patients with NAFLD,
nanoparticle tracking analysis (NTA) after exosome isolation,
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bicinchoninic acid (BCA) assays for protein quantification of exo-
somes after exosome isolation, and phosphatidylserine enzyme-linked
immunosorbent assay (ELISA) were used to detect the exosome level
in plasma of patients with NAFLD and healthy controls. The pro-
cess of phosphatidylserine ELISA for detecting the level of plasma
exosomes is shown in Fig. 1A. The quality of plasma exosomes iso-
lated by ultracentrifugation was assessed by transmission electron
microscopy, NTA, and Western blotting assays for exosome mark-
ers including CD9 and CD63 (Fig. 1, B to D). Moreover, we did not
detect protein expressions of the cytosolic marker tubulin and the
microvesicle marker matrix metallopeptidase 2 (MMP2) in isolated
exosomes from plasma samples (Fig. 1D). Then, we analyzed the
correlations of the detection results using three methods, and we
revealed that the detection results between ELISA and NTA, ELISA
and BCA, and BCA and NTA were all positively correlated
(Fig. 1, E to G). These suggested that the three methods for detecting
plasma exosome level had similar detection capabilities. However,
phosphatidylserine ELISA for directly detecting the level of plasma
exosomes was faster and simpler. Subsequently, we further analyzed
the data using phosphatidylserine ELISA and found that the plasma
exosome level in patients with NAFLD was significantly higher than
that in healthy controls (Fig. 1H). Meanwhile, the results of Western
blotting showed that the protein levels of exosome markers including
CD9 and CD63 were significantly increased in patients with NAFLD
compared with healthy controls (Fig. 1I). By analyzing the markers
derived from different tissues, we found that the expression of liver-
derived exosome marker cytochrome P450 family 2 subfamily E
member 1 (CYP2E1) was significantly higher in patients with
NAFLD, while the small intestine-derived exosome marker glyco-
protein A33 (GPA33) and the adipocyte-derived exosome marker FA
binding protein 4 (FABP4) were not statistically different between
the two groups (Fig. 1I). These data suggested that the level of liver-
derived exosomes was increased in patients with NAFLD.

DRAM was positively correlated with exosome

secretion-related genes inliver tissues of patients with NAFLD
To further investigate the genes correlated with the increased exo-
somes in patients with NAFLD, we analyzed gene expressions in liver
tissues of patients with NAFLD using a dataset (GSE89632) from
the GEO database. The differentially expressed genes were selected
and the cohort was divided into the high and low gene expression
groups according to the cutoff value. Using GSEA, we found that
exosome secretion-related genes were significantly enriched in the
DRAM high-expression group of patients with NAFL and healthy
controls (normalized enrichment score = 1.49, P < 0.05; Fig. 2A). In
addition, the expression levels of RAB27B, VAMP3, and YKTS,
which could promote exosome secretion, were significantly higher
in liver tissues of patients with NAFL than that of healthy controls
(Fig. 2, B to D). The expression levels of RAB27B, VAMP3, and
YKT6 were also significantly higher in the DRAM high-expression
group than that in the DRAM low-expression group (Fig. 2, E to G).
Then, we analyzed the expression levels of DRAM in healthy con-
trols, patients with NAFL, and patients with NASH. The results
showed that DRAM expression in liver tissues of patients with NAFL
was significantly higher than that of healthy controls (Fig. 2H), while
there was no statistically significant difference of DRAM level in
liver tissues between the patients with NASH and the healthy con-
trols (fig. S1). Receiver operating characteristic (ROC) curve was
plotted for DRAM expression level in liver tissues of patients with
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NAFL and healthy controls. The area under the ROC curve (AUC)
was 0.731, while the sensitivity and specificity were respectively 60
and 83.3% at the optimal cutoff value (Fig. 2I). These data suggested
that patients with NAFL and healthy controls could be distinguished
well according to the expression level of DRAM in liver tissues. Fur-
thermore, significant positive correlations between the DRAM ex-
pression level in liver tissues and plasma ALT, plasma AST, or liver
steatosis were observed (Fig. 2, J, K, and L). In summary, DRAM
might be closely related to the secretion of exosomes and the occur-
rence of NAFLD.

Liver-derived exosome level was decreased in plasma

of DRAM knockout mice

To investigate the effects of DRAM on the level of plasma exosomes,
CRISPR-Cas9 technology was used to construct a DRAM knockout
mouse model (Fig. 3A), and the heterozygous mice (DRAM+/ 7) were
mated to obtain DRAM wild-type (DRAM*'*) mice and DRAM
knockout (DRAM ") mice (Fig. 3B). The mRNA expression of
DRAM in liver tissues was analyzed to verify the construction of
DRAM knockout mice (Fig. 3C). Next, we detected the level of plasma
exosomes in wild-type and DRAM knockout mice using phos-
phatidylserine ELISA, and the results showed that the level of plasma
exosomes in DRAM knockout mice was lower than that in wild-type
mice (Fig. 3D). After isolation of plasma exosomes from mice of the
two groups, NTA and BCA assays also showed that the level of plasma
exosomes in DRAM knockout mice was significantly decreased
(Fig. 3, E and F). Results of Western blotting showed that exosome
markers including CD9 and CD63 in plasma exosomes were signifi-
cantly decreased in DRAM knockout mice compared with that in
wild-type mice (Fig. 3G). Furthermore, exosome markers derived
from different tissues were also measured by Western blotting; the
results showed that the expression of liver-derived exosome marker
CYP2EI in the plasma exosomes of DRAM knockout mice was sig-
nificantly lower than that of wild-type mice, while there were no
significant differences of the small intestine-derived exosome marker
GPA33 and adipocyte-derived exosome marker FABP4 between the
two groups of mice (Fig. 3G). These data suggested that DRAM
knockout in mice might inhibit the exosome secretion from liver
into the plasma.

DRAM up-regulation promoted the secretion

of exosomes in vitro

Next, we further confirmed the effects of DRAM on exosome secre-
tion in vitro. The exosomes from cell culture supernatant of hepatic
cell line HepG2 transfected with DRAM expression plasmid or
empty vector were extracted. The results revealed that the levels of
CD9 and CD63 in exosomes of cell culture supernatant were signifi-
cantly increased in HepG2 cells with DRAM overexpression (Fig. 4A).
The protein level of exosomes in DRAM-overexpressed HepG2 cells
was significantly higher than that in the control group measured by
BCA (Fig. 4B). It was also found that the level of exosomes secreted
from HepG2 cells was significantly increased after overexpression of
DRAM using phosphatidylserine ELISA (Fig. 4C). At the same time,
after silencing DRAM, the protein levels of CD9 and CD63 were
significantly reduced (Fig. 4D). Results of phosphatidylserine ELISA
also showed that the level of exosomes secreted from HepG2 cells
was significantly decreased after knocking down DRAM (Fig. 4E).
In summary, we verified that DRAM could promote the exosome
secretion of hepatic cells in vitro.
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Fig. 1. Plasma exosome level was measured by three methods in patients with NAFLD. (A) The diagram of phosphatidylserine ELISA for detection of plasma exosome
level. TIM4 is a receptor of phosphatidylserine that is on the surface of exosomes. (B) The representative morphological image of plasma exosomes obtained by ultra-
centrifugation under the transmission electron microscope. (C) Results of NTA for size distribution of exosomes in patients with NAFLD. (D) Western blotting assays for
exosome markers including CD63 and CD9, the cytosolic marker tubulin, and the microvesicle marker MMP2. (E to G) The correlations among the detection results of
BCA assay, NTA, and phosphatidylserine ELISA (n=31). (H) The levels of plasma exosomes in patients with NAFLD (n = 19) and healthy controls (HC; n = 12) using phos-
phatidylserine ELISA. (I) Western blotting analysis for CD9, CD63, cytochrome P450 family 2 subfamily E member 1 (CYP2E1), glycoprotein A33 (GPA33), and FA binding
protein 4 (FABP4) of isolated plasma exosomes from patients with NAFLD and HC. Data were presented as means and SD. Statistical significance was calculated by t test.
*P < 0.05; **P < 0.01.
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Fig. 2. DRAM expression in liver tissues was correlated with exosome secretion-related genes in patients with NAFLD. (A) The samples were divided into the
DRAM high-expression group (DRAM-high) and the DRAM low-expression group (DRAM-low) according to the cutoff value. GSEA showed that genes related to exosome
secretion were enriched in DRAM-high. NES, normalized enrichment score. (B to D) Expression levels of the genes including RAB27B, VAMP3, and YKT6 in liver
tissues of HC (n = 24) and patients with NAFL (NAFL; n = 20). (E to G) Expression levels of RAB27B, VAMP3, and YKT6 in liver tissues of the DRAM-high (n=16) and
the DRAM-low (n = 28). (H) The mRNA expressions of DRAM in the HC and NAFL group. (I) The receiver operating characteristic curve and area under the receiver
operating characteristic curve (AUC) value of DRAM level in liver tissues to differentiate NAFL from HC. (J to L) The correlations between DRAM expression and NAFLD

indicators such as plasma ALT, plasma AST, and the degree of liver steatosis. Data were presented as means and SD. Statistical significance was calculated by t test.
*P <0.05; **P < 0.01; ***P < 0.001.
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NTA. (G) Western blotting analysis for CD9, CD63, CYP2E1, GPA33, and FABP4 of isolated plasma exosomes from the wild-type and DRAM knockout mice. Data were
presented as means and SD. Statistical significance was calculated by t test. *P < 0.05; **P < 0.01; ND, not detected.

Down-regulation of DRAM inhibited lipid-induced increase
of exosome secretion

Previous studies have revealed that HFD and FA could increase the
level of exosomes (14). To further explore the role of DRAM in HFD-
or FA-induced exosome secretion of hepatic cells, first, we fed the
wild-type mice with HFD and measured the DRAM expression in

Zhang et al., Sci. Adv. 7, eabh1541 (2021) 3 November 2021

liver tissues at different time points. We found that DRAM expres-
sion of liver tissues was significantly increased at 3 days after HFD
feeding (Fig. 5A). However, there was no statistical difference in
DRAM expression of liver tissues between the HFD and control diet
(CD) group at 1 week (Fig. 5B). Phosphatidylserine ELISA was used
to detect the level of plasma exosomes, and it was found that the
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assays for protein levels of CD9, CD63, and DRAM in cell lysates and exosomal lysates from cell culture supernatant of HepG2 cells transfected with control small interfering
RNAs (siRNAs) (si-con) or siRNAs targeting DRAM (si-DRAM). (E) Phosphatidylserine ELISA for the level of exosomes in cell culture supernatant of HepG2 cells transfected
with si-con or si-DRAM. Data were presented as means and SD of three independent experiments. Statistical significance was calculated by t test. *P < 0.05.

level of plasma exosomes in the HFD group was significantly higher
than that in the CD group at 3 days and 1 week after HFD or CD
feeding (Fig. 5, C and D). These results indicated that DRAM ex-
pression was increased in the liver of mice fed with HFD within a
short period of time, accompanied by an increase in plasma exosome
level. Then, we fed the wild-type and DRAM knockout mice with HFD
or CD for 1 week, and found that knockout of DRAM could inhibit
the HFD-induced increase of the plasma exosome level (Fig. 5E).
Subsequently, we investigated the role of DRAM in exosome se-
cretion from the FA-treated hepatic cells. First, HepG2 cells were
treated with palmitic acid (PA) and the lipid accumulation in
HepG2 cells with PA treatment was observed in fig. S2. The expres-
sion of DRAM was significantly up-regulated after PA treatment

Zhang et al., Sci. Adv. 7, eabh1541 (2021) 3 November 2021

(Fig. 5F). We also found that the level of exosomes secreted from
HepG2 cells was significantly increased after PA treatment (Fig. 5G).
Further analysis indicated that silencing DRAM could inhibit the
effects of PA on exosome secretion from HepG2 cells (Fig. 5H). These
results indicated that DRAM knockdown could also inhibit FA-
induced increase of exosome secretion from hepatic cells.

Silencing DRAM inhibited FA-induced LMP in hepatic cells

to decrease the release of exosomes

When LMP was induced and the degradation of MVB containing
exosomal precursors through lysosomes was inhibited, the release
of exosomes could be promoted through the interaction between
the MVB and the plasma membrane (17, 18). DRAM is a lysosomal
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membrane protein, and we further explored whether DRAM could
affect the secretion of exosomes by regulating LMP. First, we used
lysosomal galectin 3 (LGALS3) puncta assays to evaluate the effect
of DRAM on LMP. LGALS3 could enter the lysosomes from cyto-
plasm after LMP. Our results showed that the location of LGALS3 in
HepG2 cells with DRAM overexpression changed from diffuse cyto-
plasmic staining to the puncta in lysosomes (Fig. 6A). Meanwhile,
compared with the control group, the level of cathepsin B (CTSB)
was increased in the cytoplasm while its level in lysosomes was de-
creased in HepG2 cells after DRAM overexpression, which suggested
that DRAM might induce LMP to increase the release of CTSB from
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lysosomes to cytoplasm (Fig. 6B). Further analysis showed that
LGALS3 aggregation in lysosomes was observed in HepG2 cells with
FA treatment and silencing DRAM could inhibit the FA-induced
LGALS3 aggregation in lysosomes (Fig. 6C). Simultaneously, CTSB
level in the cytoplasm of HepG2 cells was increased and its lysosomal
level was reduced after FA stimulation, while CTSB diffusion from
lysosomes to cytoplasm induced by FA was significantly inhibited
by knockdown of DRAM (Fig. 6D). In view of the results above, we
revealed that DRAM could induce LMP and DRAM knockdown
could inhibit FA-induced LMP. Furthermore, the wild-type and
DRAM knockout mice were injected with Bafilomycin Al (Baf),
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DRAM interacted with STOM to promote exosome secretion

which was a lysosomal inhibitor that could inhibit lysosomal func-
of hepatic cells

tion. Our results showed that Baf injection compensated for the de-

crease in exosome secretion caused by DRAM knockout (Fig. 6E).
These suggested that the inhibition of lysosomal function could re-
verse DRAM knockout-induced down-regulation of exosome release.
Immunofluorescence assays showed that the colocalization of MVB
marker CD63 and lysosome marker lysosomal-associated membrane
protein 1 (LAMP1) was increased in liver tissues of DRAM knock-
out mice compared to that of wild-type mice (fig. S3). This indicated
that knockout of DRAM might promote the interaction between
the MVB and lysosomes, increase the degradation of MVB through
lysosomes, and inhibit the release of exosomes.

Zhang et al., Sci. Adv. 7, eabh1541 (2021) 3 November 2021

Previous studies have reported that STOM could interrupt membrane
integrity and increase biofilm permeability (19). It has also been
pointed out that STOM is mainly distributed in plasma membrane
and LAMP2-positive perinuclear vesicles such as late endosomes
and lysosomes (20). Our analysis revealed the interaction between
DRAM and STOM through coimmunoprecipitation (co-IP) assays
(Fig. 7, A and B). Immunofluorescence assay showed that DRAM
and STOM might be colocalized in hepatic cells (Fig. 7C). Meanwhile,
the colocalizations of DRAM and STOM were also observed in liver
tissues of mice fed with both CD and HFD (fig. S4A). Then, we

80of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

IP: Flag-DRAM

IP: IgG

IP: STOM-Myc
Blank
Input

IP: IgG
Blank
Input

IB: Flag-DRAM E 29kDa IB: STOM Ijl 33kDa
IB:STOM [ ® =] 33kDa IB: Flag-DRAM | g9 (] 20kDa

Flag-DRAM STOM-Myc Merged
. .
b L Cytopl E
ysosome ytoplasm
N 5 . s Lysosome
N
§s5 && &5
g 6 § ¢ s ss

Tubulin \i\ 55 kDa

F s ss G ELISA
2T I X0
86 a8 86 0.81
&9 §¢ &9 = ** *
* B 0.61
STOM | &% @B =« | 32kDa £ % 1
;-’.3
3 04
Flag-DRAM ! ! 29kpa S8
T 3021
&
Tubulin w 55kDa 0.0
" OE-CON  OE-DRAM  OE-DRAM

+Si-CON +Si-CON +Si-STOM

Fig. 7. DRAM interacted with STOM and affected its lysosomal localization. (A and B) Co-IP analysis in HepG2 cells transfected with Flag-DRAM and STOM-Myc plas-
mids using anti-Flag or anti-Myc antibody. Western blotting assays were conducted using anti-Flag and anti-STOM antibodies. (C) HepG2 cells were cotransfected with
Flag-DRAM and STOM-Myc plasmids, and Flag-DRAM was stained with green fluorescence and STOM-Myc was stained with red fluorescence. The yellow color of merged
picture indicated colocalization. Scale bars, 10 um. (D) Western blotting for STOM levels of lysosomes and cytoplasm in HepG2 cells transfected with empty vector or
DRAM expression plasmid. (E) Western blotting for STOM levels of lysosomes in BSA- or PA-induced HepG2 cells transfected with si-con or si-DRAM. (F) Western blotting
for the levels of STOM and Flag-DRAM in HepG2 cells transfected with empty vector, Flag-DRAM expression plasmid, si-con, or si-STOM. (G) Phosphatidylserine ELISA for
the exosome levels in HepG2 cells transfected with the empty vector, Flag-DRAM expression plasmid, si-con, or si-STOM. Data were presented as means and SD of three
independent experiments. Statistical significance was calculated by one-way ANOVA followed by Tukey’s comparisons. *P < 0.05; **P < 0.01.

Zhang et al., Sci. Adv. 7, eabh1541 (2021) 3 November 2021 90f13



SCIENCE ADVANCES | RESEARCH ARTICLE

found that STOM protein level in lysosomes was increased and its
level in cytoplasm was decreased in HepG2 cells with DRAM over-
expression (Fig. 7D). At the same time, we identified that the pro-
tein level of STOM in lysosomes was increased in hepatic cells after
the stimulation of FA, while silencing DRAM inhibited the increase
of lysosomal STOM level induced by FA (Fig. 7E). Aggregated
LGALS3 puncta and increased protein level of CTSB in cytoplasm
were observed in HepG2 cells with STOM overexpression, which
indicated that STOM could induce LMP (fig. S4, B and C). Further-
more, we silenced STOM in HepG2 cells with DRAM overexpres-
sion (Fig. 7F) and found that silencing STOM could reverse the
increased exosome release in hepatic cells caused by DRAM overex-
pression (Fig. 7G). Therefore, we revealed that FA-induced DRAM
might affect LMP and exosome secretion by recruiting STOM to
the lysosomes.

DISCUSSION

Currently, the plasma indicator with good sensitivity and specificity
in diagnosis of NAFLD is still needed. In the past few years, exosomes
and their contents have been considered as potential biomarkers for
diseases (21-23). Previous studies in vivo had shown that the number
of EV's or exosomes secreted from hepatic cells with PA treatment
was significantly increased (14, 24, 25). The level of plasma EVs or
exosomes was also significantly increased in HFD-treated mice and
patients with NAFLD (14, 26). In this study, we confirmed that the
plasma exosome level was higher in patients with NAFLD than that
in healthy controls, which indicated that plasma exosome level may
be a potential biomarker for patients with NAFLD. Our experiments
also revealed that phosphatidylserine ELISA for measuring the level
of plasma exosomes had a similar detection capability compared
with NTA and BCA assay after exosome isolation. Phosphatidylserine
ELISA was a simpler and faster method, and it would be more suit-
able for large-scale diagnosis for patients with NAFLD.

Through the analysis of the GEO database, we found that the
expression level of DRAM in liver tissues of patients with NAFL was
significantly higher than that of healthy controls. Using the expres-
sion level of DRAM in liver tissues as an indicator to distinguish
patients with NAFL from healthy controls, the value of AUC could
reach 0.731 (Fig. 2I). These data indicated that the expression of
DRAM in liver tissues might be able to diagnose patients with
NAFLD in the population.

DRAM as a lysosomal membrane protein could participate in
TP53-induced autophagy and could be induced by FA treatment
(15, 16). It has been revealed that DRAM knockout could decrease
HFD-induced glucose intolerance and the accumulation of adipose
tissues in mice (27). The results of in vivo experiments showed that
DRAM expression in liver tissues was significantly increased at 3 days
and unchanged at 1 week after HFD feeding (Fig. 5, A and B).
Another study also showed that the expression level of DRAM was
higher in hepatic cells treated with 400 uM oleic acid (OA) than that
in control cells, while DRAM level was significantly decreased in
hepatic cells treated with higher concentrations (800 or 1200 pM) of
OA compared with cells treated with 400 uM OA (28). Two points
should be considered in this issue. On the one hand, DRAM could
be induced by FA, starvation, adriamycin in high glucose, and virus
infection, which indicated that DRAM might be one of the stress-
induced genes (16, 29-31). Expressions of some stress-induced
genes could be temporarily increased under the stresses, while the
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temporary increase of these genes could play important roles in
stress-induced changes in cellular processes (32, 33). For example,
NE-E2-related factor 2 (Nrf2) expression could be temporarily in-
creased and then decreased, and knockdown of Nrf2 inhibited angio-
genesis in cerebral microvascular endothelial cells under hypoxic
conditions (34). On the other hand, DRAM is a downstream gene of
TP53, and it has been reported that TP53 could play dual roles
during the progression of NAFLD (35). The disease spectrum of
NAFLD ranges from NAFL to NASH and might process to cirrhosis.
The expression and role of DRAM might also be different in various
stages of NAFLD. Our results found that the expression level of
DRAM in liver tissues of patients with NAFL was significantly higher
than that of healthy controls, while the difference of DRAM in liver
tissues between the patients with NASH and healthy controls was
not statistically significant (Fig. 2H and fig. S1). These data suggest-
ed that DRAM level might be increased in the early stage during the
occurrence of NAFLD. In a future study, we would further investigate
whether DRAM could play different roles in various stages of NAFLD.

Until now, some molecules have been reported to affect the pro-
cess of exosome biogenesis. Loss of sirtuin 1 was revealed to inhibit
the acidification of lysosomes, lead to impaired function of lysosomes,
and promote the secretion of exosomes (18). Yan et al. (36) showed
that AMPKol could regulate the secretion of exosomes by inhibit-
ing tumor susceptibility 101 (TSG101) expression. In this study, our
results showed that DRAM could also promote the secretion of exo-
somes from hepatic cells in vitro and in vivo. DRAM is a lysosomal
protein and lysosomes could play an essential role in the secretion
of exosomes. Studies have revealed that impaired lysosomal function
reduced the degradation of MVB containing exosomal precursors
through lysosomes, led to more MVB fusion with the plasma mem-
brane, and increased the release of exosomes from cells (18). Our
research also focused on the mechanism of DRAM involved in me-
diating the secretion of exosomes by promoting LMP. In addition,
we also revealed the interaction between DRAM and STOM and the

—

, == Function
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—)‘ r 'y
/ LMP o

Lysosome
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Hepatocyte

Fig. 8. Diagram for the role of DRAM in exosome secretion from hepatocytes
during the occurrence of NAFLD. HFD or FA could up-regulate the expression of
DRAM in hepatocytes. DRAM further recruited STOM to the lysosomes and induced
LMP, which impaired the lysosomal function and the degradation of MVB in lyso-
somes to promote the secretion of exosomes.
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DRAM-mediated lysosomal localization of STOM. STOM is a pro-
tein that can change membrane integrity and is highly expressed in
liver tissues. We would focus on the influence of STOM on lipid
accumulation of hepatic cells in a future study.

In summary, our study showed that lipid-induced DRAM in
hepatic cells could interact with STOM, promote its lysosomal local-
ization, and induce LMP, which could reduce lysosomal degradation
of MVB and promote the release of exosomes (Fig. 8). Our study not
only revealed the DRAM-mediated mechanism for lipid-induced exo-
some secretion but also suggested that the plasma exosome level might
act as a potential biomarker for patients with NAFLD. Phosphatidyl-
serine ELISA method, which captures exosomes by phosphatidyl-
serine to detect the level of exosomes, provides greater feasibility for
the use of plasma exosomes as a clinical diagnostic indicator.

MATERIALS AND METHODS

Human samples

Nineteen patients with NAFLD and 12 healthy subjects were recruited
in this study. Patients with NAFLD were diagnosed by liver biopsy,
computed tomography (CT), or color Doppler ultrasound after ex-
cluding alcohol and other clear liver damage factors (37). Healthy
subjects have normal liver enzymes and abdominal CT results. The
venous blood was taken from the participants after 8 hours of fasting.
Every participant signed an informed consent form, and this study
was approved by the Ethics Committee of Qingdao Municipal
Hospital. Demographic and laboratory characteristics of the partic-
ipants are listed in table S1.

Data collection and processing

The mRNA expressions and clinical data of 20 patients with NAFL,
19 patients with NASH, and 24 healthy controls were obtained from
a dataset with the accession number GSE89632 of the GEO database.
GSEA software (https://software.broadinstitute.org/gsea/index.jsp)
was performed to calculate the enrichment of genes (38, 39). Accord-
ing to the optimal cutoff value of gene expression in liver tissues, the
subjects were divided into the high and low gene expression groups.

Animal experiments

C57BL/6 mice with DRAM heterozygous knockout (DRAM*") were
obtained from Shanghai Model Organisms (Shanghai, China). DRAM
heterozygous knockout (DRAM™") mice were mated to generate
homozygous (DRAM ") and wild-type (DRAM™™*) littermates.
Eight-week-old male mice in the DRAM knockout group and wild-
type group were fed with CD or HFD (60% fat, Research Diets, New
Brunswick, NJ, USA). All mice were randomly selected and main-
tained under a 12-hour light/dark cycle. At the end of experiments,
mice were euthanized after 6 hours of fasting. All animal experiments
were carried out in accordance with the guideline approved by the
Medical Experimental Animal Care Commission of Qingdao University.

Cell culture

Human hepatic cell line HepG2 was obtained from GeneChem
(Shanghai, China). STR profiling and mycoplasma contamination
testing were provided by GeneChem. HepG2 cells were cultured in
Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT, USA)
supplemented with 10% fetal bovine serum (Biological Industries,
Kibbutz Beit Haemek, Israel). Cells were cultured in a humidified
5% CO, incubator at 37°C. Exo-clear complete cell growth medium
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(System Biosciences, Palo Alto, CA, USA) was used for extraction of
exosomes from cell culture supernatant.

Oil red O staining and intracellular triglyceride measurement
For FA treatment, 0.3 mM PA or bovine serum albumin solution
(Kunchuang Biotechnology, Xian, China) was incubated with the
cultured HepG2 cells. After 24 hours, the intracellular lipids were
stained using oil red O staining kit (Solarbio, Beijing, China) and the
content of intracellular triglycerides was detected by a triglyceride
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions.

Plasmids, siRNAs, and transfection agents

Small interfering RNAs (siRNAs) were synthetized from GenePharma
(Shanghai, China). siRNAs were transfected using HiPerFect trans-
fection reagent (Qiagen, Dusseldorf, Germany) according to the
protocol from the manufacturer.

Expression plasmids for Flag-DRAM, STOM-Myc, and LGALS3-
enhanced green fluorescent protein (EGFP) were obtained from
Youbio Biological Technology (Hunan, China). Lipofectamine
3000 reagent (Invitrogen, Carlsbad, CA, USA) was used to transfect
plasmids according to the instruction from the manufacturer.

RNA isolation and qRT-PCR

Total RNA was extracted from cells and tissues using RNAiso (Takara,
Shiga, Japan). Then, RNA was converted to cDNA using PrimeScript
RT reagent kit with genomic DNA Eraser (Takara). The quantifica-
tion of gene expression was determined with the SYBR Green poly-
merase chain reaction (PCR) kit (Qiagen). The following primers
were used for quantitative reverse transcription PCR (qRT-PCR)
analysis in this study: DRAM (mouse): 5'-CAGCCTTCATCATCT-
CCTACG-3' and 5'-ATGCAGAGAAGTTTATCATG-3' (27), DRAM
(human): 5'-TCAAATATCACCATTGATTTCTGT-3’ and 5'-GC-
CACATACGGATGGTCATCTCTG-3’ (16), B-actin (mouse):
5-CAGCTTCTTTGCAGCTCCTT-3’ and 5'-CACGATGGAGG-
GAATACAG-3', and B-actin (human): 5'-CATCCTCACCCTGAAG-
TACCCC-3' and 5'-AGCCTGGATGCAA CGTACATG-3'.

Exosome isolation

For the extraction of exosomes from human plasma and cell culture
media, first, cells were removed (300g for 10 min) and the supernatant
was centrifuged at 2000g for 10 min to discard dead cells. Then, the
supernatant or plasma was collected and centrifuged at 12,000g for
30 min to remove cell debris. Afterward, the supernatant or plasma
was filtered through a centrifugal filter unit (Millipore, Billerica,
MA, USA) to remove the apoptotic bodies and microvesicles. Next
the supernatant or plasma was collected and ultracentrifuged at
110,000 for 2 hours to precipitate the exosomes. Subsequently, the
exosomes were washed with phosphate-buffered saline (PBS) to re-
move contaminated proteins and the ultracentrifugation at 110,000g
for 70 min was used to collect the exosomes. For the extraction of
exosomes from plasma of mice, plasma was filtered through a
centrifugal filter unit (Millipore), and ExoQuick plasma prep and
exosome precipitation kit (System Biosciences) was used according
to the instruction of the manufacturer.

Nanoparticle tracking analysis
The concentration and size of exosomes were measured using
NanoSight NS300 (Malvern, Worcs, UK). The sample was diluted
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with PBS and injected into the beam path to capture the fast-moving
diffraction light spot under the Brownian motion of each particle.
Five digital videos of each sample were analyzed to determine the
concentration and size of exosomes.

Electron microscopy

The exosomes resuspended in PBS were added dropwise to formvar/
carbon-coated copper grid and stained with 3% aqueous phospho-
tungstic acid for 5 min at room temperature. Then, the grids were ob-
served under a transmission electron microscope (JEOL, Tokyo, Japan).

Lysosomal LGALS3 puncta assay

To perform the LGALS3 puncta assay, LGALS3-EGFP expression
plasmid was cotransfected with empty vector or DRAM plasmid
into the HepG2 cells. After 48 hours, three areas were randomly
selected to observe the fluorescence. There are at least 100 cells
in each area and more than three puncta in one cell are defined
as positive.

Lysosome isolation

The lysosome isolation kit (Genmed Scientifics Inc., TX, USA) was
used to isolate lysosomes. In short, cells were mixed with lysis buffer
and homogenized with a dounce homogenizer. The separation
solution was added into the supernatant and centrifuged at 25,000¢
for 20 min. Then, the supernatant was collected as cytoplasm and
the precipitate was collected as lysosome fraction.

Coimmunoprecipitation

HepG2 cells were cotransfected with Flag-DRAM expression plasmid
and STOM-Myc expression plasmid. Then, cells were collected and
lysed by NP-40 lysis buffer (50 mM tris, 100 mM NaCl, 1% NP-40,
10% glycerol, 1 mM Na3zVOy, 10 mM sodium fluoride (NaF), and
1.5 mM EDTA). The primary antibody or normal immunoglobulin
G (Santa Cruz Biotechnology, Dallas, TX, USA) was respectively incu-
bated with the cell lysate overnight. Then, Protein A/G Plus-Agarose
(Santa Cruz Biotechnology) was added to the lysate and incubated.
The precipitate was collected and Western blotting was performed.

Phosphatidylserine ELISA

The collected supernatant or plasma was passed through a centrifugal
filter unit (Millipore) to remove the apoptotic bodies and micro-
vesicles. Then, the exosome level in plasma or cell supernatant was
quantified by a phosphatidylserine ELISA kit according to the
manufacturer’s instruction (Wako, Osaka, Japan).

Immunofluorescence

HepG2 cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.5% Triton X-100. Liver tissues were fixed with 4% para-
formaldehyde and embedded in paraffin. Then, the primary and
secondary antibodies were subsequently incubated with the cells and
tissues. 4,6-Diamidino-2-phenylindole (Servicebio, Wuhan, China)
was used to stain the nuclei. The images were observed and cap-
tured under a florescence microscope (Nikon, Tokyo, Japan), and
they were quantified using Image] software (National Institutes of
Health, Bethesda, MD, USA).

Western blotting
Cells and exosomes were lysed in radioimmunoprecipitation assay
(RIPA) buffer (SolarBio) containing the protease inhibitor cocktail
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(Merck, Darmstadt, Germany). Proteins were separated by SDS-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore). The membrane was
blocked with 5% milk and incubated with primary antibody over-
night at 4°C. Then, the membrane was incubated with the secondary
antibody. The antibodies used in this study are listed in table S2.

BCA assay

The BCA kit (Cwbio, Beijing, China) was used to measure the pro-
tein level of exosomes and cells. In short, RIPA buffer was used to
extract proteins from cells or exosomes. Then, the lysates were
mixed with the working solution and incubated at 37°C for 30 min.
The absorbance was detected at 562 nm using a microplate analyzer
(Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis

Quantitative data were presented as means and SD. Student’s ¢ test
was used to evaluate the difference between two groups. The signif-
icant differences among three groups were analyzed by one-way
analysis of variance. Pearson correlation analysis was used to assess
the correlation between two parameters. Spearman correlation anal-
ysis was used to evaluate the correlation of the ranked data. ROC
curve was used to determine the cutoff value, sensitivity, and speci-
ficity. AUC was used to evaluate the diagnostic accuracy of DRAM
expression level. The statistical analysis was performed using
GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA,
USA). All Pvalues were considered statistically significant when <0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh1541

View/request a protocol for this paper from Bio-protocol.
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