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DRAM1 increases the secretion of PKM2-enriched
EVs from hepatocytes to promote macrophage
activation and disease progression in ALD
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DNA damage-regulated autophagy modulator 1 (DRAM]1)
could play important roles in inflammation and hepatic
apoptosis, while its roles in alcohol-related liver disease
(ALD), which is characterized by hepatic inflammation and
apoptosis, are still unclear. In this study, we explored the
expression, role, and mechanism of DRAM1 in ALD. Firstly,
our results showed that DRAMI1 was significantly increased
in liver tissues of mice at the early stage of alcohol treatment.
In addition, DRAM1 knockout reduced, and liver-specific over-
expression of DRAMI1 aggravated, alcohol-induced hepatic
steatosis, injury, and expressions of M1 macrophage markers
in mice. Furthermore, ethanol-induced DRAM1 of hepatic cells
increased pyruvate kinase M2 (PKM2)-enriched extracellular
vesicles (EVs), and ectosomes derived from hepatic cells with
DRAMI1 overexpression promoted macrophage activation.
Mechanistic investigations showed that DRAMI1 interacted
with PKM2 and increased the PKM2 level in plasma mem-
brane. At last, DRAM1 was significantly increased in liver tis-
sues of ALD patients, and it was positively correlated with
M1 macrophage markers. Taken together, this study revealed
that ethanol-induced DRAM1 of hepatic cells could increase
the PKM2-enriched EVs, promote macrophage activation,
and aggravate the disease progression of ALD. These findings
suggested that DRAM1 might be a potentially promising target
for the therapy of ALD.

INTRODUCTION

DNA damage-regulated autophagy modulator 1 (DRAM1) is a trans-
membrane protein with six transmembrane domains that is mainly
located in the lysosome."” As a p53 target gene, DRAMI plays a
key role in p53-dependent autophagy and apoptosis.” DRAM1-medi-
ated mitophagy was a major apoptotic inducer during the progression
of hepatic steatosis.” It was also reported that DRAMI1 enhanced lipid
accumulation in osteoporotic rats.’ Additionally, DRAMI was
involved in oral inflammation and infection.® In view of the points
above, DRAM1 could play important roles in inflammation, lipid
accumulation, and hepatic apoptosis. Alcohol-related liver disease
(ALD) is characterized by increased hepatic lipid accumulation,

inflammation, and hepatic apoptosis. However, the role of DRAM1
during the progression of ALD remains unclear.

ALD has been one of the most common types of liver diseases world-
wide, and it covers a range of diseases with different severities
including simple fatty liver, alcoholic hepatitis (AH), fibrosis, and
cirrhosis and its complications.”® In addition, alcohol consumption
has been a major risk factor for the global burden of disease.*’
Some current interventions such as corticosteroids, biological agents,
and liver transplantation have been used for the treatment of ALD.
However, the consensus for treatments for ALD has not been
reached.'’”'” Based on the severity of ALD, it is urgent to seek for
new targets for the diagnosis and treatment of ALD.

Alcohol could lead to the increase of gut permeability, where enteric
gram-negative bacteria and enterogenic lipopolysaccharide (LPS)
could migrate into portal circulation and transfer to the liver to acti-
vate the hepatic macrophages.'”™'® Hepatic macrophages are the
largest population of innate immune cells in the liver and play a
key role in maintaining liver function and homeostasis.'® The inflam-
mation induced by alcohol is mainly mediated by macrophages.'” M1
macrophages could exert pro-inflammatory effects and release pro-
inflammatory cytokines.'®"’

Extracellular vesicles (EVs), mainly including ectosomes and exo-
somes, are natural nanometer-sized carriers.”’”>* EVs can be secreted
by almost all cells and deliver proteins, lipids, and various nucleic
acids from donor cells to both near and distant recipient cells.”"**
EVs and their contents have been reported to be the potential bio-
markers for the diagnosis and prognosis of diseases including
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ALD."***** Previous study has shown that alcohol exposure could
release CD40L-containing EVs from hepatocytes, which stimulated
the activation of macrophages and led to inflammation in ALD."
However, the correlation between EVs and ALD progression still
needs to be further investigated.

In this study, we investigated the expression, role, and mechanism of
DRAMI1 during the progression of ALD. Our results showed that
DRAMI1 knockout attenuated, and liver-specific DRAMI overexpres-
sion aggravated, the alcohol-induced hepatic steatosis, injury, and ex-
pressions of M1 macrophage markers in mice. Mechanistical investi-
gation showed that DRAMI of hepatic cells could interact with
pyruvate kinase M2 (PKM2) and mediate alcohol-induced secretion
of PKM2 through extracellular vesicles, and the ectosomes released
from hepatic cells with DRAMI1 overexpression could promote
macrophage activation. We also found that DRAM1 level was higher
in liver tissues of patients with ALD and was positively associated
with the levels of M1 macrophage markers. These data suggested
that DRAMI might be a potential marker for the diagnosis and a po-
tential target for the treatment of patients with ALD.

RESULTS

Alcohol-induced increase of DRAM1 expression occurred in the
early stage and was p53-dependent

To investigate the relationship between DRAM1 and ALD progres-
sion, firstly, we detected the expression and location of DRAM1 in
liver tissues of mice fed with an ethanol diet. Wild-type (WT) mice
were divided into two groups and were fed with an ethanol diet or
control diet (Figure 1A). The results of immunofluorescence assays
showed that DRAMI was mainly co-localized with the hepatocyte
marker cytochrome P450 family 2 subfamily E member 1
(CYP2E1) but not the macrophage marker F4/80 in liver tissues of
both the control and ethanol groups, indicating that DRAM1 was
mainly expressed in hepatic parenchymal cells (Figure 1B). At
different time points (3 days, 1 week, 2 weeks, and 4 weeks) after
ethanol feeding, the levels of DRAMI in liver tissues of mice were
measured. Our results showed that compared with mice fed with a
control diet, DRAM1 level in liver tissues of mice fed with an ethanol
diet was significantly increased at 3 days. In addition, DRAM1 expres-
sion was unchanged at 1 or 2 weeks, and even decreased at 4 weeks in
liver tissues of mice fed with ethanol (Figure 1C). These results sug-
gested that ethanol intake might induce an increase in DRAM1
expression in liver tissues of mice at the early stage.

At the same time, we also verified the relationship between alcohol
treatment and DRAM1 expression in human hepatic cell lines
including HepG2 and Huh7 cells. Our results showed that DRAM1
level in HepG2 cells was increased at relatively low concentration
(80 mM) and short time (12 h) of ethanol treatment (Figures 1D
and 1E). Meanwhile, DRAM1 was significantly elevated in 80 mM,
400 mM, and 12 h groups in Huh7 cells treated with ethanol (Figures
1F and 1G). These results also indicated that the early stage of alcohol
induction could lead to increased DRAM1 level in hepatic cells.
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DRAM1 could be induced by p53, so then we investigated the role of
p53 in alcohol-induced expression of DRAM1. When HepG2 cells
were treated with ethanol, the expression level of p53 protein was
increased (Figure 1H). We also found that p53 knockdown signifi-
cantly attenuated ethanol-induced increase in DRAMI level, indi-
cating that p53 could regulate alcohol-induced DRAM1 expression
(Figure 1I). These data indicated that the increased DRAM1 level
induced by alcohol was p53 dependent.

DRAM1 knockout attenuated alcohol-induced hepatic lipid
accumulation, hepatic injury, and expressions of M1
macrophage markers in mice

To further investigate the role of DRAM1 in the pathogenesis of ALD,
we used DRAM1-knockout (KO) mice for further analysis (Figure 2A).
gRT-PCR and western blot were used to confirm the knockout of
DRAM in liver tissues of mice (Figures 2B and 2C). Then the
DRAM1-KO mice were fed with ethanol diet to establish the ALD
model. Our results showed that there was no significant difference
in body weight between WT and DRAMI-KO mice after ethanol
feeding (Figure 2D), whereas the liver weight and liver-to-body weight
ratio of mice were significantly reduced in ethanol-fed DRAM1-KO
mice compared with that in ethanol-fed WT mice (Figures 2E and
2F). Next, we evaluated hepatic steatosis and injury in these mice. Fig-
ures 2G and 2H showed that both plasma and liver triglyceride (TG)
levels in DRAM1-KO mice were significantly lower than WT mice af-
ter ethanol feeding. Similarly, the results of oil red O staining showed
that the accumulation of fat in liver tissues of DRAMI-KO mice fed
with ethanol was reduced compared with the WT mice fed with
ethanol (Figure 2I). Furthermore, the results of hematoxylin and eosin
(H&E) staining showed that the number and size of vacuoles in liver
tissue of DRAMI1-KO mice were obviously decreased compared
with WT mice after ethanol feeding (Figure 2J). We further analyzed
the activity scores, which reflected three aspects including hepatocyte
steatosis, inflammatory cell infiltration, and hepatocyte ballooning
degeneration. The results showed that the activity scores of liver tissues
in WT mice were significantly higher than those in DRAM1-KO mice
after ethanol feeding (Figure 2K). We also measured the levels of
plasma alanine aminotransferase (ALT) activity and aspartate amino-
transferase (AST), and the results showed that DRAM1-KO signifi-
cantly reduced the level of ALT in plasma induced by ethanol (Fig-
ure 2L), although the knockout of DRAMI did not change the level
of plasma AST (Figure 2M).

The previous studies revealed that alcohol could induce the activa-
tion of hepatic macrophages.”> To evaluate the number of macro-
phages in liver tissues of mice, the immunohistochemistry assay
for F4/80 was used, and the results showed that ethanol feeding
increased the number of macrophages in the livers of WT mice,
whereas the ethanol-induced increase of macrophages was attenu-
ated in DRAM1-KO mice (Figure 2N). Tumor necrosis factor alpha
(TNF-a.), interleukin-1f (IL-1B), and interleukin-6 (IL-6) were both
M1 macrophage markers and pro-inflammatory cytokines. As
shown in Figure 20, the levels of TNF-a, IL-1B, and IL-6 in liver
tissues of ethanol-treated DRAM1-KO mice were significantly lower
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Figure 1. DRAM1 expressions in liver tissues of mice and hepatic

cells with ethanol treatment

(A) Schematic diagram for the construction of mouse model of ALD. (B)
Immunofluorescence assays of liver tissues in pair-fed and ethanol-fed
mice were used to measure the expressions of DRAM1, CYP2E1, and F4/
80 (Scale bars: 10um). (C) Mice were fed with ethanol diet or control diet
for 3 days, 1 week, 2 weeks, and 4 weeks, respectively. The expression
levels of DRAM1 in liver tissues of mice were measured by gRT-PCR (n =
3-4). (D-G) HepG2 cells (D) and Huh7 cells (F) were treated with 80 mM or
400 mM ethanol for 12 h, and the levels of DRAM1 were measured by
gRT-PCR. The levels of DRAM1 in HepG2 (E) and Huh7 cells (G) were
measured by gRT-PCR after being treated with 80 mM ethanol for 12 h, 24
h, or 48 h. (H) Levels of p53 protein were detected by western blot in
ethanol-treated HepG2 cells transfected with p53 siRNAs. (I) gRT-PCR
was used to detect the mRNA level of DRAM1, and the ratio between the
values of the ETOH-treated group and the control group was calculated.
*p < 0.05; ns, no significance.
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than those of ethanol-treated WT mice. Oxidative stress was also
one of the key features of ALD, as ethanol and its metabolites can
increase the production of reactive oxygen species and enhance
the effect of peroxidation.% However, we found no significant dif-
ference in superoxide dismutase (SOD) and malondialdehyde
(MDA) levels of liver tissues between the ethanol-treated WT and
DRAM1-KO mice (Figure S1), which indicated that DRAM1 might
not affect the ethanol-induced oxidative stress. Together, these ob-
servations suggested that DRAMI1 deficiency could attenuated
alcohol-induced hepatic steatosis, injury, and the expressions of
M1 macrophage markers in mice.

Liver-specific DRAM1 overexpression enhanced ethanol-
induced hepatic lipid accumulation, hepatic injury, and
expressions of M1 macrophage markers in mice

In this study, we also used adeno-associated virus (AAV) to specif-
ically overexpress DRAMLI in liver cells of mice. qRT-PCR and west-
ern blot assays were used to verify that DRAMI1 was successfully
overexpressed in liver (Figures 3A and 3B) but not overexpressed
in other organs of mice (Figure S2). The AAV-vector and AAV-
DRAM1"P mice were also fed with control diet and ethanol diet.
The liver-specific DRAM1 overexpression did not affect the body
weight of the ethanol-fed mice (Figure 3C), but the liver weight
of the AAV-DRAMI1"*P mice fed with ethanol was significantly
higher than that of the ethanol-treated AAV-vector mice (Fig-
ure 3D). Compared with AAV-vector mice after ethanol feeding,
plasma and liver TG levels of AAV-DRAM17P mice after ethanol
feeding were also significantly increased (Figures 3E and 3F). The
results of oil red O and H&E staining showed that liver-specific
DRAM1 overexpression aggravated ethanol-induced hepatic lipid
accumulation in liver tissues (Figures 3G and 3H). The activity
scores of liver sections also showed that liver-specific DRAMI over-
expression significantly increased the liver activity score in ethanol-
fed mice (Figure 3I). At the same time, ALT level in plasma was
significantly higher in AAV-DRAMI17 mice fed with ethanol
than that in AAV-vector mice after ethanol feeding, but no signifi-
cant change was observed in plasma AST level between the two
groups (Figures 3] and 3K). Furthermore, liver-specific DRAM1
overexpression significantly increased ethanol-induced macrophage
number and the expressions of M1 macrophage markers including
IL-1B and IL-6 (Figures 3L and 3M). These data suggested that
liver-specific DRAM1 overexpression could significantly aggravate
ethanol-induced hepatic steatosis, liver injury, and expressions of
M1 macrophage markers.

Ectosomes released from DRAM1-overexpressed hepatic cells
promoted macrophage activation

How did DRAM1, which was mainly expressed in hepatic paren-
chymal cells, affect macrophage activation? Phorbol 12-myristate
13-acetate (PMA) could induce human monocytic cell line
THP-1 to macrophages, which can be verified by detecting the in-
crease of CD68 expression (Figure S3). Interestingly, overexpres-
sion of DRAM1 did not affect PMA-induced differentiation and
the expression of M1 macrophage marker CD86 in THP-1 cells
(Figure 4A). However, when HepG2 cells with DRAM1 overex-
pression were co-cultured with THP-1 cells using a transwell
chamber (Figures 4B and 4C), the dramatic morphological change
of co-cultured THP-1 cells was observed, and the CD68 level was
increased (Figures 4D and 4E). We also found that the culture su-
pernatant from ethanol-treated HepG2 cells could promote PMA-
induced differentiation and activation of THP-1 cells, and
DRAM1 knockdown could attenuate the effects of ethanol
(Figure 4F).

Studies have revealed that EVs including ectosomes and exosomes
in the culture supernatant could play important roles in cellular
communication.””” Then we investigated the roles of EVs in the
communications between DRAMI-overexpressing HepG2 cells
and THP-1 cells. We used ultracentrifugation to isolate the ecto-
somes and exosomes in cell culture supernatant of HepG2 cells
with DRAMI1 overexpression (Figure 4G). The typical appearance
of ectosomes and exosomes were respectively visualized under the
transmission electron microscope (Figure 4H). The ectosome
marker matrix metalloproteinase 2 (MMP2) and the exosome
marker CD63 were also detected to confirm that there was no
mutual contamination (Figure 4I). Next, we added ectosomes or
exosomes derived from HepG2 cells with DRAMI1 overexpression
to the cell culture supernatant of THP-1 cells. We found that the
adhesion ability was significantly upregulated in THP-1 cells incu-
bated with ectosomes derived from HepG2 cells with DRAM1 over-
expression compared with the cells transfected with empty vector,
but the derived exosomes did not change the adhesion of THP-1
cells (Figure 4]). qRT-PCR and western blot also showed that the
mRNA and protein level of CD68 were significantly increased in
THP-1 cells incubated with ectosomes from HepG2 cells in
DRAM1 overexpression group (Figures 4K and 4M), while the
mRNA and protein expression of CD68 were unchanged between
the THP-1 cells incubated with exosomes from the HepG2 cells
transfected with DRAMI1 expression plasmid and empty vector (Fig-
ure 4L, N). In addition, we found that when ectosomes derived from
HepG2 cells overexpressing DRAM1 were incubated with PMA-
treated THP-1 cells, the levels of M1 macrophage markers,

Figure 2. Ethanol-induced hepatic lipid accumulation, hepatic injury, and expressions of M1 macrophage markers in DRAM1-knockout mice

(A) CRISPR/cas9 technology was used to knockout the DRAM1 gene in mice. (B and C) DRAM1 levels in liver tissues of DRAM1-KO mice were measured by gRT-PCR (B)
and western blot (C). (D-O) WT and DRAM1-KO mice (n = 4-6) were fed with ethanol diet or control diet for five weeks. Body weight (D), liver weight (E), liver-to-body weight
ratio (F), plasma TG levels (G), liver tissue TG levels (H), oil red O staining (I), H&E staining (J), liver activity score (K), plasma ALT levels (L), plasma AST levels (M), immu-
nohistochemistry staining for F4/80 (N), and the mRNA levels of TNF-a,, IL-1B, and IL-6 in liver tissues (O) were measured. Images were captured for oil red O staining, H&E
staining, and F4/80 immunohistochemistry staining at 400x magnification (Scale bars: 20um). *p < 0.05; **p < 0.01; **p < 0.001; ns, no significance; ND, no detection.
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Figure 3. Ethanol-induced hepatic lipid accumulation, hepatic injury, and expressions of M1 macrophage markers in mice with liver-specific

overexpression of DRAM1

(A) DRAM1 levels of liver tissues in AAV-vector and AAV-DRAM1 HeP mice were measured by gRT-PCR. (B) Western blot assay for GFP tag in liver tissues of AAV-vector and
AAV-DRAM1MeP mice. (C-M) AAV-vector and AAV-DRAM17eP mice (n = 3-5) were fed with ethanol diet or control diet for 5 weeks. Body weight (C), liver weight (D), plasma
TG levels (E), TG levels of liver tissues (F), oil red O staining (G), H&E staining (H), liver activity score (), plasma ALT levels (J), plasma AST levels (K), immunohistochemistry
staining for F4/80 (L), and the mRNA levels of IL-1B and IL-6 in liver tissues (M) were measured. Images were captured for oil red O staining, H&E staining, and F4/80
immunohistochemistry staining at 400x magnification (Scale bars: 20um). *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance.

including TNF-a., IL-1B, IL-6, and monocyte chemo attractant pro-
tein 1 (MCP-1), were significantly increased (Figure 40). Together,
these observations suggest that ectosomes released from hepatic cells
with DRAMI overexpression could promote the differentiation and
activation of macrophages.
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Alcohol-induced DRAM1 of hepatic cells increased the PKM2
level in secreted extracellular vesicles

It has been reported that PKM2 in ectosomes can promote the differ-
entiation of THP-1 cells into macrophages.”® We further analyzed the
expression level of PKM2 in plasma EV's of mice fed with ethanol. The
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Figure 4. Ectosomes from hepatic cells overexpressing DRAM1 regulated the differentiation and activation of macrophages

(A) Flag-DRAM1 was overexpressed in PMA-treated THP-1 cells, and the protein levels of CD68 and CD86 were detected by western blot. (B) HepG2 cells were transfected
with the Flag-DRAM1 expression plasmids, and the level of Flag-DRAM1 was detected by western blot. (C) HepG2 cells in the lower plate were transfected with Flag-DRAM1
expression plasmids, and the THP-1 cells were placed in the upper chamber. The two cells were co-cultured in a transwell chamber. (D-E) The morphological images (D) and
CD68 protein level (E) of co-cultured THP-1 cells were detected. (F) The culture supernatant of HepG2 cells transfected with the corresponding siRNAs were incubated with
PMA-incubated THP-1 cells. The protein levels of CD68 and CD86 in PMA-treated THP-1 cells were detected by western blot. (G) Ultracentrifugation was used to isolate the
ectosomes and exosomes in the culture supernatant of HepG2 cells transfected with Flag-DRAM1 expression plasmids or empty vector. (H) The typical pictures of ecto-
somes and exosomes were respectively visualized under the transmission electron microscope. (I) The ectosome marker MMP2 and the exosome marker CD63 were
detected by western blot. (J-N) Ectosomes or exosomes extracted from the culture supernatants of HepG2 cells transfected with Flag-DRAM1 expression plasmids or empty
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results showed that ethanol feeding increased the level of PKM2 in
plasma EVs of mice, and DRAM1 knockout attenuated the increase
of PKM2 level induced by ethanol (Figure 5A). Meanwhile, liver-spe-
cific DRAM1 overexpression also increased the level of PKM2 in
plasma EVs of mice fed with ethanol (Figure 5B). Immunofluores-
cence analysis showed that both ethanol and liver-specific DRAM1
overexpression could increase the proportion of macrophages in
PKM2-positive cells of liver tissues in mice (Figures 5C and 5D).
The in vitro experiments also showed that overexpression of
DRAMI1 in HepG2 cells could lead to an increase of PKM2 in EVs
and co-cultured THP1 cells treated with PMA (Figures 5E and 5F).
Interestingly, overexpression of PKM2 in PMA-treated THP-1 cells
resulted in a significant increase in CD68 and CD86 levels, which
indicated that PKM2 could promote the M1 macrophage activation
(Figure 5G). In addition, we found that ethanol could increase the
levels of DRAMI and PKM2 in EVs from HepG2 cells, while
DRAM1 knockdown could attenuate the effects of ethanol (Fig-
ure 5H). Furthermore, ultracentrifugation was used to isolate ecto-
somes and exosomes from the cell culture supernatant of HepG2 cells
with DRAMI overexpression, and we found that PKM2 was only
increased in ectosomes but not in exosomes of DRAMI-overex-
pressed group (Figure 5I). When PMA-treated THP-1 cells were
incubated with ectosomes or exosomes, it was found that PKM2 level
was increased in PMA-treated THP-1 cells incubated with ectosomes
from DRAMI1-overexpressed group, while there was no difference of
the PKM2 level in PMA-treated THP-1 cells between the two groups
incubated with exosomes (Figure 5]). In summary, our results sug-
gested that DRAMI in hepatic cells could promote the level of
PKM2 in EVs.

DRAM1 interacted with PKM2 and promoted its plasma
membrane localization in hepatic cells

The above experiments showed that both DRAM1 and PKM2
expression were detected in EVs. Then we investigated whether
DRAMI could interact with PKM2. Using co-immunoprecipitation
(coIP) assay, we verified the interaction between DRAMI and
PKM2 (Figure 6A). In addition, the results of immunofluorescence
also revealed that DRAM1 and PKM2 were co-localized in HepG2
cells and liver tissues of mice (Figures 6B and 6C). Considering
that DRAM1 can be located in lysosomes and plasma membrane,
we further investigated whether DRAM1 could affect the localiza-
tion of PKM2 in hepatic cells. We overexpressed DRAMI1 in
HepG2 cells and extracted the proteins from lysosomes, plasma
membrane, and cytoplasm. Our results showed that the expression
of PKM2 was significantly increased in both lysosomes and plasma
membrane, whereas there was almost no change in the cytoplasm
(Figure 6D). These data suggested that DRAMI could interact with
PKM2 and promote its plasma membrane localization in hepatic
cells.
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DRAM1 expression was upregulated in liver tissues of ALD
patients and was positively correlated with M1 macrophage
markers

To explore the expression of DRAML1 in liver tissues of ALD patients,
we analyzed 21,654 gene expressions in liver tissues of AH patients
and the controls from a c¢DNA microarray (GEO database:
GSE28619). The results showed a significant increase of DRAMI1
expression in liver tissues of AH patients compared to controls (Fig-
ure 7A). In this dataset, 6,035 genes showed significant correlations
with DRAM1 (p < 0.05), 3,619 genes were positive correlated (p <
0.05, correlation coefficient >0.3), and 2,416 genes were negative
correlated (p < 0.05, correlation coefficient < —0.3). The expression
level of DRAMLI in liver tissues was positively correlated with the
expression levels of M1 macrophage markers including CD86, C-X-
C motif chemokine ligand 9 (CXCL9), C-X-C motif chemokine
ligand 10 (CXCL10), and Toll-like receptor 2 (TLR2) (Figure 7B),
but not positively correlated with the levels of M2 macrophage
markers including CD163, interleukin-10 (IL-10), arginase-1
(Argl), and CD209 (Figure 7C). Then the samples were divided
into two groups including the DRAM1-low expression group and
DRAM1-high expression group based on the cutoff value. The results
showed that levels of the M1 macrophage markers CXCL9, CXCLI10,
and TLR2 were significantly increased in DRAMI-high expression
group compared with that in DRAM1-low expression group (Fig-
ure 7D), while the levels of the M2 macrophage markers CD163,
Argl, and CD209 were not significantly changed (Figure 7E).
Furthermore, compared with the control group, the expression levels
of p53 and PKM2 in liver tissues of AH patients were significantly
increased (Figures 7F and 7H). There was also a significant positive
correlation between DRAMI and p53 or PKM2 (Figures 7G and
71). Similar results were also shown in another RNA sequencing data-
set (GEO database: GSE155907) of liver tissues in AH patients and
controls (Figure S4). These findings indicated that DRAMI expres-
sion was significantly elevated in liver tissues of ALD patients and
was positively associated with the expressions of M1 macrophage
markers.

DISCUSSION

DRAMI1 was revealed to be involved in the occurrence and develop-
ment of a variety of diseases.”****" In this study, we analyzed the data
from the GEO database and found that DRAMI1 was significantly
elevated in liver tissues of patients with ALD. More interestingly,
our analysis showed that DRAMI1 expression of liver tissues was posi-
tively correlated with the expressions of M1 macrophage markers.
Further in vivo and in vitro experiments indicated that DRAM1
expression of hepatic cells was increased significantly at the early stage
after ethanol treatment. These results suggested that DRAM1 expres-
sion in liver tissues might be a potential biomarker for the occurrence
of ALD. It has been reported that serum deprivation or hepatic

vector were respectively added into the culture medium of THP-1 cells. The adhesion of THP-1 cells was observed and counted in each group (J). The mRNA and protein
levels of CD68 in THP-1 cells incubated with ectosomes or exosomes (K-N). (O) Ectosomes extracted from the culture supernatants of HepG2 cells transfected with Flag-
DRAM1 expression plasmids or empty vector were incubated with PMA-treated THP-1 cells. The mRNA levels of M1 macrophage markers, including TNF-a, IL-1B, IL-6, and

MCP-1, were detected by gRT-PCR. *p < 0.05; “**p < 0.001; ns, no significance.
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(A) EVs were extracted from the plasma of WT or DRAM1-KO mice fed with control or ethanol diet. Protein level of PKM2 in EV's were detected by western blot. (B) EVs were
extracted from the plasma of AAV-vector and AAV-DRAM1HP mice fed with ethanol. Protein level of PKM2 in EVs was detected by western blot. (C) Immunofluorescence
assays of liver tissues in control and ethanol-fed mice were used to measure the expressions of PKM2 and F4/80 (Scale bars: 10um). (D) Immunofluorescence assays of liver

(legend continued on next page)
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ischemia could induce DRAMI expression of hepatocytes, and
DRAMI1 overexpression could increase the ischemia-induced liver
injury.”>’! Moreover, DRAMI-mediated autophagy and apoptosis
might be critical in high-fat-diet-induced mild steatosis of liver tis-
sues.” In this study, mouse model experiments showed that
DRAMI knockout could reduce, and liver-specific DRAM1 overex-
pression could promote, ethanol-induced liver steatosis, liver injury,
and expressions of M1 macrophage markers. Therefore, DRAM1
might also be a potential target for hepatic steatosis and inflammation
during the progression of ALD. In future study, we would try to use
some intervention methods such as RNA silencing to evaluate the
therapeutic potential of inhibiting DRAMI in ALD.

In this study, we revealed that DRAMI level in liver tissues of mice fed
with an ethanol diet was significantly increased at 3 days, not signifi-
cantly changed at 1 or 2 weeks, and even decreased at 4 weeks (Fig-
ure 1C). Two points should be considered for the preceding results.
Firstly, there were about 4 days of adaptative period for ethanol liquid
diet before the construction of the ALD mouse model. Actually, we and
other groups revealed that mild hepatic steatosis, inflammation, and
injury could be observed for a few days after the construction of an
ALD mouse model.”>** We found that the level of DRAM1 in liver tis-
sues of mice fed with an ethanol diet was significantly increased at
3 days and was relatively high, though not significantly, at 1 week.
These data suggested that the level of DRAMI was evaluated at the
early stage during ethanol-induced hepatic steatosis, injury, and
inflammation. Secondly, DRAMI could be induced by p53, which is
a regulator of cellular responses to stresses such as chemotherapy
agents, hypoxia, fatty acid, and alcohol.>* " p53 can also play different
or even opposite roles in different stages of nonalcoholic fatty liver dis-
ease (NAFLD) and with different drugs for cancer therapies.”®” In this
study, we also revealed that the expression of p53 was positively corre-
lated with DRAML in ALD patients, and p53 could regulate alcohol-
induced expression of DRAML. In future study, we would investigate
whether DRAM could play different roles in different stages of ALD.

Our mechanistic investigations showed that DRAM1 overexpression
could increase the level of PKM2 in EVs released from hepatic cells.
PKM2 is a key enzyme that regulates cell metabolism and growth by
catalyzing the conversion of phosphoenolpyruvate into pyruvate and
providing ATP in the glycolysis pathway.*>*' It has been found that
overexpression of PKM2 led to increased lipid accumulation in hepatic
cancer cells treated with palmitate.”” PKM2 expression was strongly
increased in LPS-activated macrophages and is a key regulator of IL-
1B production, macrophage polarization, glycolysis reprogramming,
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and Warburg metabolism in LPS-activated macrophages.*>** Recent
studies have shown that PKM2 expression was increased in the serum
of severely obese people, and the level of PKM2 was higher in liver tis-
sues of non-alcoholic steatohepatitis (NASH) patients.** In view of
these facts, PKM2 might be related with steatohepatitis and inflamma-
tion in the liver. EVs are implicated in cell-cell communication, and
secretory PKM2 expression has been identified in ectosomes.””* It
was revealed that ectosomal PKM2 can induce macrophage differenti-
ation.?® In this study, our results also showed that ectosomes isolated
from the cell culture supernatant of hepatic cells with DRAM1 overex-
pression could promote the activation of PMA-treated THP-1 cells,
which might be caused by the transfer of PKM2 protein from the
DRAMI-overexpressed hepatic cells to THP-1 cells by ectosomes.

DRAML1 is a membrane protein and mainly located in lysosomes and
plasma membrane. In this study, it was revealed that DRAM1 could
interact with PKM2. Furthermore, overexpression of DRAM1 in he-
patic cells resulted in the increased level of PKM2 in both lysosomes
and plasma membrane. A previous study had shown that sumoyla-
tion of PKM2 could induce its translocation to plasma membrane
and be sorted into the ectosomes by interacting with ARRDC1.”*
Here, our study also suggested that DRAM1 might be one of the fac-
tors that could recruit PKM2 to the plasma membrane and promote
the secretion of PKM2 through EVs. In addition, the role of the
increased PKM2 level in lysosomes after DRAMI1 overexpression in
hepatic cells would also be explored in our future study.

In summary, there was a significant increase of DRAMI expression in
ethanol-treated mouse liver and hepatic cells at the early stage. Liver-
specific overexpression of DRAMI in mice aggravated liver steatosis,
liver injury, and the release of pro-inflammatory factors induced by
ethanol feeding. Besides, ethanol-induced DRAM1 could help recruit
PKM2 to the plasma membrane and increase the secretion of PKM2-en-
riched EVs from hepatic cells, and the EVs from hepatic cells with
DRAMI1 overexpression could promote the activation of macrophages
(Figure 8). Our findings indicated that DRAM1 might be a modulator of
the pathogenesis of ALD, and strategies aiming at inhibiting the expres-
sion of DRAM1 might have therapeutic potential for patients with ALD.

MATERIALS AND METHODS
Mouse model for ethanol feeding
Female mice, 6-8 weeks old, were selected to receive the Lieber-
DeCarli ethanol liquid diet (5% v/v, 28% ethanol-derived calories),
and the mice in control group were fed with isocaloric liquid diet
(TROPHIC Animal Feed High-Tech, Jiangsu, China). At the end of

tissues in AAV-vector and AAV-DRAM1P mice fed with ethanol were used to measure the expressions of PKM2 and F4/80 (Scale bars: 10um). (E) Protein levels of PKM2 in
EVs and cell lysates of hepG2 cells with DRAM1 overexpression were detected by western blot. (F) The culture supernatant of HepG2 cells transfected with the Flag-DRAM1
expression plasmids were incubated with PMA-incubated THP-1 cells. The expressions of both DRAM1 and PKM2 in PMA-treated THP-1 cells were detected by western
blot. (G) PKM2-myc plasmids were transfected into PMA-treated THP-1 cells, and the protein levels of CD68 and CD86 were detected by western blot. (H) Ethanol-treated
HepG2 cells were transfected with DRAM1 siRNAs and the EVs were isolated. The protein levels of DRAM1 and PKM2 in EVs were detected by western blot. (I-J) By
ultracentrifugation, ectosomes and exosomes were extracted from the culture supernatants of HepG2 cells transfected with Flag-DRAM1 expression plasmids or empty
vector and were added into the culture medium of PMA-treated THP-1 cells. Protein level of PKM2 in ectosomes, exosomes, and cell lysates of HepG2 cells were detected by
western blot (I). PKM2 levels in PMA-treated THP-1 cells incubated with the corresponding ectosomes or exosomes were detected by western blot (J).
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Figure 6. DRAM1 interacted with PKM2 and regulated its plasma membrane localization in hepatic cells

(A) colP assay was conducted in cell lysates from HepG2 cells transfected with Flag-DRAM1 and PKM2-myc expression plasmids using anti-Flag antibody. Levels of Flag-
DRAM1 and PKM2 were measured by western blot. (B) Immunofluorescence for Flag-DRAM1 and PKM2 in HepG2 cells transfected with Flag-DRAM1 expression plasmids
(Scale bars: 10um). (C) Immunofluorescence assays of liver tissues in WT mice were used to measure the expressions of DRAM1 and PKM2 (Scale bars: 10um). (D) Protein
levels of Flag-DRAM1 and PKM2 were detected in plasma membrane, lysosomes, and cytoplasm of HepG2 cells transfected with Flag-DRAM1 expression plasmids.

the treatment, mice were sacrificed after 6 h of fasting. Blood and liver
tissues were collected for further analysis. The mice were bred under a
12-h light/dark cycle. All animal procedures were approved by the
ethics committee of Experimental Research, Qingdao University.

DRAM1 knockout mice

C57BL/6 mice with DRAMI gene knockout were obtained using
the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 technology (Shanghai Model Organisms Center,
Shanghai, China). WT mice and homozygous type mice were ob-
tained by the mating of heterozygous-type mice, and the genotypes
were determined by PCR assays.

Mouse model with liver-specific DRAM1 overexpression

AAV was used to specifically overexpress DRAMI in liver cells of
mice. Female C57BL/6 mice (6-7 weeks old) were injected with either
AAV-vector carrying DRAM1 gene (pAAV-ApoE/hAATp-DRAMI)

or negative control vector (pAAV-ApoE/hAATp-null) (Shanghai
Genechem, Shanghai, China) via tail vein injection. At 2 weeks after
AAV injection, mice with liver-specific DRAM1 overexpression and
controls were fed with ethanol liquid diet and control liquid diet.

Cell culture

HepG2, Huh7, and THP-1 cells were purchased from Shanghai Gen-
echem. STR profiling and mycoplasma contamination testing of the
cells were provided from Shanghai Genechem. Cells were cultured
in an incubator with 5% CO, at 37°C. HepG2 and Huh?7 cells were
routinely maintained in Dulbecco’s minimal essential medium (Bio-
logical Industries, Bet Haemek, Israel) supplemented with 10% fetal
bovine serum (Biological Industries), and THP-1 cells were cultured
in Roswell Park Memorial Institute 1640 medium (Biological Indus-
tries) containing 10% fetal bovine serum. For the isolation of EVs
from the culture supernatant, cells were cultured in the Exo-Clear
Cell Growth Medium (System Biosciences, Mountain View, CA,
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USA). HepG2 and Huh?7 cells were treated with ethanol (Sinopharm
Chemical Reagent, Shanghai, China) for subsequent experiments.
Macrophage-like THP-1 cells were induced by phorbol 12-myristate
13-acetate (PMA, MedChemExpress, Monmouth Junction, NJ, USA).

Plasmid and oligonucleotide transfection

The plasmids encoding the DRAMI gene with the FLAG tag and the
PKM2 gene with the Myc tag were constructed. Lipofectamine 3000
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) was applied for
the transfection of plasmids. Small interfering RN As (SiRNAs) targeting
the human DRAMI1 and p53 coding sequences were synthesized from
Genepharma (Shanghai, China). Hiperfect transfection reagent (QIA-
GEN, Hilden, Germany) was applied for the transfection of siRNAs.

Quantitative real-time PCR

Total RNA was extracted from cells or liver tissues using RNAiso Plus
reagent (TaKaRa, Shiga, Japan). The reverse-transcription was conduct-
ed using PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). Then
real-time PCR was performed using SYBR Green PCR Kit (QIAGEN),
and relative gene expression was further calculated by AACt method.
B-Actin or 18S rRNA was used as the internal control. Primers used in
this study were synthesized from Beijing Genomics Institute (Shenzhen,
China), and the sequences are listed in Table S1.

Western blot

Whole cell lysates were extracted using RIPA buffer (Solarbio, Beijing,
China) supplemented with protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA) and phosphatase inhibitor phenylmethylsulfonyl
fluoride (Solarbio). Lysosomal and cytoplasmic protein were prepared
using Lysosome Isolation Kit (GenMed Scientifics, USA). Plasma
Membrane Protein Extraction Kit (Abcam, Cambridge, MA, USA)
was used to extract the plasma membrane protein. Protein samples
were separated in 10%-12% SDS-PAGE gel and transferred onto the
hydrophobic polyvinylidene fluoride membrane (Millipore, Billerica,
MA, USA). Indicated primary antibodies and horseradish-peroxi-
dase-conjugated secondary antibodies are listed in Table S2. The pro-
tein band was detected using ECL reagent (Millipore) and then visual-
ized by CHAMPCHEMI™ Chemiluminescent Imaging System (Sage
Creation, Beijing, China).

Biochemical assays

TG level, ALT activity, and AST activity in the plasma of mice were
determined using related commercial kits following the manufac-
turer’s manuals (Jiancheng Bioengineering Institute, Nanjing, China).

Besides, SOD and MDA in liver tissues of mice were measured using
the corresponding kits (Jiancheng Bioengineering Institute). The OD
values were measured using a spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Oil red O staining, hematoxylin and eosin staining, Wright’s
staining, and immunohistochemistry

Liver tissue samples were fixed in 4% paraformaldehyde (Solarbio).
Paraffin-embedded live tissue sections were used for H&E staining
and immunohistochemistry for F4/80 antibody (GB11027, Servicebio,
Wuhan, China). Frozen liver tissue sections were used for oil red O
staining. THP-1 cells were stained with Wright’s staining solution ac-
cording to the manufacturer’s instructions (Solarbio). The images were
viewed and captured using an Olympus BX53 biomicroscope equipped
with a DP26 digital imaging system (Olympus, Tokyo, Japan).

Extraction of extracellular vesicles by polymer-based
precipitation

EVsin 100 pL plasma per mouse were isolated using Exosome Precip-
itation Kit (System Biosciences) according to the instruction. Besides,
EVs in the cell culture supernatant were extracted using ExoQuick-
TC Tissue Culture Media Exosome Precipitation Solution (System
Biosciences).

Separation of ectosomes and exosomes by ultracentrifugation
Ectosomes and exosomes were isolated by ultracentrifugation. Culture
supernatant of cells was firstly collected and centrifuged twice to re-
move the cells (300 g, 10 min, 4°C) and cell debris (2000 g, 20 min,
4°C). Ectosomes were isolated by ultracentrifugation at 20,000 g for
30 min, and then exosomes were isolated by ultracentrifugation at
100,000 g for 90 min. The pellets of exosomes or ectosomes obtained
were resuspended in phosphate-buffered saline (Solarbio).

Co-cultivation in a transwell chamber

The co-cultivation was conducted using a 24-well transwell chamber
with a membrane pore size of 3.0 pm (Corning Incorporated, Corn-
ing, NY, USA). HepG2 cells were cultured in the lower plate, and
THP-1 cells were cultured in the upper chamber. The two cells
were separated by the membrane of the transwell chamber.

Electron microscope

Ectosomes and exosomes were suspended in phosphate-buffered
saline, spread onto a formvar/carbon-coated copper grid (Electron Mi-
croscopy Sciences, Hatfield, PA, USA), and stained with 3% aqueous

Figure 7. DRAM1 expression in liver tissues of AH patients

Dataset (GEO database: GSE28619) of AH patients and normal controls were analyzed. (A) DRAM1 levels in liver tissues of AH patients and controls were analyzed. The
adjusted p value was calculated. (B) Pearson correlation analysis was used to analyze the correlations between DRAM1 level and M1 macrophage markers including CD86,
CXCL9, CXCL10, and TLR2. (C) Pearson correlation analysis was used to analyze the correlations between DRAM1 level and M2 macrophage markers including CD163, IL-
10, Arg1, and CD209. (D) The expression levels of CXCL9, CXCL10, and TLR2 in the DRAM1-high expression group and DRAM1-low expression group. (E) The expression
levels of CD163, Arg1, and CD209 in the DRAM1-high expression group and DRAM1-low expression group. (F) p53 levels in liver tissues of AH patients and controls were
analyzed. The adjusted p value was calculated. (G) Pearson correlation analysis was used to analyze the correlation between the DRAM1 and p53 level. (H) PKM2 levels in
liver tissues of AH patients and controls were analyzed. The adjusted p value was calculated. () Pearson correlation analysis was used to analyze the correlation between

DRAM1 level and PKM2 level. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance.
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Figure 8. Diagram for the expression, role, and mechanism of DRAM1 in ethanol-treated hepatic cells
Ethanol can upregulate the expression of DRAM1 in hepatic cells at the early stage. DRAM1 further interacts with PKM2, promotes the translocation of PKM2 to the plasma
membrane, and increases the secretion of PKM2-enriched EVs. Then the released EVs can promote macrophage activation and the expression of M1 macrophage markers.

phosphotungstic acid. The grids were observed and imaged using a
JEM-1200EX transmission electron microscope (JEOL, Tokyo, Japan).

Co-immunoprecipitation

HepG2 cells were transfected and the total protein was extracted by
NP40 lysis buffer (Boster Biological Technology, Wuhan, China).
Then the protein was precipitated with anti-flag antibody (MBL, Na-
goya, Japan) or normal mouse IgG (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The protein A/G PLUS-Agarose beads (Santa Cruz
Biotechnology) were then added. The purified protein was subjected
to western blot analysis using Clean-Blot IP Detection Reagent
(Thermo Fisher Scientific) as the secondary antibody.

Immunofluorescence

Cells cultured on glass coverslips were fixed with 4% paraformalde-
hyde and incubated with the primary antibodies. The liver tissue sec-
tions were fixed with 4% paraformaldehyde, embedded in paraffin,
and were incubated with the primary antibodies. The primary and
secondary antibodies are listed in Table S3. At last, DAPI (Beyotime,
Shanghai, China) was used to counterstain the nuclei, and the images
were captured using an Olympus IX71 fluorescence microscope with
a DP73 Microscope camera (Olympus).

Dataset analysis

The ¢cDNA microarray data (GEO database: GSE28619) and RNA
sequencing data (GEO database: GSE155907) were used for relevant
analysis. R Studio software (Version 1.2.5033, RStudio, Boston, MA,
USA) was used to convert the probes into gene names.

Statistical analysis

The data were presented as the means + standard deviation (SD). The
statistical significance of the difference was analyzed by Student’s t test.
Pearson correlation analysis was used to analyze the correlation be-
tween two variables. p < 0.05 was regarded as statistically significant.

388 Molecular Therapy: Nucleic Acids Vol. 27 March 2022

In this study, the statistical analyses were performed using GraphPad
Prism 8 software (GraphPad Software, San Diego, CA, USA).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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