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Liver fibrosis is characterized by the activation of perivascular hepatic stellate cells (HSCs), the release of fibro-
genic nanosized extracellular vesicles (EVs), and increased HSC glycolysis. Nevertheless, how glycolysis in HSCs
coordinates fibrosis amplification through tissue zone-specific pathways remains elusive. Here, we demonstrate
that HSC-specific genetic inhibition of glycolysis reduced liver fibrosis. Moreover, spatial transcriptomics revealed
a fibrosis-mediated up-regulation of EV-related pathways in the liver pericentral zone, which was abrogated by
glycolysis genetic inhibition. Mechanistically, glycolysis in HSCs up-regulated the expression of EV-related genes
such as Ras-related protein Rab-31 (RAB31) by enhancing histone 3 lysine 9 acetylation on the promoter region,
which increased EV release. Functionally, these glycolysis-dependent EVs increased fibrotic gene expression in
recipient HSC. Furthermore, EVs derived from glycolysis-deficient mice abrogated liver fibrosis amplification in
contrast to glycolysis-competent mouse EVs. In summary, glycolysis in HSCs amplifies liver fibrosis by promoting
fibrogenic EV release in the hepatic pericentral zone, which represents a potential therapeutic target.

INTRODUCTION

Liver disease and cirrhosis are responsible for approximately 2 million
deaths worldwide each year (1, 2). Recently, massive efforts have been
deployed to understand how cellular and molecular heterogeneity pro-
motes liver fibrosis progression toward cirrhosis (3-7). This heteroge-
neity includes a specific hepatic stellate cell (HSC) subpopulation that
drives liver fibrosis through high extracellular matrix deposition in
specific zones in the liver (5, 6, 8, 9). There are two main areas in the
liver, the area around the portal tracts, named periportal, and the area
around the central veins, named pericentral (10-12). Initial spatial
studies of healthy livers have characterized the distinct transcriptional
profiles of these zones which include markers such as the periportal
cytochrome P450 family 2 subfamily F member 2 (Cyp2f2) and the
pericentral Cyp2el (8, 13, 14). However, the spatial regulation of the
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pathways activated in pericentral versus periportal zones leading to
liver fibrosis amplification remains poorly understood.

The progression of fibrosis toward cirrhosis is due to the activation
of HSCs, which includes proliferation, migration, and myofibroblastic
transdifferentiation that is mainly promoted by transforming growth
factor-p (TGF-p) and platelet-derived growth factor-f (PDGF) (15,
16). Initial studies have demonstrated that HSC activation is associ-
ated with metabolic reprogramming, including enhanced glucose
metabolism via glycolysis, to meet high energy demands (17-20).
However, a key question that remains unanswered in this nascent field
of fibro-metabolism relates to whether and how fibrogenic growth
factors activate glycolysis. It has been shown that pharmacological in-
hibition of glycolysis enzymes reduces liver fibrosis in vivo (19, 21).
Nevertheless, how glycolysis-driven metabolic reprogramming in ac-
tivated HSCs coordinates downstream biological pathways spatially
to amplify liver fibrosis is yet to be studied.

During liver fibrosis, HSC activation is regulated by a complex
network of cellular cross-talk, including HSC-to-HSC communica-
tion (7, 16, 22, 23). In the past decade, cell-derived nanosized particles
named extracellular vesicles (EVs) have been demonstrated to be an
important component of cellular cross-talk in liver homeostasis and
pathogenesis (24-26). Initial insights from our previous work and
others indicate that PDGF increases EV release and EVs secreted by
activated HSCs promote liver fibrosis amplification (22, 23, 27, 28).
Yet, the signaling cascades governing vesicle trafficking genes in-
volved in this phenomenon, as well as their in vivo spatial distribution
that contributes to fibrosis, remain poorly characterized.

In this study, we demonstrate that HSC-specific glycolysis pro-
moted liver fibrosis in vivo by increasing EV-related pathways in the
fibrogenic pericentral area. In vitro PDGF-mediated glycolysis in
HSCs enhanced the expression of vesicle trafficking-related genes
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through an epigenetic mechanism involving the acetylation of his-
tone 3 lysine 9 (H3K9ac). These events led to an increased release of
EVs enriched with fibrogenic proteins. Last, EVs from glycolysis-
competent mice amplified liver fibrosis as compared to EVs from
mice deficient in HSC-specific glycolysis. Our findings indicate that
HSC-specific glycolysis signaling contributes in a spatially coordi-
nated manner to the release of fibrogenic EVs to amplify liver
fibrosis.

RESULTS

Down-regulation of glycolysis selectively in HSCs attenuates
liver fibrosis in vivo

To study the involvement of glycolysis in liver fibrosis, we first aimed
to examine the expression of glycolytic enzymes by single-cell and
bulk RNA sequencing (RNA-seq). Our deposited single-cell RNA-
seq (scRNA-seq) (GSE175939) (9) showed that the expression of sev-
eral glycolytic enzymes was up-regulated in the collagen-producing
HSC subpopulation (High-Col) in carbon tetrachloride (CCly)-
mediated fibrotic livers, as compared to healthy controls and low
collagen-expressing HSCs (Low-Col) (fig. S1A). These enzymes in-
cluded hexokinases 1 and 2 (Hk1 and Hk2), glucose transporter
1 (Glutl), enolase 1 (Enol), phosphoglycerate kinase 1 (Pgkl), and
glucose-6-phosphate isomerase 1 (Gpil) (fig. S1A). In addition, HK1,
HK2, and phosphofructokinase (PFKFB4 and PFKP) mRNA levels
were up-regulated in PDGF or TGF-p-activated human primary
HSCs also in a deposited bulk RNA-seq (fig. S1B) (GSE119606) (29).
The most significantly up-regulated among these enzymes in both
mouse and human datasets was Hk2, the first rate-limiting enzyme
during glycolysis (fig. S1, A and B). Therefore, we decided to investi-
gate the role of §lf?rcolysis in HSCs during liver fibrosis by using a
transgenic HK2 " mouse strain (30, 31). To generate a transgenic
mouse model where glycolysis is selectively impaired in HSCs, PDGF
receptor beta (PDGFRB)—CreERT2 mice were crossed with HK2"/!
mice to obtain HK2*"°C offspring (Fig. 1A). We confirmed the si§—
nificant reduction of Hk2 ex?ression in HSCs isolated from HK22H>¢
mice as compared to HK2"! littermate controls at the mRNA level
(Fig. 1B). Then, the HK2 littermate controls and HK2275¢ mice
were treated with olive oil or CCl4 to induce liver fibrosis (Fig. 1A).
CCly-treated HK2" littermate controls displayed increased expres-
sion of fibrosis-associated collagens at mRNA and protein levels, as
compared to olive oil-treated HK2"" controls (Fig. 1, C to F).
However, collagen levels were significantly reduced in CCly-treated
HK2255€ mice (Fig. 1, C to F). In contrast, CCly-mediated alpha—
smooth muscle actin (xSMA) protein levels were not affected in
HK2285€ mice (fig. S2A). Similar results were obtained with the het-
erozygous HK2"* and HK2%'* mice (fig. S2, B to D). In addition, we
aimed to understand whether glycolysis in HSCs is also important in
periportal fibrosis. For this, HK2"* or HK2%"* mice were fed with
chow or 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocolidine (DDC) diet
for 12 days to induce periportal fibrosis. Compared to chow-fed
HK2"* mice, DDC-fed HK2"* mice had increased liver fibrosis, as
shown by alpha-1 type I collagen (COL1A1) immunofluorescence
(IF), Western blot, and quantitative polymerase chain reaction
(qPCR) (fig. S3). However, fibrosis was notably reduced in DDC-fed
HK2** mice, suggesting a role for HSC glycolysis in periportal fi-
brosis. In summary, these data suggest that activated HSCs increase
the expression of glycolytic enzymes and HSC-specific glycolysis
promotes liver fibrosis.

Khanal et al., Sci. Adv. 10, eadn5228 (2024) 28 June 2024

Spatial transcriptomics identifies the pericentral zone as
fibrogenic during CCl;-mediated liver fibrosis

To unveil the specific pathways regulated by HSC-specific glycolysis in
the fibrotic zones that amplify liver fibrogenesis (Fig. 1), we performed
spatial transcriptomics on liver sections from olive oil-treated HK2,
CCly-treated HK2, and CCly-treated HK22P5C mice. As expected,
the overall expression levels of the fibrosis-associated genes Colal and
Col3al were up-regulated in CCly-treated HK2" mice compared to
the olive oil-treated HK2"" condition and decreased in CCly-treated
HK2%5¢ mouse (Fig. 2A), confirming the previous results (Fig. 1).
Next, following pathologist-based annotations of liver vessels, the
spots were classified into pericentral or periportal (Fig. 2B). The peri-
central spots clustered together and showed a distinct transcriptional
profile from the periportal spots as demonstrated by the Uniform
Manifold Approximation and Projection plot (Fig. 2C). The periportal
cluster expressed higher levels of the periportal marker Cyp2f2, while
the pericentral cluster expressed higher levels of the pericentral marker
Cyp2el (Fig. 2C) (8, 10, 13, 14, 32, 33), confirming the accuracy of the
spot classification and pathologist annotations. The unbiased bioinfor-
matics analysis generated the cluster-specific conserved genes (Fig. 2D
and table S1). Across all the conditions, periportal cluster was charac-
terized by the expression of Cyp2f2, serine dehydratase (Sds), and hy-
droxysteroid 17-beta dehydrogenase 6 (Hsd17b6), while the pericentral
cluster was characterized by the expression of Cyp2el, serpin family A
member 7 (Serpina?), and leukocyte cell-derived chemotaxin 2 (Lect2)
(Fig. 2E). Last, HSC markers, decorin (Dcn) and reelin (Reln) (8, 9, 14,
34), as well as fibrosis markers, Collal and Col3al, were enriched in
the pericentral cluster spots as compared to the periportal cluster
spots, all conditions combined (Fig. 2F). In summary, in the CCly
model of liver fibrosis, the spots were classified into periportal versus
pericentral clusters, where the pericentral cluster was the most en-
riched with HSC and fibrosis markers.

Glycolysis in HSCs up-regulates the vesicle trafficking
pathway in the fibrogenic pericentral cluster during

liver fibrosis

Spatial transcriptomics detected a total of 14,106 genes across the
three experimental groups of mice, including olive oil-treated HK2,
CCly-treated HK2 M and CCl,-treated HK2295C mice. To under-
stand the genes and pathways that were differentially regulated in the
pericentral cluster where HSC and fibrosis markers were enriched,
we performed a differentially expressed gene (DEG) analysis. The fil-
ters of adjusted P value lower than 0.05 and fold change (FC) higher
than 1.5 were applied to the pericentral DEGs in the HKk2" ccl,
versus HK2"" olive oil comparison, and adjusted P value lower than
0.05 to the HK24H5€ CCl, versus gref CCly comparison (Fi§. 3A).
There were 2304 genes up-regulated in CCl,-treated HK2"™ mice
and 1328 genes down-regulated in the CCl,-treated HK2*5€ condi-
tion, among which 636 genes were common between the two com-
parisons (Fig. 3A and table S2). To examine the pathways that were
up-regulated by fibrosis and down-regulated when glycolysis was
impaired selectively in HSCs, Gene Ontology analysis (PANTHER
2023) was performed. Molecular function analysis demonstrated
that, among the pathways that were up-regulated with fibrosis and
down-regulated when glycolysis was impaired in HSCs, PDGF and
TGE-p receptor binding pathways were the most enriched (Fig. 3B
and table S3). These data suggest that HSC-specific glycolysis is
closely associated with these pathways. To find specific pathways that
could promote and amplify liver fibrosis, cellular component analysis
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Fig. 1. Glycolytic Hk2 deletion selectively in HSCs attenuates liver fibrosis. (A) Breeding schema for obtaining the HK22M5¢ mice and injury strategy for inducing liver
fibrosis in these mice. Prepared with BioRender.com. (B) Primary mouse HSCs were isolated from HK2" or HK225¢ mice and Hk2 mRNA levels were examined (n = 4,
unpaired t test). (C to F) HK2"" or HK24%5C male and female mice were treated with either olive oil or CCly for 6 weeks. Livers were analyzed by quantitative polymerase
chain reaction (qPCR) (C), Western blot (D), Sirius red (E), and Col1 immunofluorescence (F) (n = 3 to 7 animals per group, one-way ANOVA with Bonferroni multiple com-
parisons). CCl,, carbon tetrachloride; Col1, collagen 1; HK2, hexokinase 2. Graph bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ***#P < 0.0001.

was also performed. In addition to the well-established extracellular
matrix-related pathways, several vesicle-related pathways, including
EV-related pathways, were the most significantly enriched (Fig. 3C
and table S4). We found that 176 vesicle-related genes were signifi-
cantly up-regulated in fibrosis and abrogated when glycolysis was
impaired selectively in HSCs (Fig. 3D). Some of the top differentially
regulated genes were S100 family protein a8 (S100a8), $100a9, and
Ras-related protein Rab-31 (Rab31) (Fig. 3, E and F), which have pre-
viously been associated with EVs (35-37). Together, these results

Khanal et al., Sci. Adv. 10, eadn5228 (2024) 28 June 2024

suggest that HSC-specific glycolysis regulates PDGF, TGF-f, EV-
related and extracellular matrix pathways to promote fibrosis in the
pericentral areas of the liver.

Glycolysis in HSCs is stimulated by PDGF

Our spatial transcriptomics indicated that HSC-specific glycolysis
correlates with PDGF and TGF-p pathways in the fibrotic pericentral
zone. Thus, we first aimed to understand which growth factor pro-
motes glycolysis in HSCs. In this regard, we performed a glycolysis
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Fig. 2. Spatial transcriptomics defines two main clusters in the liver. Livers from olive oil-treated HK2M, CCl,-treated HK2M, and CCl,-treated HK22MC mice were studied
using 10x Genomics Spatial Transcriptomics technology. R package was used for statistics. (A) Hematoxylin and eosin of the tissues and spatial plots for Co/TaT and Col3al.
(B) The clustering of the spots was performed based on a pathologist annotation of central and portal veins followed by a machine learning-based prediction of the clustering
for each spot. (C) Uniform Manifold Approximation and Projection (UMAP) plot of the spots after pathologist-based clustering and violin plots of the expression of the peri-
portal Cyp2f2 and pericentral Cyp2e1 markers. (D) Heatmap of the conserved genes in the pericentral and periportal clusters showing a distinct gene signature for each of
these clusters. (E) Violin plots for some of the most up-regulated genes in each cluster, including Cyp2f2, Sds, and Hsd17b6 in the periportal cluster and Cyp2e1, Serpina7, and
Lect2 in the pericentral cluster. (F) Violin plots of HSC markers, including Dcn, Reln, Col1a1, and Col3al, from all conditions combined. Col7a1, collagen 1 alpha 1; Col3a1, col-
lagen 3 alpha 1; Cyp2eT, cytochrome P450 family 2 subfamily E member 1; Cyp2f2, cytochrome P450 family 2 subfamily F member 2; Dcn, decorin; Hsd17b6, hydroxysteroid
17-beta dehydrogenase 6; Lect2, leukocyte cell-derived chemotaxin 2; Reln, reelin; Sds, serine dehydratase; Serpina7, serpin family A member 7.
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Fig. 3. Glycolysis inhibition selectively in HSCs down-regulates vesicle trafficking pathways in the fibrogenic pericentral cluster. Livers from olive oil-treated Hk2™,
CCly-treated HK2™", and CCly-treated HK22M5C mice were studied using 10x Genomics Spatial Transcriptomics technology. R package was used for statistics. (A) Identifica-
tion of the genes in the fibrogenic pericentral cluster that were up-regulated with fibrosis (HK2M cCl, versus HK2™ olive oil) and down-regulated when HK2 was deleted
selectively in HSCs (HK22H5C cCl, versus HK2M CCly). (B) Gene Ontology pathway analysis of the molecular functions (Panther 2023) of the genes up-regulated with fibro-
sis and down-regulated with HSC-specific Hk2 deletion. (C) Gene Ontology pathway analysis of the cellular components (Panther 2023) of the genes up-regulated with
fibrosis and down-regulated with HSC-specific Hk2 deletion. (D) Heatmap of the vesicle trafficking-related genes up-regulated with fibrosis and down-regulated with
HSC-specific Hk2 deletion. (E) The top genes from the vesicle trafficking and EV-related pathways that were up-regulated with fibrosis and down-regulated with HSC-
specific Hk2 deletion. (F) Violin plots of the top three genes from the EV-related pathways that were up-regulated with fibrosis and down-regulated with HSC-specific Hk2

deletion.

stress test using a Seahorse analyzer, which measures in real-time the
extracellular acidification rate (ECAR) reflecting the glycolytic activ-
ity and the oxygen consumption rate (OCR) indicative of the mito-
chondrial respiration level. Compared to vehicle, PDGF priming of
primary human HSCs for 1 hour significantly increased the ECAR
upon glucose (Glc) addition, which was enhanced during oligomycin
(OM)-mediated the inhibition of oxidative phosphorylation (Fig. 4A).
This suggests that PDGF promotes glycolysis. Furthermore, inhibit-
ing the first rate-limiting step in glycolysis with 2-deoxyglucose
(2-DQ) abolished the ECAR of HSCs (Fig. 4A), thus confirming the
specificity of PDGF in promoting glycolysis. However, the PDGF
priming of HSCs for 1 hour did not induce any change in oxygen
consumption (Fig. 4A), suggesting that PDGF might affect more

Khanal et al., Sci. Adv. 10, eadn5228 (2024) 28 June 2024

glycolysis than oxidative phosphorylation. In contrast to PDGF,
1-hour TGF-P priming of HSCs did not significantly modify the
ECAR, the OCR, or glucose consumption (fig. S4, A to C), leading us
to investigate the role of PDGF-mediated glycolysis. Congruently,
PDGF treatment of primary human HSCs increased mRNA and pro-
tein levels of the glycolytic enzyme HK2 (Fig. 4, B and C), which is in
accordance with the deposited bulk RNA-seq data (GSE119606)
(fig. S1B) (29). Congruent with these results, PDGF treatment signifi-
cantly increased the concentration of lactate in the media, as demon-
strated by nuclear magnetic resonance (NMR) (Fig. 4D), as well as
glucose consumption from the media as indicated by the Glucose Glo
assay (Fig. 4E). In summary, these results suggest that PDGF-primed,
but not TGF-p-primed, HSCs display an increased glycolytic activity.
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Fig. 4. Glycolysis in HSCs is stimulated by PDGF in vitro. (A) Seahorse glycolysis stress test measuring ECAR and OCR. Primary human HSCs, seeded at 20,000 cells per

well, received direct injections of PDGF (20 ng/ml; 1 hour), 10 mM glucose (30 min), 1

1M oligomycin (30 min), and 50 mM 2-deoxyglucose (2-DG; 30 min) (n = 3). (B) Pri-

mary human HSCs were treated with vehicle or PDGF (20 ng/ml) for 4 hours and analyzed by gPCR (n = 4). (C) Primary human HSCs were treated with vehicle or PDGF
(20 ng/ml) for 12 hours and analyzed by Western blot (n = 4). (D) Primary human HSCs were treated with vehicle or PDGF (20 ng/ml) for 24 hours and analyzed by nuclear
magnetic resonance (n = 4). (E) Primary human HSCs were treated with vehicle or PDGF (20 ng/ml) for 8, 24, 48, or 72 hours and glucose consumption was measured

(n = 3). Paired t test was used to measure the P value. *P < 0.05 and **P < 0.01.

PDGF-mediated glycolysis promotes the vesicle trafficking
pathway in HSCs

Our spatial transcriptomics indicated that HSC-specific glycolysis
promoted vesicle-related pathways (Fig. 3, C and F). Next, we sought
to understand the mechanism of how PDGF-mediated glycolysis af-
fects the vesicle trafficking pathway in HSCs. We first performed bulk
RNA-seq of primary human HSCs treated in the absence or presence
of glucose to induce glycolysis. The addition of glucose induced the
differential expression of 918 genes (FC > 2, adjusted P < 107%;
Fig. 5A). Collal and aSMA were not up-regulated by the 8-hour glu-
cose treatment, in the absence of fibrogenic PDGF or TGF-p. Among
these 918 DEGs, 107 genes were associated with the vesicle trafficking
pathway (Gene Ontology identification GO:0016192) (Fig. 5A and
table S5). We decided to study in more depth the role of glycolysis on
vesicle trafficking-related molecules, where RAB guanosine triphos-
phatases (GTPases) have an essential role. The most up-regulated
RAB mRNA in response to glucose was RAB31 (Fig. 5, A and B). Fur-
thermore, we confirmed the glucose and PDGF-mediated up-
regulation of RAB31 at mRNA and protein levels by qPCR and
Western blot, respectively (Fig. 5, C and D). In addition, RAB31 ex-
pression in the pericentral desmin®™ HSCs in CCly fibrotic livers was
increased when compared to olive oil control livers (fig. S5). Thus, we
decided to study RAB31 as the prototype of a broader vesicle traffick-
ing program. Consistently, RAB31 was also identified by our spatial
transcriptomics as a gene up-regulated in the pericentral zone in the
fibrotic liver and down-regulated when glycolysis was impaired selec-
tively in HSCs via Hk2 deletion (Fig. 3, E and F). All these data suggest
that RAB31 expression is regulated by glycolysis at the transcriptional
level, where epigenetic marks play a crucial role. In Genome Browser
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(genome.ucsc.edu), the RAB31 promoter region is associated with
transcription activation marks, such as H3K9ac, histone 3 lysine 27
acetylation (H3K27ac), and histone 3 lysine 4 tri-methylation
(H3K4me3) (fig. S6A). First, we investigated how PDGF-mediated
glycolysis affected these activation marks by examining total protein
levels. PDGF treatment of primary human HSCs increased global
H3K9ac, but not H3K4me3 nor H3K27ac, which was abolished by
HK2 knockdown and subsequent inhibition of glycolysis (Fig. 5E and
fig. S6B). Last, chromatin immunoprecipitation (ChIP)-qPCR anal-
ysis indicated that PDGF induced a significant increase of H3K9ac
specifically on the promoter region of RAB31 (Fig. 5F) and RAB27A
(fig. S7), another RAB protein up-regulated by glucose (Fig. 5A). To-
gether, these results suggest that PDGF-mediated glycolysis epige-
netically up-regulates the vesicle trafficking pathway in HSCs in vitro,
with RAB31 as the prototype of the larger vesicle trafficking program.

PDGF-mediated glycolysis promotes EV release

RAB31 is a GTPase localized on Golgi that facilitates intracellular re-
ceptor trafficking (38). However, our spatial transcriptomics data in-
dicated that glycolysis up-regulated several secretory vesicles and
EV-related pathways in HSCs (Fig. 3C and table S4). Thus, we sought
to investigate the noncanonical role of PDGF and glycolysis-mediated
RAB31 on EV release. EVs partially originate from the intraluminal
vesicles (ILVs) in the multivesicular bodies (MVBs). Thus, as a first
step, we examined the effect of glycolysis on the number of ILVs per
MVB. Primary human HSCs were treated in the presence of glucose,
in addition to vehicle or 2-DG, the glycolysis inhibitor. Compared to
vehicle, 2-DG significantly decreased the number of ILVs per MVBs,
as well as the fluorescent level of the MVB marker CD63 (Fig. 6A). In

60f15

9202 'S0 AfeniceH uo ABojouyoe | pue 80USIoS JO SIN1ISU| [eUOIRRN Ues|n 18 BI0'80Us 105" MMM,/ SNy WO papeo|umod


http://genome.ucsc.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

A No Glc Glc RAB31

8.03E-05

| ] raB31

c
o
2 e
| = 15
pr— 0 | | raB27a § g §
X6
— S 53
o
= RAB11FIP4 ©O Z <
i, [ g
= | s e e
4 -3 210 1 2
ey S Log,FC
= QO
D E
shCtrl shHK2 RAB31 promoter
08 5e¢ o ¥ 2.0
5 259 % i S S5 s
7] c 1.5
oo oo LT 15 -
230 1 oot :
N—— TCIE PN
< < * * -
Z © Fary 5
¥ o 1.0 ? D 203 > 2 0.5
-_— £ c @ g’ o -
EQ s E&2 <
&  0.59 5 2 25 o
Q S K=} 2351 0.0
g ae g8
x 00-% < - I e e 3
A (\\é L ‘-\\c} Y Q@
é\\o & E &

“shCtrl  shHK2 H3K9ac 1gG

Fig. 5. PDGF-mediated glycolysis promotes the vesicle trafficking pathway through promoter region H3K9ac. (A and B) Primary human HSCs were treated in the
absence (No Glc) or in the presence of glucose (Glc; 1 g/liter) for 8 hours and analyzed by bulk RNA-seq. The heatmap of the differentially expressed genes is shown and
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treated with either vehicle or PDGF (20 ng/ml) for 12 hours. Chromatin was immunoprecipitated using an H3K9ac antibody and the RAB31 promoter region was measured
by qPCR (n = 4). Paired t test was used to measure the P value when comparing two groups. ANOVA with Bonferroni comparison was used to measure the P value when

comparing more than two groups. *P < 0.05 and **P < 0.01.

addition, the presence of glucose increased the levels of the EV mark-
er, cluster of differentiation (CD81) (39), in the EVs isolated from me-
dia, which was abolished when glycolysis was inhibited by 2-DG
(Fig. 6B). These results suggest that glycolysis up-regulates intracel-
lular MVB marker CD63 and extracellular EV marker CD81. Since
glycolysis was increased by PDGF in HSCs (Fig. 4), we next investi-
gated how PDGF-mediated glycolysis affects EV release. We depleted
HK?2 in primary human HSCs via short hairpin RNA (shRNA)-based
knockdown, as confirmed at the mRNA and protein levels (Fig. 6, C
and D). PDGF enhanced EV release in the media as compared to ve-
hicle, which was abolished by HK2 knockdown, as demonstrated by
CD81 protein levels and nanoparticle tracking analysis (NTA)
(Fig. 6E). In addition, HK2 knockdown reduced PDGF-mediated
RAB31 expression (fig. S8). Given that glycolysis affected the EV
pathway and we chose RAB31 as the prototype, we next investigated
the noncanonical role of RAB31 on EV release. We found that PDGF-
mediated EV release was abrogated upon siRNA-mediated RAB31
knockdown, as assessed by NTA as well as nanoflow cytometry
(Fig. 6, F and G). In line with these results, the EV markers, CD81 and
tumor susceptibility gene 101 (TSG101), in the EV fraction from the
media were increased with PDGF and abolished by RAB31 knockdown
(Fig. 6H). Congruently, the inhibition of another glycolysis-dependent
target RAB27A (Fig. 5A) by Nexinhib20 reduced PDGF-mediated EV
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release (fig. S9). Together, these results suggest that glycolysis and
PDGF induce RAB-mediated EV release in HSC:s.

Glycolysis-dependent EVs are fibrogenic in vitro

Our results demonstrate that glycolysis in HSCs promoted EV release
(Fig. 6, B and E) and liver fibrosis (Fig. 1). Thus, we sought to examine
the fibrogenic potential of glycolysis-mediated EVs. Primary human
HSCs were cultured in the absence of glucose, in the presence of glu-
cose or glucose and 2-DG. The proteomes of EVs collected from the
conditioned media were subjected to tandem mass tag (TMT)-based
quantitative proteomics analysis. Each protein expression was normal-
ized to the EV marker, CD81. From a total of 1328 proteins detected in
the EVs, 98 of them were differentially expressed across the three con-
ditions (FC > 1.5, reporter intensity > 10,000) and, thus, specifically
regulated by glycolysis (Fig. 7A). Compared to No Glc condition, the
addition of glucose in the media modified EV cargo by increasing the
content of fibrogenic proteins, such as TGF-p-induced protein (40,
41), EGF-like repeats and discoidin domains 3 (EDIL3) (42), methio-
nine adenosyl-transferase 2A (MAT2A) (43), collagens 1al, 1a2, 6atl,
602, and 603 (Fig. 7A). Gene Ontology analysis showed that the path-
ways related to collagen, the main component of the extracellular ma-
trix during liver fibrosis, are the most enriched ones in the proteins
up-regulated by glucose and down-regulated by 2-DG (Fig. 7B). To
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Fig. 6. PDGF-mediated glycolysis promotes EV release through RAB31. (A) Primary human HSCs were treated in the presence of Glc (1 g/liter) with vehicle or 2-DG for
12 hours and analyzed by transmission electron microscopy (n = 3) or immunofluorescence for CD63 (n = 5). (B) Primary human HSCs were treated in no glucose, Glc
(1 g/liter) or Glc (1 g/liter) + 2-DG (1 g/liter) for 12 hours. EVs were purified using differential ultracentrifugation and analyzed by Western blot (n = 3). (C) Primary human
HSCs were transfected with control (shCtrl) or HK2 shRNA (shHK2) and analyzed by qPCR (n = 4). (D) Primary human HSCs were transfected with control (shCtrl) or HK2
shRNA (shHK2) and analyzed by Western blot (n = 3). (E) Primary human HSCs were transfected with control (shCtrl) or HK2 shRNA (shHK2) and treated with either vehicle
or PDGF (20 ng/ml) for 12 hours. EVs were purified using differential ultracentrifugation and analyzed by Western blot (n = 4) and nanoparticle tracking analysis (NTA;
n = 4). (F) Primary human HSCs were transfected with control (siControl) or RAB31 siRNA (siRAB31) and analyzed by gPCR (n = 3). (G and H) Primary human HSCs were
transfected with control (siCtrl) or RAB31 siRNA (siRAB31) and treated with either vehicle or PDGF (20 ng/ml) for 12 hours. EVs were purified using differential ultracentri-
fugation and analyzed by NTA, nanoflow cytometry (G), and Western blot (H). (n = 3) Paired t test was used to measure the P value when comparing two groups. ANOVA
with Bonferroni comparison was used to measure the P value when comparing more than two groups. *P < 0.05, **P < 0.01, and **#P < 0.001.

confirm the fibrogenic nature of the glycolysis-mediated EVs, recipient
primary human HSCs were treated with EVs derived from either no
glucose, glucose, or glucose + 2-DG-treated donor HSCs. Compared
to EVs from no glucose condition (No Glc EVs), EVs from glucose-
treated HSCs (Glc EVs) significantly increased the expression of fi-
brotic markers aSMA, COL1A1, fibronectin, and proliferation marker
antigen Kiel 67 (Ki67) in recipient HSCs (Fig. 7C). However, the ex-
pression of these fibrotic markers was abolished by EVs derived from
donor HSCs where glucose-induced glycolysis was inhibited by 2-DG
(Glc + 2-DG EVs) (Fig. 7C). These results suggest that glycolysis-
dependent EVs from donor HSCs promote the expression of activa-
tion markers, matrix genes and proliferation marker in recipient HSCs.

Khanal et al., Sci. Adv. 10, eadn5228 (2024) 28 June 2024

Glycolysis-dependent EVs amplify liver fibrosis in vivo

In this study, we demonstrate that glycolysis-mediated EV's were fi-
brogenic in vitro (Fig. 7, A to C) and deletion of Hk2 selectively in
HSC:s attenuated liver fibrosis (Fig. 1). In addition, compared to olive
oil healthy controls, pericentral HSCs progressively increased the ex-
pression of their activation markers COL1A1 and aSMA from 4- to
6-week CCly treatment (fig. S10) and they colocalized with increased
expression of the EV-associated proteins CD81 and RAB31 (fig. S11).
Our previous study of cell specificity of EV uptake demonstrated co-
localization of injected EV's with HSCs, suggesting EV uptake by this
cell type (22). Therefore, we investigated how HSC-specific HK2 in-
fluences the fibrogenic potential of circulating EVs and how these
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Fig. 7. Glycolysis-dependent EVs are fibrogenic in vitro and amplify liver fibrosis in vivo. (A and B) Primary human HSCs were treated in no glucose, Glc (1 g/liter), or
Glc (1 g/liter) + 2-DG (1 g/liter) for 12 hours. EVs were purified using differential ultracentrifugation and analyzed by TMT-based quantitative proteomics (n = 1). Differen-
tially regulated proteins among the three conditions (A) were subjected to Gene Ontology analysis using The PANTHER Classification System (www.pantherdb.org/) (B).
(€) Donor primary human HSCs were treated in no glucose, Glc (1 g/liter), or Glc (1 g/liter) + 2-DG (1 g/liter) for 12 hours, EVs were purified from donor HSCs using differ-
ential ultracentrifugation and used to treat recipient primary human HSCs for 24 hours. Recipient HSCs were analyzed by gPCR (n = 4). (D and E) C57BI/6 male and female
mice were treated for 4 weeks with phosphate-buffered saline or an equal number of EVs derived from donor mice as indicated, in conjunction with CCl, for 4 weeks.
Livers were analyzed by Sirius red (D) and Western blot (E) (n = 9 to 10 animals per group) ANOVA with Bonferroni comparison was used to measure the P value when
comparing more than two groups. *P < 0.05, **P < 0.01, and ***P < 0.001.

EVs exacerbate fibrosis in vivo. To address this, donor mice, Hk2""
littermate controls or HK2*H5¢ mice, were treated with olive oil or
CCly for 6 weeks followed by isolation of circulating EVs. Then, sa-
line or 2 x 10® EVs from each donor group were transplanted into
recipient 8-week-old WT mice daily by intraperitoneal injections,
5 days/week in conjunction with 2 days/week CCly for 4 weeks.
Compared to saline administration, EV's from olive oil-treated Hk2"!
donor mice did not affect basal liver fibrosis (Fig. 7, D and E). How-
ever, EVs from CCly-treated Hk2™! littermate controls significantly

Khanal et al., Sci. Adv. 10, eadn5228 (2024) 28 June 2024

exacerbated liver fibrosis, as evidenced by increased Sirius red
staining as well as protein levels of COL1A1 and aSMA (Fig. 7, D
and E), suggesting that these EVs were fibrogenic. In contrast, EVs
isolated from CCly-treated HK24"5¢ mice failed to amplify liver
fibrosis in recipient mice (Fig. 7, D and E), suggesting that genetic
inhibition of glycolysis selectively in HSCs reduced the fibrogenic
potential of the circulating EVs. In summary, these results suggest
that glycolysis-mediated EVs are fibrogenic and they promote liver
fibrosis amplification.
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DISCUSSION

In this study, by using single-cell, spatial, bulk transcriptomics, and
proteomics, we demonstrate the role of HSC-specific glycolysis in
spatially regulating specific pathways that govern the amplification
of liver fibrosis. More specifically, we found that glycolysis in HSCs
was not a consequence but a driver of liver fibrosis. In addition, we
made the observation that HSC-specific glycolysis promoted EV-
related gene expression in the fibrogenic pericentral zone through
an epigenetic mechanism. Last, we provide evidence that glycolysis-
dependent EVs amplify in vivo liver fibrosis, a mechanism in per-
petuating fibrosis and liver disease (Fig. 8).

During liver fibrosis, it has been shown that HSC activation is as-
sociated with an increase in glycolytic activity (17, 19, 44, 45). Fur-
thermore, the pharmacological inhibition of the glycolysis enzyme
phosphofructokinase reduces liver fibrosis in mice (19, 21). Howev-
er, the deep molecular mechanisms of how glycolysis promotes HSC
activation and liver fibrosis remain poorly understood. Our scRNA-
seq (9) data indicate that the highly fibrogenic HSC subpopulation
significantly up-regulates the expression of Hk2, the first rate-limiting
step enzyme in glycolysis. Here, we demonstrate that glycolysis inhi-
bition through Hk2 deletion selectively in PDGFRB* HSCs signifi-
cantly reduced liver fibrogenesis in vivo, suggesting that HSC-specific
glycolysis is not a consequence but a driver of fibrosis. More recently,
it has been shown that HK2 promotes the canonical fibrogenic
COLI1Al and aSMA expression in HSCs (45). Nevertheless, HK2
also has glycolysis-independent functions, such as inhibiting apopto-
sis, enhancing autophagy, and regulating gene transcription (46-49).
In our study, 8-hour-long glucose treatment-mediated glycolysis
in HSCs, in the absence of fibrogenic PDGF or TGF-p, did not in-
crease COLIAI or aSMA mRNA expression, suggesting that HSC-
specific glycolysis drivesliver fibrosis through additional mechanisms,
such as the release of fibrogenic EVs.

The fibrotic liver is a highly heterogeneous organ at cellular and
molecular levels, with a zonally distributed metabolic gene expres-
sion (4, 5). However, how HSC glycolysis drives the comprehensive
molecular definitions in the fibrotic niche in the liver remains un-
known. In our study, we found that HSC-specific glycolysis promoted
several vesicle trafficking-related pathways, and in particular, EV-
related pathways, in the fibrogenic pericentral zones. Here, we re-
port that PDGE but not TGF-p, increased glycolysis. We speculate
that TGF-f may satisfy the energy demands during HSC transdif-
ferentiation into myofibroblasts through other metabolic pathways.
Glycolysis can regulate the epigenetic mechanism of gene expression
(50, 51). Recent findings show that HK2 induces histone lactylation
in HSCs (45). In our study, we demonstrate that PDGF-mediated

glycolysis promoted histone acetylation. More specifically, PDGEF-
mediated glycolysis in HSCs augmented EV-related gene expression,
such as RAB31 (37), through H3K9ac. Our findings suggest a mecha-
nism where glycolysis in HSCs participates in liver fibrosis by in-
creasing EV-related gene expression in the fibrogenic pericentral
zone through an epigenetic mechanism.

We and others have previously reported that activated HSCs re-
lease fibrogenic EV's that amplify fibrosis (23, 52). It has also been
shown that glycolytic enzymes transfer into EVs and metabolic dys-
functional hepatocyte-derived EVs promote liver cancer (53, 54).
Nevertheless, the role of glycolysis on the content and release of HSC-
derived EVs as well as how glycolysis-dependent EVs affect liver fi-
brosis are unknown. Here, we demonstrate that glycolysis increased
the number of EVs released by HSCs and enriched these EV's with fi-
brogenic proteins. In addition, HSC glycolysis-dependent EVs in-
creased recipient HSC activation and amplified in vivo liver fibrosis.
These data provide a mechanism for how HSC glycolysis amplifies
liver fibrosis.

In summary, glycolysis in HSCs amplifies liver fibrosis by promot-
ing the release of fibrogenic EVs in the pericentral zones in the liver.
Efficient pharmacological inhibitors of glycolysis targeting HK2 or
other glycolytic enzymes are currently unexplored in the treatment of
liver fibrosis in the clinic, defining an important future area of investi-
gation for drug development. Moreover, the spatial transcriptomics
dataset, in conjunction with single-cell and bulk RNA-seq datasets,
can be used to identify additional targets that are up-regulated in the
fibrogenic zones and activated HSCs during liver fibrosis. In conclu-
sion, inhibition of glycolytic enzymes such as HK2 and subsequent
epigenetic mechanisms might serve as a target in the treatment of
liver fibrosis.

MATERIALS AND METHODS

In vivo experiments

All animal experiments were approved by the Mayo Clinic Institution-
al Animal Care and Use Committee. Age-matched and sex-matched
mice were selected for experiments. HK2"! mice were generated by
N. Hay (30) and provided by M. Simons (31). We crossed HK2 with
PDGFRB“*"? [The Jackson Laboratory B6.Cg-Tg(Pdgfrb-cre/
ERT2)6096Rha/J] mice to obtain PDGFRB™***"*/Hk2"" mice. Intra-
peritoneal administration of tamoxifen (75 mg/kg per day) for 5 con-
secutive days was used to activate Cre-ERT2 and induce HSCs-specific
deletion of the Hk2 gene (HKZAHSC). There was at least a 1-week wait-
ing period after the last tamoxifen injection before any experimenta-
tion. Liver fibrosis was induced at 8 weeks old by intraperitoneal
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Fig. 8. Overall schema of the study. Image prepared with BioRender.com.
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injection of CCly (1 pl/g of body weight, Sigma-Aldrich, #319961)
twice a week for 4 or 6 weeks, or by 0.1% g DDC diet for 12 days. The
mice were euthanized 48 hours after the last injection. For EV trans-
plant, EVs were isolated from the serum of olive oil or CCly-treated
HK2"" or HK24H5€ mice. C57B1/6 ] wild-type recipient mice (Envigo)
received intraperitoneally 2 X 10® serum EVs/mouse per day, 5 days a
week for 4 weeks, in addition to CCly administration twice a week. Liv-
ers were collected and analyzed by Sirius red, Western blotting (WB),
qPCR, and spatial transcriptomics.

Spatial transcriptomics

Visium Technology Platform from 10x Genomics was used. Formalin-
fixed paraffin-embedded (FFPE) liver sections were positioned on the
capture areas of the Visium Spatial Gene Expression Slide (10x Ge-
nomics, PN-1000185) and stained with hematoxylin and eosin follow-
ing the manufacturer’s protocol (www.10xgenomics.com/support/
spatial-gene-expression-ffpe). Liver sections were then imaged using a
Huron TissueScope LE slide scanner and sequenced with NovaSeq SP
at University of Minnesota Genomics Center. Only FFPE liver sections
displaying a high RNA quality with total RNA fragments of more than
200 nucleotides (DV200) ranging from 64 to 71% were used. All cut-
offs were calculated on the basis of the outlier detection method using
the interquartile range approach. Spots with low total unique molecu-
lar identifiers counts, low number of expressed genes, high mitochon-
dria concentration, or high hemoglobin concentration were removed.
Genes detected in less than 10 spots were removed. Data were normal-
ized using SCTransform v2 (55) and integrated using Harmony algo-
rithm v0.1.1 (56). Clusters were determined on the basis of pathology
zonation annotations from hematoxylin and eosin staining of the sec-
tions. On the basis of the contour annotations for the anatomical
shapes of the central vein and portal tract, the area between the central
vein and portal tract was divided into five nonoverlapping zones.
These zones were arranged in order of increasing distance from the
central vein to the portal tract. A nonlinear boundary between differ-
ent zones was acquired using a nonlinear regression showing the ana-
tomical distance to the boundary annotations of both the central vein
and portal tract. A Gaussian process regression was learned to predict
the target value —1 on the central vein boundary contours and +1 on
the portal tract boundary. A topographic map was constructed with
four boundaries between zones determined by the level curve with the
Gaussian process output of 0.9, 0, and +0.9. Differential expression
analysis was performed with the Wilcoxon rank-sum test using the
FindMarkers function from Seurat v4.2 (57). All analysis was per-
formed within R v4.1.2. Gene Ontology analysis (PANTHER 2023)
was used to identify enriched pathways.

Cell culture

Primary mouse HSCs were isolated from mice as previously reported
(9, 58) and grown in Dulbeccos modified Eagle’s medium (DMEM;
Life Technologies, #11965092) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO,. Pri-
mary human HSCs (ScienCell Research Laboratories, #5300) were
grown in glucose-depleted DMEM (Life Technologies, #A1443001)
supplemented with glucose (1 g/liter), 10% FBS, and 1% penicillin/
streptomycin at 37°C and 5% CO,. Primary human HSCs were main-
tained in culture up to passage 6. Primary mouse HSCs were never
passaged. Cells were treated in glucose-depleted DMEM with 1% pen-
icillin/streptomycin supplemented or not with glucose (1 g/liter). In
some experiments, cells were treated with recombinant human PDGF
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(20 ng/ml; Sigma-Aldrich, #P3201), recombinant human TGF-f
(5 ng/ml; R&D Systems #240-B), 2-DG (1 g/liter), or 0.5 pM Nexin-
hib20 (R&D Systems, #6089) in glucose-depleted DMEM with glu-
cose (1 g/liter) and 1% penicillin/streptomycin. After 8 hours of
treatment, cells were processed for bulk RNA-seq. After 12 hours of
treatment, the conditioned media was collected for EV purification.
After 24 hours of treatment, cells were processed for NMR. In some
experiments, primary human HSCs were plated in a 96-well plate
(50,000 cells per well) and treated with vehicle, recombinant human
PDGF (20 ng/ml) or recombinant human TGF-f (5 ng/ml). Condi-
tioned media were collected at 8, 24, 48, and 72 hours and analyzed
with Glucose Glo Assay (Promega, #J6021) to measure glucose con-
sumption following manufacturers’ protocol. In some other experi-
ments, genes were knocked down using siRNA (Dharmacon) or
shRNA (Mission Millipore Sigma) as per respective manufacturer’s
recommended protocol.

Bulk RNA-seq

RNA-seq was performed at the Mayo Clinic Center for Individualized
Medicine Medical Genomics Facility. Primary analysis was done by
the Mayo Clinic Bioinformatics Core. Read quality was assessed using
FastQC (v0.11.8) and reads were then trimmed using Fastx trimmer
(v0.0.14). The cleaned reads were mapped to the hg38 human genome
using STAR (v2.7.9a) (59). The STAR-generated bam files were used
for tertiary analyses using R (v4.1). DESeq2 (60) was used to normal-
ize the data, and extremely lowly expressed genes were filtered from
the datasets (less than 10 total counts in all samples), followed by the
standard differential expression pipeline. Genes were considered sig-
nificantly different with |log,(FC)| > 1 and FDR (false discovery
rate) > 0.05.

Seahorse glycolysis stress test

For the Seahorse glycolysis stress test, 20,000 primary human HSCs
per well were plated in an XFe96 cell culture plate and incubated over-
night. The cells were then washed twice with XF media followed by
incubation for 1 hour in a non-CO, incubator before analysis in the
XFe96 Extracellular Flux Analyzer (Agilent). ECAR and OCR values
were measured at the basal level and then in response to sequential
injections of PDGF (20 ng/ml), 10 mM glucose, 1 pM oligomycin, an
adenosine 5’'-triphosphate synthase inhibitor, and 50 mM 2-DG pro-
vided with the Seahorse XF Glycolysis Stress Test kit (Agilent) accord-
ing to the manufacturer’s instruction.

EV purification and analysis

EVs were purified using the differential ultracentrifugation method
as previously described (22, 23). Briefly, equal volumes of 12-hour
conditioned media or serum across experimental conditions were
centrifuged for 10 min at 300g, 30 min at 20,000g (large EVs), and
2.5 hours at 120,000g (small EVs) using Optima XPN-80 ultracen-
trifuge. Small EVs, referred to as EVs in this study, were resuspended
in equal volumes for NTA (NS300), WB, nanoflow cytometry (Apogee
Flow Systems, Apogee A60 MicroPLUS), proteomics, or EV trans-
plantation.

Nuclear magnetic resonance

The cell media samples were collected and centrifuged at 10,000g for
10 min to remove any cell debris. Then, a 400 pl aliquot of superna-
tant was added to a 100 pl of 0.25 M phosphate buffer (pH 7.4) and
50 pl of 1 mM TSP-d4 [3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
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sodium salt; Sigma-Aldrich, USA] solution in D,0. The mixture
was vortexed for 20 s and transferred to a 5-mm NMR tube. After
the removal of the culture medium, cells in the culture dish were
washed three times with saline; 300 pl of 6% perchloric acid
(HCIO,) was added into each culture dish, which was then flash-
frozen by rapid immersion in liquid nitrogen. Frozen cells were
then scraped from the culture dishes while kept on ice, transferred
into 1.5-ml EP tubes, frozen in liquid nitrogen, and stored in a-
80°C freezer. On the day of sample processing, frozen cells were
thawed on ice, sonicated briefly then centrifuged at 10,000¢ for
10 min at 4°C. Then, 50 pl of 2 M potassium bicarbonate (KHCOs3;
cooled to 4°C) was added to each sample. The mixed contents were
then sat on ice for 15 min and centrifuged at 10,000¢ for 10 min at
4°C. A 400 pl of neutralized cell extract was added to 100 pl of
phosphate buffer (pH 7.4) and 50 pl of 1 mM TSP-d4 solution in
D,0. The mixture was vortexed for 20 s and transferred to a 5-mm
NMR tube. The NMR analysis was performed on a Bruker 600 MHz
spectrometer (Bruker, Billerica, USA) equipped with a 5-mm BBI
S3 probe and an automatic refrigerated sample changer (Sample-
Jet). The sample temperature in the magnet was regulated to
298.2 + 0.1 K with a BTO 2000 variable temperature unit. The
NMR spectra were recorded using the standard 1D NOESY pulse
sequence (noesygpprld; Bruker BioSpin), with 65,536 data points,
a spectral width of 8403 Hz, a mixing time of 10 ms, and a relax-
ation delay of 5 s. The cell media samples were acquired with 32
scans, and cell extract samples with 512 scans. The spectra process-
ing included line broadening of 0.3 Hz and manual phase and base-
line correction. The metabolite identification and quantification
were carried out using Chenomx NMR Suite 8.5 software (Chenomx
INC, Edmonton, CA). The TSP-d4 signal was used as a quantitative
reference and chemical shape indicator.

Gene expression

RNA was isolated from cultured cells or liver tissues using the
RNeasy Mini Kit (Qiagen, #74104). Reverse transcription was done
using a SuperScript IIT kit (Invitrogen, #18080-051) with 500 ng of
RNA. qPCR was performed using SYBR Green Supermix (Bio-Rad,
#1725120). For all the steps, the manufacturers’ protocols were
followed. The primers were designed using Integrated DNA Tech-
nology and used to detect mouse HK2 (forward AGCCTCGGTT-
TCTCAATTTGG, reverse GACGCATGTGGTAGAGATACTG),
mouse RAB31 (forward GAGTACGCTGAATCCATAGGTG, reverse
CGCTGTTTCCATTTTCCTGAG), mouse COL1A1 (forward CA-
TAAAGGGTCATCGTGGCT, reverse TTGAGTCCGTCTTTGC-
CAG), mouse COL3A1 (forward GAAGTCTCTGAAGCTGATGGG,
reverse TTGCCTTGCGTGTTTGATATTC), mouse p-actin (forward
CCTCCCTGGAGAAGAGCTATG, reverse TTACGGATGTCAAC-
GTCACAC), mouse glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (forward CTTTGTCAAGCTCATTTCCTGG, reverse
TCTTGCTCAGTGTCCTTGC), human RAB31 (forward ATCTT-
TGGGCTGGGTTTG, reverse ATGGGCTCATTAGTGGGTAG),
human COL1A1 (forward CCCCTGGAAAGAATGGAGATG, re-
verse TCCAAACCACTGAAACCTCTG), human aSMA (forward
GATGGTGGGAATGGGACAAA, reverse GCCATGTTCTATCGG-
GTACTTC), human GAPDH (forward CCAGGGCTGCTTTTA-
ACTCT, reverse GGACTCCACGACGTACTCA), human HK2
(forward GGGACAATGGATGCCTGAATG, reverse GTTACGGA-
CAATCTCACCCAG), human KI67 (forward AAAAGAATTGAA-
CCTGCGGAAG, reverse AGTCTTATTTTGGCGTCTGGAG), and
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human fibronectin (forward CCACAGTGGAGTATGTGGTTAG,
reverse CAGTCCTTTAGGGCGATCAAT).

Quantitative proteomics analysis of EVs

TMT-based quantitation (61-68) was used to perform relative quan-
titation of the EV proteome from different samples. Briefly, dried EV
from different samples were resolubilized in 50 mM triethylammo-
nium bicarbonate (TEAB) (pH 8.0) and 5% SDS and subjected to
reduction, alkylation, and in-solution trypsin digestion on a S-trap
micro column, separately (ProtiFi, Fairport, NY). The resulting tryp-
tic peptides from each sample were dried in a speed vacuum, resus-
pended in 100 mM TEAB, and then labeled with a TMTsixplex
isobaric tag. The TMT-labeled peptides were mixed and fractionated
by basic reversed-phase liquid chromatography to 36 fractions. The
36 fractions of TMT-labeled peptides were concatenated in a stag-
gered pattern to six fractions. Each fraction of peptides was analyzed
by liquid chromatography-tandem mass spectrometry on an Orbi-
trap Exploris 480 mass spectrometer. The acquired raw data were
searched by the Andromeda algorithm (69) against a UniProt human
protein database (ver. 2021-03) on the MaxQuant proteome analysis
platform (ver. 1.6.17.0) (70). The TMT reporter ion intensities were
used to perform relative quantitation of EV proteins from differ-
ent samples.

WB analysis

Liver tissues or cells were lysed by using radioimmunoprecipitation
assay lysis buffer (Thermo Fisher Scientific, #89900) with protease in-
hibitor cocktail (Roche, #4693159001). Ten to 20 pg of total protein of
cell lysates or 30 to 50 pg of protein of liver lysates was loaded onto an
SDS-PAGE gel for electrophoresis and proteins were transferred onto
a nitrocellulose membrane. The membrane was blocked by 5% bovine
serum albumin or 5% blotting-grade milk and then incubated over-
night with a primary antibody. The signals of blots were developed
and detected by using a chemiluminescence substrate (Millipore,
#WBLURO0100 or Santa Cruz Biotechnology, #sc-2048). Heat shock
cognate 71-kDa protein (HSC70) or GAPDH was used as the loading
control and the results were quantified using Image].

Immunofluorescence

Liver tissues or cells fixed with 4% paraformaldehyde and permea-
bilized with 0.5% Triton X-100 were blocked with 10% FBS fol-
lowed by incubation with primary antibody overnight at 4°C. After
incubation with fluorochrome-coupled secondary antibody and
4’,6-diamidino-2-phenylindole, IF signals were visualized by using
a Zeiss LSM 780 confocal microscope, and signal intensity was
quantified by Zen software.

Chromatin immunoprecipitation

The EZ-Magna ChIP HiSens kit (Millipore, #17-10461) was used
for ChIP according to the manufacturer’s recommended protocol.
Briefly, cells were cross-linked with paraformaldehyde (1% final
concentration) for 10 min followed by glycine (10 mM) incubation
for 5 min, and genomic DNA was sheared by ultrasonication. IP
was performed with protein A/G magnetic beads together with an
antibody against, H3K9ac (Abcam, #aba4441) at 4°C for over-
night. IP with nonimmune rabbit IgG (Diagenode, #C15410206)
was used as the control. After the magnetic beads were precipitat-
ed and washed, DNA was pulled down by the antibodies, and the
beads were eluted and collected for qPCR analysis. The results
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were quantified and normalized to the corresponding input by the
comparative Ct (AACt) method. ChIP-qPCR primers for human
RAB31 promoters are forward CCGGAGGATGCTGCTGA and
reverse CACCCCGAGAAGGCACA. ChIP-qPCR primers for hu-
man RAB27A promoters are forward AAAGTTTCCTACCCCT-
GATG and reverse GACAACTGCCTGGTGCTG.

Electron microscopy

Primary human HSCs were seeded at full confluency on carbon-
coated glass coverslips and incubated for 2 hours (with or without
glucose). After 2 hours, cells were fixed in 2.5% glutaraldehyde for
10 min and processed as per Mayo Microscopy and Cell Analysis
Core Facility: First, samples were dehydrated, then critical-point
dried, carbon-coated, and lastly imaged at 80 kV with an S-4700
electron microscope (Hitachi, Pleasanton, CA, USA).

Primary antibodies

Primary antibodies were used to detect aSMA (Abcam, #ab5694),
CD81 (Santa Cruz Biotechnology, #sc-9158), CD63 (Santa Cruz
Biotechnology, #sc-15363), collagen 1 (Southern Biotech, #1310-
01), desmin (R&D Systems, #AF3844), GAPDH (Invitrogen,
#AM4300), HSC70 (Santa Cruz Biotechnology, sc7298), HK2 (Cell
signaling, #2867), histone H3 (Abcam, #ab1791), H3K9ac(Abcam,
#ab4441), H3K27ac (Abcam, #ab4729), H3K4me3 (Abcam, #ab8580),
RAB31 (Cell Signaling, #PA5-54064), and TSG101 (Santa Cruz
Biotechnology, #sc-7964).

Statistics

Experiments include at least three independent biological replicates.
Numerical data are expressed as means + SEM. Analysis of variance
with Bonferroni posttest [analysis of variance (ANOVA) or Kruskal-
Wallis], paired parametric, or nonparametric ¢ test was used to as-
sess the statistical significance between groups as appropriate with
GraphPad Prism 9 software (GraphPad Software, Inc., La Jolla, CA).
A P value less than 0.05 was considered significant.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Tables S1 to S5
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