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main source for ECM production. MicroRNA29a (miR-29a) is a
crucial antifibrotic miRNA that is repressed during fibrosis,
resulting in up-regulation of collagen synthesis.

SUMMARY

Cellular miR-293, inhibiting collagen synthesis, is reduced in

e METHODS: Intracellular and extracellular miRNA levels of pri-

mary and immortalized myofibroblastic HSC in response to
profibrogenic stimulation by transforming growth factor @
(TGFp) or platelet-derived growth factor-BB (PDGF-BB) or upon
inhibition of vesicular transport and autophagy processes were
determined by quantitative polymerase chain reaction. Auto-
phagy flux was studied by electron microscopy, flow cytometry,
BACKGROUND & AIMS: Liver fibrosis arises from long-term immunoblotting, and immunocytochemistry. Hepatic and serum
chronic liver injury, accompanied by an accelerated wound miR-29a levels were quantified by using both liver tissue and
healing response with interstitial accumulation of extracellular serum samples from a cohort of chronic hepatitis C virus pa-
matrix (ECM). Activated hepatic stellate cells (HSC) are the tients and a murine CCly induced liver fibrosis model.

phagy induction by profibrogenic TGFB or PDGF-BB stimu-
lation. Accordingly, autophagy in HSC of clinical specimens
with liver fibrosis was linked to elevated serum miR-29a
levels.
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RESULTS: In our study, we show that TGFB and PDGF-BB
resulted in decrease of intracellular miR-29a and a pro-
nounced increase of vesicular miR-29a release into the super-
natant. Strikingly, miR-29a vesicular release was accompanied
by enhanced autophagic activity and up-regulation of the
autophagy marker protein LC3. Moreover, autophagy inhibition
strongly prevented miR-29a secretion and repressed its targets’
expression such as Col1A1. Consistently, hepatic miR-29a loss
and increased LC3 expression in myofibroblastic HSC were
associated with increased serum miR-29a levels in CCl4-treated
murine liver fibrosis and specimens of hepatitis C virus patients
with chronic liver disease.

CONCLUSIONS: We provide evidence that activation-associated
autophagy in HSC induces release of miR-29a, whereas inhibition
of autophagy represses fibrogenic gene expression in part through
attenuated miR-29a secretion. (Cell Mol Gastroenterol Hepatol
2022;13:1701-1716; https://doi.org/10.1016/jjcmgh.2022.02.013)

Keywords: Circulating MiRNA; MiR-29; Liver Fibrosis.

L iver fibrosis represents a major cause of morbidity
and mortality worldwide. It is the pathophysiolog-
ical consequence of different types of chronic inflammatory
liver diseases, including liver injury upon viral hepatitis,
alcoholic or drug abuse, in response to metabolic syndrome
and fat accumulation, or upon autoimmune or genetic dis-
orders." Transforming growth factor 8 (TGF@) is the central
mediator that is responsible for the imbalance between
extracellular matrix (ECM) synthesis and degradation in
human and experimental liver fibrosis.>® TGF@ signaling
includes various pathways such as the non-canonical TAK1/
JNK and the RAS/RAF/MAPK pathways as well as the ca-
nonical SMAD pathway, leading to induction of ECM syn-
thesis.” In response to liver injury, increased TGF@ levels
stimulate hepatic stellate cells (HSC) to transdifferentiate
into myofibroblasts,”” which are then the main source of
ECM production in the fibrotic liver. Among the ECM pro-
teins of fibrotic liver, fibrillar collagens such as collagen I
and III are highly increased.”**

TGF@-induced myofibroblastic HSC activation is not only
associated with ECM synthesis but also with an enhanced
expression of profibrogenic growth factors such as TGFg@
itself, connective tissue growth factor, and platelet-derived
growth factor (PDGF).”® PDGF is a mitogenic growth fac-
tor whose polypeptide chains A and B are arranged in AA,
AB, or in BB combinations. Autocrine PDGF-BB stimulation
is most potent to induce HSC proliferation.”'” Hence, the
autocrine stimulation of HSC by the altered growth factor
profile, in particular by TGF@ and PDGF-BB, triggers HSC
activation and maintenance of liver fibrogenesis.>”"®
Furthermore, exposure of HSC to both mediators potently
decreases miR-29.""'* MicroRNAs (miRNAs) are small non-
coding RNAs, which participate in regulation of gene
expression by their interaction with transcripts and subse-
quent inhibition of mRNA translation. Because the inter-
acting region of miRNAs, the so-called seed region, is only
7-8 base pairs long, one mRNA is often regulated by several
miRNAs, and one miRNA can interact with more than one
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mRNA transcript.">'* The members of the miR-29 family
are known to target transcripts that encode various ECM
members (eg, elastin, fibrillin, and various collagen sub-
units). Therefore, miR-29 acts as an antifibrotic miRNA,
which is markedly diminished during acute and chronic
liver disease.'*"* %°

In the present study, we show that TGF3- and PDGF-
BB-mediated miR-29 decrease in HSC is associated with
autophagy-related vesicular release. Macroautophagy
(hereafter referred to as autophagy) is an evolutionarily
conserved cellular mechanism, which recycles the cyto-
plasm components, generates energy under stress condi-
tions, removes superfluous and damaged organelles, adapts
to changing nutrient conditions, and maintains cellular ho-
meostasis. Autophagy involves the coordination of
numerous autophagy-related (ATG) proteins and the for-
mation of double membrane autophagosomes.

Recent studies have linked liver damage and fibrogenesis
to autophagy, affecting hepatic cell types in a different
manner.”"*> Whereas in macrophages and endothelial cells
inhibition of autophagy accelerates fibrogenesis, in hepato-
cytes autophagy is important for cellular homeostasis and
inhibition leads to development of liver tumors.”*** In HSC,
autophagy promotes the activation and transdifferentiation
processes into myofibroblasts, associated with increased
ECM synthesis and the enhanced catabolism of fatty acids,
providing then the necessary energy for cell activation.””
Hence, the blockade of autophagy during liver fibrogenesis
by HSC-specific ATG7 deletion maintains resistance to its
activation and liver fibrosis.”® TGF@ stimulates autophagy
and is a central driver of autophagy in fibroblasts and in
HSC.?”*® Interestingly, not only TGF@ but also PDGF-BB
stimulates autophagy in HSC,?® and inhibition of autophagy
represses collagen synthesis.*’

In this study, we demonstrate that autophagy, induced
by TGFG and PDGF-BB, directly regulates cellular miR-29a
levels in myofibroblastic HSC. Notably, autophagy lowers
cellular miR-29a levels by inducing its release into secreted
extracellular vesicles (EV), thereby attenuating intracellular
antifibrotic functions of miR-29a, including inhibition of
collagen I synthesis. Moreover, autophagy-induced miR-29a
increases circulating miR-29 levels in serum samples of
patients with hepatitis C virus (HCV)-associated fibrosis.
Increased extracellular miR-29a levels are significantly
correlated with fibrosis progression of patients with chronic
HCV liver disease.

Abbreviations used in this paper: «SMA, alpha smooth muscle actin;
ATG, autophagy-related; DMEM, Dulbecco modified Eagle medium;
ECM, extracellular matrix; EV, extracellular vesicles; FCS, fetal calf
serum; HCV, hepatitis C virus; HSC, hepatic stellate cells; miRNA,
microRNA; mTOR, mammalian target of rapamycin; PCR, polymerase
chain reaction; PDGF, platelet-derived growth factor; siRNA, small
interfering RNA; TGF3, transforming growth factor beta; TUNEL, ter-
minal deoxynucleotidyl transferase dUTP nick end labeling.
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Results
TGF( and PDGF-BB Stimulation Results in
Vesicular Release From HSC

Because isolated primary HSC in culture spontaneously
transdifferentiate into myofibroblasts, we first studied the
miR-29a levels in primary mouse HSC after taking them into
culture. Whereas in freshly isolated HSC miR-29a was highly
abundant, miR-29a levels were decreased during culture
and much lower in HSC, which were maintained in culture
for 7 days and expressed the myofibrobast-specific marker
a-smooth muscle actin (aSMA) (Figure 14). Previous studies
have shown that TGF8 and PDGF-BB are main stimulators of
myofibroblastic transition. In addition, they lead to miR-29
decrease and to enhanced ECM deposition.'”*"*! After
profibrogenic stimulation with TGFG or PDGF-BB treatment,
cellular miR-29a was reduced in immortalized myofibro-
blastic HSC by more than 70% as shown in Figure 1B and C
(left panel). Surprisingly, analysis of the supernatants of
TGFB and PDGF-BB stimulated HSC revealed that the su-
pernatants from stimulated HSC contained significantly
more extracellular miR-29a than the corresponding controls
(Figure 1B and C, middle panel). Cellular release of miRNA
can be caused by cell apoptosis/necrosis followed by gen-
eration of apoptotic bodies, but also by actively regulated
vesicular release.*? To rule out the possibility that miR-29
release is due to cell death, we controlled the extent of
apoptosis and necrosis. Deoxyuride-5'-triphosphate biotin
nick end labeling (TUNEL) assays (Figure 1D) and annexin V
cytometry (Figure 1E) clearly showed that there was no
increase of apoptosis or necrosis, indicating that miR-29a
release upon fibrogenic stimulation is a cell-regulated
mechanism.

In an attempt to investigate the mechanism underlying
miR-29 release in response to TGF@ and PDGF-BB, vesicles
from HSC culture supernatants were purified to quantify the
extracellular miR-29 content. Indeed, TGFG and PDGF-BB
stimulation significantly increased the levels of vesicular
miR-29a (Figure 1B and C, right panel). By immunoblotting
we showed that vesicles were CD63 and TSG101 positive
(Figure 1F). Moreover, the increase of extracellular miR-29
in the cell culture supernatant was accompanied by
marked elevation of its vesicular fraction (Figure 1G). The
vesicle fraction was imaged by electron microscope
(Figure 1H) and nanoparticle tracking analysis (Figure I),
establishing that their size was 100-200 nm in diameter,
which corresponds to the size of small EV.*

Inhibition of Vesicle Transport Leads to
Increment of Cellular miR-29a in Response to
Profibrogenic Stimulation

Because miR-29a was enclosed in vesicles and secreted
into the supernatant upon profibrogenic stimulation, we
next investigated which cellular mechanism triggers miR-
29a transport into the extracellular environment. It has
been previously reported that vesicles require myosin mo-
tor proteins.34 Blebbistatin, a myosin Il ATPase inhibitor, is
a potent inhibitor of both cell contraction and vesicular
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transport.35 Inhibition of vesicle transport by blebbistatin
significantly inhibited TGFgB-induced miR-29a secretion, as
evidenced by an increase in cellular miR-29a (Figure 24,
left) on the one hand and a significant decrease in extra-
cellular miR-29a in HSC culture supernatants on the other
(Figure 24, right). Myosin 5a is a versatile non-muscle
central motor protein that is crucial for vesicular trans-
port.** Here we specifically interrupted the vesicular miR-
29a export by myosin 5a inhibition. In agreement with the
findings after blebbistatin treatment, small interfering RNA
(siRNA)-mediated knockdown of myosin 5a led to reduced
miR-29a release from primary myofibroblastic HSC
(Figure 2B).

Profibrogenic Stimulation Enhances Autophagy-
Mediated miR-29 Release From HSC

Myosins play a versatile role in cellular vesicular trans-
port, including the several steps of autophagy pathway
including autophagy initiation, phagophore expansion, and
fusion of autophagosome and lysosome.’® Moreover, both
TGFB and PDGF-BB can induce autophagy.””*”*® Hence, we
confirmed the formation of autophagosome-like structures
in myofibroblastic HSC upon stimulation with TGFS and
PDGF-BB using transmission electron microscopy
(Figure 2D). Furthermore, the expression of the autopha-
gosome membrane protein LC3 was highly up-regulated
after TGF@ treatment (Figure 2C, E, and F). These results
underscore the impact of TGFS or PDGF-BB stimulation in
autophagosome formation and activation of the autophagy.

Chloroquine is a potent autophagy inhibitor, blocking the
fusion between autophagosomes and other vesicles.”” In
agreement, chloroquine treatment resulted in an increase of
the activated LC3 II form (Figure 2E and F). Notably, inhi-
bition of autophagy activity by chloroquine significantly
abolished the TGFg-induced miR-29a secretion (Figure 2G).

Autophagy Induction Leads to miR-29a
Secretion

Next, we studied miR-29a release during the time course
of autophagy induction by TGF@ and PDGF-BB. There was a
continuous up-regulation of miR-29a secretion and increase
of LC3 protein expression in a time-dependent manner
during TGF@ (Figure 34 and C) or PDGF-BB stimulation
(Figure 3B and D). We also confirmed autophagy induction
using cationic amphiphilic tracer dye to measure autophagic
vacuoles. Flow cytometry analysis showed that the per-
centage of autophagic HSCs increased more than 3-fold in
response to profibrogenic stimulation (Figure 3E and F). To
verify that miR-29 release is related to autophagy, we
treated HSC with the autophagy inducers rapamycin or
torin-1 (Figure 3E and G). Importantly, an increase in miR-
29a secretion into the HSC culture supernatant was
confirmed after autophagy induction by rapamycin and
torin-1 treatment (Figure 34 and B). Here, we show that
induction of autophagy by both profibrogenic mediators and
classical autophagy inducers strongly up-regulates extra-
cellular levels of miR-29a (Figure 34 and B).
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Figure 1.Intracellular and extracellular miR-29a levels of HSC in response to stimulation with TGF3 or PDGF-BB.
MicroRNA-29a levels and «SMA expression freshly isolated HSC (d0) in comparison with levels in HSC of early (day 1, d1) and
late primary culture (day 7, d7). Expression profiles were determined in triplicates by quantitative PCR from 3 independent
primary HSC preparations (A). In response to TGFg (B) or PDGF-BB (C) treatment, cellular miR-29a in immortalized HSC (HSC-
T6) and extracellular miR-29a in HSC culture supernatants as well as in vesicles were quantified by real-time PCR (B and C).
After stimulation by TGFg and PDGF-BB, apoptosis was determined by TUNEL analysis in HSC; DNase-treated HSCs were
used as positive control. HSC were counterstained with fluorescein isothiocyanate (FITC)-conjugated phalloidin. TUNEL-
positive cells are shown by red fluorescence (D). HSCs were stained with annexin V-FITC and propidium iodide and
analyzed by flow cytometry (E). The percentages of apoptotic cells after TGF3, PDGF-BB, or H,O, (positive control) treatment
are shown. (*P value <.05) (E). Vesicular fractions from supernatants of TGF3- or PDGF-BB-stimulated HSC were charac-
terized by immunoblotting using antibodies against EV markers, TSG101 and CD63. Calnexin was used as control for
intracellular component (F). The amounts of secreted vesicles released from control HSC or TGF@ or PDGF-BB treated HSC
were estimated by protein determination of the respective extracellular vesicular fractions (G). Moreover, isolated vesicles were
imaged by electron microscopy (H) and the nanoparticle tracking method (/).

Therefore, miR-29a release is not specific to profibrogenic =~ Furthermore, fluorochrome-labeled miR-293, transfected into
stimulation but rather to induction of autophagy, which is HSC-T6, co-localized with cellular LC3 (Figure 3H), indicating
stimulated either by profibrogenic mediators (TGFB and thatafter profibrogenic stimulation vesicular miR-29a release
PDGF-BB) or by other autophagy-inducing agents. isstrongly associated to its recruitment into autophagosomes.
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Figure 2. Stimulation of HSC fibrogenesis by PDGF-BB and TGFg leads to miR-29a secretion and enhanced autophagy.
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RNA was isolated, and real-time PCR was performed to analyze intracellular and extracellular miR-29a levels (A). After
treatment of primary HSCs (on day 7 after isolation) with siMyosin 5a, intracellular and extracellular miR-29a levels, quantified
by PCR, were shown (B). Cells, nonstimulated or stimulated with TGF3, were immunostained with LC3 antibodies and sub-
sequently imaged by confocal microscopy (blue = DAPI, red = LC3 protein, scale bar = 15 um (C). Transmission electron
microscopy revealed autophagosome formation in HSCs in response to PDGF-BB and TGFg treatment (D). LC3 protein
expression was shown by immunoblotting using cell lysates from HSCs, nontreated (control), treated with TGFg, or treated
with both TGF@ and chloroquine (CQ) (E and F). Cellular miR-29a levels were determined by gPCR showing that miR-29a

decrease upon TGFg treatment was blocked when HSC were also treated with chloroquine (G). (P value *<.05, **<.001).

Autophagy Inhibition Leads to Immense
Increment of Intracellular miR-29a

Because miR-29a acts as an antifibrotic miRNA that
targets ECM gene expression, we hypothesized that inhibi-
tion of autophagy would lead to elevated cellular HSC miR-
29a levels, followed by a decrease in miR-29a targeted
genes such as the Col1A1 subunit and PDGF-C. In agreement
with previous data showing that miR-29 targets ECM syn-
thesis,"°'® we first proved that miR-29a overexpression
leads to a significantly reduced expression of the collagen
subunit Col1A1 in primary HSC (Figure 4A) without chang-
ing the myofibroblastic HSC morphology (Figure 4B).

The ATGs play an indispensable role in autophagosome
formation. ATG5 and ATG7 are crucial for initiation of
autophagy.®® To strengthen the link between autophagy
and enhanced secretion of miR-29a, we knocked down
either ATG5 or ATG7 expression in combination with TGF@
treatment. Strikingly, treatment with small interfer-
ingATG5 or small interfering ATG7 significantly neutral-
ized the TGF@-induced decrease of cellular miR-29a

(Figure 4C).

Whereas chloroquine functions mainly by blocking
maturation of vesicles and disrupts autophagosome fusion
with other vesicles,®” other autophagy inhibitors interfere
with autophagy initiation, phagophore expansion, or auto-
phagosome formation. Because autophagy initiation re-
quires the deactivation of mammalian target of rapamycin
(mTOR), which is crucial requirement for autophagy, MHY-
1485, acting as the mTOR activator, has been widely used to
inhibit autophagy. The elongation of phagophores is
controlled by kinase activity of PI3K IIl and formation of
beclin1-VPS34 and ULK1 complex. 3-Methyladenine func-
tions as an autophagy inhibitor by targeting PI3K III,
whereas bafilomycin inhibits vacuolar Ht ATPase of lyso-
somes to suppress their acidification (Figure 4D). We used
the autophagy inhibitors 3-methyladenine, bafilomycin,
chloroquine, MHY-1485, MRT68921, wortmannin, and LY-
294002 (Table 1, Figure 4D). Notably, all of the inhibitors
blocked miR-29a secretion, showing as significant recovery
of the cellular miR-29a levels (Figure 4E). By interfering
with lysosomal fusion, chloroquine and bafilomycin espe-
cially markedly inhibited cellular miR-29a loss.
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MicroRNA-29 acts as an antifibrotic miRNA because it
targets transcripts that encode ECM proteins such as
different collagens but also profibrogenic mediators such as
PDGF-C.'>1%393139 The enhanced cellular miR-29a levels,
caused by autophagy inhibition (Figure 4F), resulted in a
significant down-regulation of the miR-29a target genes,
Col1A1 and PDGF-C (Figure 4F and G). However, the inhi-
bition of the TGF@-mediated effects on the two miR-29
targets differed between autophagy inhibitors and was
less pronounced on PDGF-C expression than on Coll1A1
expression. Interestingly, chloroquine showed the strongest
restoration of cellular miR-29a, but in contrast to bafilo-
mycin and the PI3K inhibitors, it did not markedly influence
Col1A1 or PDGF-C expression (Figure 4E-G). Although be-
sides the miR-29a control, the regulation of miR-29a tar-
geted genes is suggested to underlie additional mechanistic
links, our findings definitively show that autophagy inhibi-
tion repressed the CollA and PDGF-C expression by
restoring miR-29a function.

Increased Circulating miR-29a Levels During
Liver Fibrosis

To determine whether autophagic flux-mediated miR-
29 release is increased during fibrogenesis, we quantified
miR-29a levels in liver and serum from a mouse CCl4
fibrosis model and in clinical samples from patients with
chronic HCV. Hepatic miR-29a levels were down-regulated
in mice treated with CCl4 for 4 weeks, whereas miR-29a in
corresponding serum samples were up-regulated more
than 5-fold (Figure 5A4). In addition, we observed a

significant overexpression of LC3 protein in livers of CCly-
treated mice, indicating that autophagic activity was
strongly intensified during CCls-induced fibrogenesis
(Figure 5B).

Next, we analyzed 84 human biopsies representing
different stages of fibrosis during chronic HCV infection
(NFO = 2, NFl = 23, NFZ = 26, NF3 = 22, NF4 = 11, and one
not specified sample). Patients’ clinical datasets were pre-
viously described by Trebicka et al*® and Wedemeyer
et al.*! In agreement with the data in murine fibrosis, there
was a loss of miR-29a in liver biopsies, showing inflamma-
tion and fibrosis (Figure 6A4). Notably, by «SMA and LC3
double staining, we demonstrated active autophagy within
myofibroblastic HSC in the fibrotic septa of liver biopsies
with chronic hepatitis C (Figure 6B).

For circulating miR-29 quantification, 44 matching
serum samples (Ng; = 10, Ng; = 13, Ngz = 11, Ngg = 10)
were collected. Serum miR-29a levels in patients with
hepatitis C were highly elevated compared with healthy
controls (N 12) but did not correlate with alanine
aminotransferase values (data not shown). Importantly,
significantly elevated miR-29a levels were strongly associ-
ated with the severity of fibrosis (Figure 6B). Receiver
operating characteristic analysis reinforced the potential of
fibrosis-associated miR-29 release as a biomarker of chronic
liver disease progression and fibrosis (Figure 6C).

Discussion
The miR-29a acts as an antifibrotic miRNA in fibroblasts
and fibroblast-related cell types and is crucial in
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Figure 4. Inhibition of autophagy blocks TGF3-induced miR-29a secretion and up-regulates miR-29a target gene
expression. MicroRNA-29a and Col1A1 gene expression levels were quantified in freshly isolated HSC (d0) or in cultured
primary HSC after transgenic overexpression of miR-29a in comparison with non-transfected primary HSC or transfected with
scramble RNA (scr). HSC were transduced with miR-29a mimic RNA or scr RNA at days 4 and 6 and harvested 72 hours after
transfection. Transgenic miR-29a mimic expression leads to Col1A1 down-regulation (A). Mouse HSC at day 7, fixed 72 hours
after transfection with scramble or miR29a, were stained with phalloidin (green) and anti-desmin antibodies (red). Nuclei were
stained with DAPI, and collagen1 is shown in aqua blue after immunostaining with anti-collagen 1 antibodies. There were no
morphologic changes observed after miR-29 treatment (B). ATG5 and ATG7 expression in HSC-T6 cells treated with siATG5
(50 nmol/L) or siATG7 (50 nmol/L), respectively, versus scramble siRNA was analyzed by quantitative PCR, showing efficient
ATG5 and ATG?7 inhibition. Quantitative PCR of cellular miR-29a levels proved that ATG5 and ATG7 blockade after siRNA
treatment (siATG5, siATG7) restored the TGF@-stimulated repression in scramble treated HSC-T6 (C). The working mecha-
nisms of autophagy inhibitors are illustrated (D). Briefly, sufficient amino acid supply (or other cytoplasmic changes) sustains
the activity of mTOR, the latter of which prevents the induction of autophagy @. The elongation of phagophores requires the
activity of PI3K Ill and formation of Beclin1/VPS34 and ULK1 complex. After formation of autophagosomes @, they fuse
alternatively with lysosomes to form auto-lysosomes ®, merge with endosomes to form multivesicular bodies ®, or form
amphisomes, which ultimately leads to the secretion of EV ®. Intracellular miR-29a expression levels were analyzed after dual
treatment with TGFG and different autophagy inhibitors MHY 1485, 3-MA, wortmannin, LY294002, MRT68921, bafilomycin A1,
chloroquine (E). MicroRNA-29a target genes, Col1A1 (F) and PDGF-C (G), were determined in response to TGFg stimulation
and diverse autophagy inhibition. The induction of Col1A1 and PDGF-C after TGFg is indicated by the dashed line (F and G). (P
value *<.05, **<.001).

suppressing ECM synthesis.'®'? During HSC activation, he-  stimulation."”*' TGFg is a prominent stimulus that induces
patic miR-29a is gradually decreased in parallel with ECM production and provokes loss of miR-29 from fibro-
enhanced production of ECM and autocrine TGFB blasts as shown in different organs.'®*?
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Table 1.Autophagy Inhibitors and Inducers

Chemical reagent Working concentration

Function (references)

Sites of target in autophagy signaling

Chloroquine 50 pmol/L Autophagy inhibitor Autophagosome maturation
Bafilomycin 50 nmol/L Autophagy inhibitor V-type ATPase inhibitor
MRT68921 1 pmol/L Autophagy inhibitor ULK1 complex

LY-294002 10 mmol/L Autophagy inhibitor Class | and Class Il PI3K
3'-MA 5 mmol/L Autophagy inhibitor Class | and Class Il PI3BK
Wortmannin 50 nmol/L Autophagy inhibitor Class | and Class Il PI3K
MHY1485 2 umol/L Autophagy inhibitor mTOR

Torin-1 5 umol/L Autophagy inducer mTOR

Rapamycin 100 ng/mL Autophagy inducer mTOR

In this study, we provide compelling evidence that the
profibrogenic mediators TGF@ and PDGF-BB strongly stim-
ulate vesicular miR-29a secretion from HSC, the principal
collagen-producing cells in liver injury. Because miR-29a
targets mRNA transcripts of a wide spectrum of ECM
members such as different collagen subunits, elastin, and
fibrillin 1, resulting in less ECM accumulation and
fibrosis,""'°"'? increase of cellular miR-29a in HSC by in-
hibition of TGF@ and PDGF-BB mediated release of cellular
miR-29a is of high therapeutic relevance. Indeed treatment
of HSC with miR-29a mimics and subsequent miR-29a
overexpression leads to less ECM expression and less
fibrosis.**

Vesicles released after profibrogenic stimulation of HSC
with TGF8 and PDGF-BB had the size of small EV?**® and
contained the exosome markers TSG101 and CD63, which
are part of tetraspanin protein family43 and endosome
sorting complex required for transport,”* respectively.
Recently EV release has been demonstrated as a conse-
quence of cellular autophagy, although the mechanistic links
are not yet fully understood.”” *” Conventional autophagy is
regarded as a degradation process in which autophago-
somes fuse with lysosomes, leading to the turnover of their
contents. However, unconventional autophagy processes
activate secretory pathways, resulting in cytokine secretion
that does not involve the Golgi apparatus.”®**° TGF8 and
PDGF-BB are both potent autophagy inducers, which is
consistent with the finding that autophagy induces HSC

activation, the initiation of myofibroblast trans-
differentiation, and subsequently liver fibrosis.>>>*°° Thus,
inhibition of autophagy by rapamycin treatment abrogated
the marked increase of procollagen synthesis during murine
CCly-induced fibrosis, supporting our results of an
autophagy-miRNA secretion that mediates miR-29a loss and
enhanced ECM synthesis. Furthermore, autophagy inhibition
in HSC in vivo by stellate cell-specific knockout of the ATG7
gene resulted in alleviated fibrosis.”® Autophagy induction
by TGF@ is based on its interaction with insulin-like growth
factor binding protein-associated protein 1 and activation of
the PI3K/AKT/mTOR pathway.”' In addition, autophagy is
induced by hypoxic and endoplasmic reticulum stress in
response to metabolic starvation during fibrogenesis.””
Although HSC-specific inhibition of autophagy retards
fibrosis progression,’® its therapeutic application is chal-
lenging because of the different influences on the different
hepatic cell types. Thus, autophagy is beneficial in hepato-
cytes such that global autophagy inhibition in liver could be
deleterious.”"** Moreover, inhibition of autophagy in he-
patocytes leads to development of hepatocellular carci-
noma.”*?** Therefore, the therapeutic impact of inhibition of
miR-29a release from HSC to the bloodstream should be
ideally shown on experimental fibrosis in HSC-specific,
autophagy-deficient mice. After demonstration in vitro that
the interruption of the autophagy pathway in HSC leads to
cellular miR-29 accumulation, followed by retardation of
ECM synthesis, in vivo studies on the miR-29a/autophagy
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Figure 5. Hepatic LC3 overexpression in murine fibrosis is associated with miR-29a release in the serum. After 4 weeks
of CCl, intoxication fibrosis was developed, and total RNA was isolated from both liver and serum samples of CCl,-treated
mice (n = 6) or control mice (n = 6). Liver and serum miR-29a levels were quantified by real-time PCR (A). LC3 protein
expression levels were determined by immunoblotting and subsequent analysis using quantitative chemiluminescent imaging
(B). (P value *<.05, **<.001).
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Figure 6. Autophagy-associated miR-29a secretion into circulation is a biomarker of fibrosis. MicroRNA-29a levels in 85
biopsy specimens that represent different stages of inflammation (G1-G3) and fibrosis (FO-F4) (A). Localization of the LC3
protein (brown) in SMA-positive myofibroblastic cells (red) was found mainly in fibrotic septa (closed arrows). LC3-positive
hepatocytes are shown by open arrows (B). MicroRNA-29a levels in 56 serum samples including 12 healthy volunteers and
44 patients with different grades of inflammation (G1-G3) or different stages of fibrosis (F1-F4) (C). Whereas hepatic miR-29a
levels were significantly reduced in biopsies of fibrotic livers (P = .041) (A), the circulating miR-29a was distinctly increased in
serum samples of patients with chronic hepatitis C (P = .004), depending on the severity of fibrosis (F2-F4) (C). Receiver
operating characteristic curve analysis for serum miR-29a as the continuous variable and inflammation (G1-3) or progression
of fibrosis (F1/F2-F4) as target variables is shown in (D). (P value *<.05, **<.001).

axis will be of high relevance for therapeutic strategies of
fibrosis prevention.

In conclusion, autophagy-regulated processes are
multifaceted, including nonconventional autophagy path-
ways that link autophagy-related signalling to the endocy-
totic and exocytotic pathway and EV secretion. Hence, the
autophagy marker protein LC3 was also identified in late
endosomes and multivesicular bodies.”* Importantly, PDGF
has been discovered to promote exosomal protein secretion
due to the mTOR pathway activation.”* In addition, the
recent findings of Gao et al®* show that PDGF-induced ve-
sicular release may be blocked by mTOR pathway inhibition,
followed by canonical autophagy activation. These findings
led us to suspect that the autophagy-related EV secretion
involves endosomes and multivesicular bodies of the
endocytotic and exocytotic network and that it competes
with the canonical autophagy progress, which results in
lysosomal degradation. Indeed, in cancers, the release of EVs
is negatively regulated by induction of canonical autophagy
pathways.”” In our study, we now prove that the interaction
of autophagy processes with the endocytotic and exocytotic
pathway is involved in miR-29a release.

It is noteworthy that autophagy-regulated pathways
leading to fibrosis-associated vesicular release of miR-29a
were illustrated in clinical samples of HCV patients with
injury and fibrosis. In those tissue and serum samples, miR-
29 reduction in the tissue corresponds to increase of that at
serum levels, which is consistent with the progression of
liver fibrosis."” In summary, our findings point to an
autophagy-related secretory pathway that controls the
release of miR-29a, similar to its effects on cytokine secre-
tion."®*? Importantly, the controlled miRNA release is
regulated by autophagy, linking this process to endocytotic
and exocytotic flux that culminates in vesicular secretion.

Materials and Methods
Cell Culture and Stimulation of HSC

Primary mouse HSC were isolated from male BALB/c
mice and retired breeder rats after liver perfusion and
Nycodenz density centrifugation as previously described.”®
Primary HSC were incubated in Dulbecco modified Eagle
medium (DMEM) with 20% fetal calf serum (FCS) and
supplemented with 2% penicillin for the first 2 days after
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isolation. Then, HSC were sustained in DMEM with 10% FCS.
Myofibroblastic transition was characterized by «SMA in-
duction. HSC at 36 hours were considered as quiescent
compared with HSC on day 7 when cells express high levels
of aSMA, therefore considering them as myofibroblastic
cells.

HSC-T6 cells were cultured in DMEM containing 10%
fetal bovine serum as previously described.”” HSC were
stimulated with 30 ng/mL PDGF-BB (Sigma-Aldrich, Tauf-
kirchen, Germany) or 5 ng/mL TGFB (R&D Systems,
Wiesbaden-Nordenstadt, Germany). For additional stimula-
tion, cells were incubated for 2 hours with medium con-
taining 50 umol/L blebbistatin (Sigma-Aldrich Chemie
GmbH, Munich, Germany) and then with TGFg for additional
24 hours. For autophagy induction and inhibition, reagents
are summarized in Table 1. Autophagy was monitored by
fluorescence microscopy or quantified using the cationic
amphiphilic tracer dye followed by flow cytometry.

Autophagy Induction and Inhibition

Cells were seeded in 6-well plates in DMEM containing
10% FCS. The next day, the medium was changed to DMEM
containing 0.5% FCS. Cells were incubated in DMEM
without FCS before stimulating with 5 ng/mL TGFg@ (R&D
Systems) or 30 ng /mL PDGF-BB (Sigma-Aldrich) for 24
hours. As positive control for autophagy activation, rapa-
mycin or torinl treatment was performed according to the
concentrations listed in Table 1. For autophagy inhibition, 4
hours after TGFB stimulation, agents listed in Table 1 were
added.

For autophagy inhibition using different siRNAs
(Table 2), cells were transfected with 50 nmol/L siRNA
using lipofectamine (Thermo Fisher, Germany) according to
the manufacturer’s instructions. After 24 hours, HSC were
stimulated with TGF@3 or PDGF-BB for another 24 hours and
then lysed either for RNA isolation or for protein expression
analysis.

Autophagy Analysis by Flow Cytometry

After profibrogenic stimulation, cells were stained with
cationic amphiphilic tracer dye using CYTO-ID autophagy
detection kit (Enzo Life Sciences, Lorrach, Germany). Sub-
sequently, fluorescence was analyzed by flow cytometry
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using FACS Aria III
Germany).

(Becton Dickinson, Heidelberg,

Vesicle Preparations, Negative Staining, and
Electron Microscopy

Supernatant of HSC was collected after stimulation for
24 hours, and 250 ul. was taken for vesicle preparation
using the Exosome Precipitation Solution (SBI, Mountain
View, CA) according to the manufacturer’s instructions. The
vesicle pellets were dissolved in 25 uL phosphate-buffered
saline and used for miRNA quantification, protein determi-
nation by the BCA protein assay (Pierce, Thermo Scientific,
Rockford, IL), or negative staining.

For negative staining, 20 uL of vesicle suspension was
placed on carbon-coated grids and blotted on filter paper
after washing with an aqueous solution of 2% uranyl ace-
tate. Transmission electron microscopy of HSC upon TGFB
and PDGF-BB stimulation was performed as previously
described.”® Then, cells were trypsinized and centrifuged
after stimulation. Cell pellets were fixed by glutaraldehyde
solution and incubated in osmium tetroxide (Os04) solu-
tion. After dehydration through different ethanol concen-
trations, cell pellets were embedded by a tissue-embedding
machine (Leica, Wetzler, Germany; EM TP). Ultrathin sec-
tions were stained with lead citrate and uranyl citrate.
Uranyl acetate stained vesicles and ultrathin sections were
monitored by electron microscopy using the EM902A (Zeiss,
Oberkochen, Germany).

Nanoparticle Tracking Analysis

Cell culture supernatants were collected after 24 hours
with or without TGFg stimulation. A series of centrifugation
was performed to remove dead cells and debris as described
previously.”? After 0.22 um filtration, the supernatants were
taken for vesicle isolation exoEasy Maxi Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Directly after isolation, vesicles were diluted 1:1000 in
phosphate-buffered saline and imaged by Nanosight Range
NS300 (Malvern, Kassel, Germany).

Detection of Cell Death and Apoptosis
HSC were starved for 24 hours before stimulation. After
24 hours of starvation, cells were centrifuged and washed

Table 2.mRNA Sequences Targeted by siRNA

siRNA Company Target mRNA sequences
Rat siATG5 Dharmacon, USA (@) AGUCAGGUGAUCAACGAAA
(b) CGUGUGGUUUGGACGGAUU
(c) GGAUGAGAUAACUGAACGA
(d) ACCGGAAACUCAUGGAAUA
Rat SiATG7 Dharmacon, USA a) CAAAGUUAACAGUCGGUGU

Rat Myosin 5a Dharmacon, USA

(

(b) AGUGAAUGCCAGAGGGUUC
(c) CUGGAGGAACUCAUUGAUA
(d) CCCAGAAGAAGUUGAACGA

- CGCUACAAGAAGCUCCAUA
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twice with cold phosphate-buffered saline and stained with
annexin V-FITC and propidium iodide for 15 minutes, fol-
lowed by flow cytometry analysis (FACS Aria III; Becton
Dickinson). Cells treated with 100 wmol/L hydrogen
peroxide were used as positive control.

In addition, cells were analyzed for apoptosis by TUNEL
assay using the cell death detection kit from Roche Di-
agnostics (Mannheim, Germany) following the recommen-
dation of the manufacturer. DNAse treatment (1 U/mL) was
taken as positive control. TUNEL-positive cells are shown by
red fluorescence. After TUNEL staining, cells were coun-
terstained by FITC-conjugated phalloidin (Sigma-Aldrich,
Heidelberg, Germany) and monitored by a Nikon (Tokyo,
Japan) Eclipse T2 microscope.

Induction of Acute Liver Injury and Fibrosis

In this study, 12 BALB/c male mice (25-35 g) were used,
from which 6 were subjected to CCly injury and 6 control
mice were treated only with mineral oil as described
earlier.”>*? All experiments were performed under the su-
pervision of the National Health and Medical Research
Committee Guidelines for Animal Experimentation. Liver
tissues were taken and snap-frozen in liquid nitrogen for
RNA isolation and hydroxyproline determination as
described before. Liver tissue chosen from liver segment IV
was fixed in 4% buffered paraformaldehyde and embedded
in paraffin for histopathologic evaluation.

Patients, Human Biopsies, and Serum

Specimens

A total of 85 patients with well-documented chronic
hepatitis C infection were selected from the database of
HepNet, the German Competence Network on Viral Hepatitis
(www.kompetenznetz-hepatitis.de). All patients gave their
written advised consent before undergoing liver biopsy.
Clinical characteristics of the cohort were previously re-
ported by Wedemeyer et al.*' Briefly, the cohort included
57.14% men and 42.86% women; 78% of the patients were
positive for HCV genotype 1 and 19% for genotype 3.

For grading of inflammation (G1-G4) and staging of
fibrosis (F0-F4), histologic assessment was performed
independently by 2 experienced pathologists (UD, HPD)
according to the method of Desmet et al.®’ From a total of
85 biopsies (Nyota = 85) representing different stages of
fibrosis (NFO = 2, NF1 = 23, N]:z = 26, NF3 = 22, NF4 = 11,
and one not specified sample), RNA was extracted and used
in this study.

For circulating miR-29 quantification, 56 serum speci-
mens including 12 samples of healthy blood donors and 44
samples of chronic hepatitis C patients with fibrosis (Ng; =
10, Ng, = 13, Ng3 = 11, Ngy = 10) were available and used
for RNA isolation as described above.

Total RNA Extraction

Intracellular total RNA from snap-frozen tissues or cells
was isolated using the Qiazol reagent following the in-
structions of the supplier (Qiagen, Hilden, Germany).
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Extracellular RNA was isolated from cell culture super-
natants, vesicle fractions, or serum samples of patients with
chronic hepatitis C liver disease. Cell culture supernatants
were collected from HSC with or without stimulation,
centrifuged at 12,000g for 20 minutes, and filtered through
0.22 um filters. Then, 200 uL of filtered supernatants,
vesicle fractions, or serum samples from patients or mice
were applied to RNA isolation using Qiazol. For quality
control and later normalization, we added 2 pmol spike SV-
40 RNA to all extracellular specimens before RNA isolation
as previously described.*’

The quantity of RNA obtained from cells and tissues was
determined by Ajgp-measurement using the ND-1000
NanoDrop spectrophotometer (NanoDrop, Wilmington,
DE), and the quality was assessed by microcapillary elec-
trophoresis (2100 BioAnalyser; Agilent Technologies,
Waldbronn, Germany).

Total RNA preparations from human formalin-fixed and
paraffin-embedded biopsies were performed according to
previous reports.“'62

Intracellular and Extracellular miRNA
Quantification by Quantitative Real-Time
Polymerase Chain Reaction

RNA was polyadenylated and reverse transcribed by
means of miScript Il reagents from Qiagen. Subsequently,
miRNA was analyzed by quantitative polymerase chain
reaction (PCR) using the miRNA-SYBR Green PCR Kit
(Qiagen). Primers used for cDNA synthesis and real-time
PCR were selected and purchased from the GeneGlobe
Search Center (Qiagen) (Table 3). All steps were performed
in triplicate and in agreement with the supplier’s
guidelines.

Cellular miRNA levels were normalized using RNU6 as
reference. For normalization of extracellular miRNA levels,
SV40-miRNA (Qiagen), which has been added to serum
samples, vesicle fractions, and cell culture supernatants
before the RNA isolation procedure, was used.

Analysis of mRNA Expression by Real-Time PCR

After polyadenylation and reverse transcription using
the Qiagen miScript reverse transcription kit as described
above, 2 ng cDNA was applied to real-time PCR assays using
the GoTaq qPCR Master Mix (Promega, Walldorf, Germany)
and primer sets listed in Table 3. Real-time PCR was per-
formed in triplicates on a Bio-Rad (Hercules, CA) C1000™
thermal cycler. After demonstration that primer sets exert
equal and high efficiencies, relative expression was calcu-
lated by the AACt method using the transcript levels of
hypoxanthine-guanine phosphoribosyl transferase for
normalization.

siRNA Transfection

Cells were seeded in 6-well plates in DMEM containing
10% FCS. After reaching 30% confluency, cells were trans-
fected using the X-tremeGENE transfection reagent (Sigma-
Aldrich, Taufkirchen, Germany). A mix of siRNAs
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Table 3.Primers Used for Quantitative PCR

Oligonucleotide

Sequence

Company

rno Atg5-F

rno Atg5-R

rno Atg7-F

rno Atg7-R

rno mTOR-F
rno mTOR-R
rno coL1A1A-F
rno coL1A1A-R
rno PDGF-C-F
rno PDGF-C-R
rno HPRT-F
rno HPRT-F
miR-29a

RNU6
Universal primer
SV40-miRNA

CTG TTC GAT CTT CTTGCATCA

TCC TTT TCT GGA AAA CTC TTG AA
CTT GGC TGC TAC TTC TGC AA

AGT CCG GTC TCT GGT GGA A

ATC AAG CAA GCG ACA TCT CA
CAG GCC TTG GTT ACC AGA A

CAT GTT CAG CTT TGT GGA CCT
GCA GCT GAC TTC AGG GAT GT
GCG GAA GCG CAT CTA TAT CT

AAT GAA TAG GTC CTC AGA GTC CA
GAC CGG TTC TGT CAT GTC G

ACC TGG TTC ATC ATC ACT AAT CAC

Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Eurofins MWG, GER
Qiagen, GER

Qiagen, GER

Qiagen, GER

Qiagen, GER

GER, Germany.

(Dharmacon Inc, Lafayette, CO) targeting the respective
transcript of interest (Table 1) was used for transfection
following the manufacturer’s instructions.

Immunoblotting

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis was performed by means of the Bio-Rad Mini protein
gel system. Briefly, protein samples were loaded with
Laemmli sample buffer, heat-denatured, and directly loaded
onto the gels. After electrophoresis and protein transfer,
PCDF membranes were blocked in 10% milk powder solu-
tion. After incubation with the first antibodies (Table 4),
membranes were incubated with the respective peroxidase-
conjugated secondary antibodies, and then membranes
were developed using Pierce ECL Western Blotting Sub-
strate (Thermo Fisher Scientific, Germany) according to the
manufacturer’s instructions. Signals were evaluated using
the ChemiDoc Imaging System (Bio-Rad).

Immunofluorescence Staining and
Immunohistochemistry

HSC were plated in chamber slides, and after 24 hours of
starvation without FCS, they were treated with either TGF3
or PDGF-BB. After stimulation, cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (pH 8.0)
and stained with rabbit LC3 antibody (Abcam, Cambridge,
MA), secondary antibody, goat anti-rabbit immunoglobulin
G conjugated with Alexa 488 (Abcam), according to manu-
facturer’s instructions. In addition, primary HSC were
immunostained with anti-«SMA, anti-desmin, and anti-
collagen I antibodies listed in Table 4. Cells were analyzed
by confocal laser scanning microscopy (Leica TCS SP8; Leica
Microsystems).

Serial sections of formalin-fixed and paraffin-embedded
liver biopsies from patients with chronic hepatitis C infec-
tion were applied to LC3 and «SMA immunocytochemistry
(Table 4) using BOND IHC/ISH Staining Instruments (Leica
Biosystems, Wetzlar, Germany) according to the

Table 4.Antibodies Used in This Study

Targeted antigen Company Dilution (immunoblotting) Dilution (immunochemistry)
LC3B Abcam, USA 1:1000 1:1000
SQSTM1/p62 Abcam, USA 1:1000 —

B-actin Sigma-Aldrich, GER 1:1000 —

ATG7 Abcam, USA 1:1000 —

a-SMA DAKO, GER — 1:400

Phalloidin Thermo Scientific — 1:500

Collagen1 Southern Biotech = 1:50

Desmin Thermo Scientific — 1:200
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manufacturer’s

instructions. For double staining, LC3

immunodetection was developed using peroxidase-polymer
conjugated secondary antibodies and diaminobenzidine as
substrate, whereas SMA was detected by means of
phosphatase-linked anti-mouse antibodies and new fuchsine
(pararosaniline) as substrate, using the BOND Polymer
Refine Detection kit (Leica Biosystems).
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