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Abstract

Inhibition of microRNA-21 (miR-21) prevents necroptosis in the mouse pancreas. Necroptosis contributes to hepatic necro-
inflammation in the common bile duct ligation (BDL) murine model. We aimed to evaluate the role of miR-21 in mediating
deleterious processes associated with cholestasis. Mechanistic studies established a functional link between miR-21 and
necroptosis through cyclin-dependent kinase 2-associated protein 1 (CDK2AP1). miR-21 expression increased in the liver of
primary biliary cholangitis (PBC) patients and BDL wild-type (WT) mice at both 3 and 14 days. Notably, under BDL, miR-
217~ mice displayed decreased liver injury markers in serum compared with WT mice, accompanied by reduced
hepatocellular degeneration, oxidative stress and fibrosis. Hallmarks of necroptosis were decreased in the liver of BDL miR-
217~ mice, via relieved repression of CDK2AP1. Further, miR-21~~ mice displayed improved adaptive response of bile
acid homeostasis. In conclusion, miR-21 ablation ameliorates liver damage and necroptosis in BDL mice. Inhibition of miR-
21 should arise as a promising approach to treat cholestasis.

Introduction

Necrosis can occur as a genetically controlled process,
amenable to therapeutic targeting [1]. Necroptosis is the
most understood regulated necrosis pathway that critically
depends on receptor-interacting protein 3 (RIP3) kinase and
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mixed lineage kinase domain-like (MLKL) activation [2].
Necroptosis and apoptosis have overlapped molecular
machineries, including death receptor activation. Never-
theless, execution of necroptosis encompasses a unique
active disintegration of plasma membranes by MLKL upon
phosphorylation by RIP3 [3,4].

Unwarranted activation of necroptosis contributes to the
pathogenesis of several conditions, including liver diseases
[3,5-7]. We recently showed that necroptosis is activated in
the liver of patients with primary biliary cholangitis (PBC)
[8], associated with cholestasis and often end-stage liver
disease [9]. However, using the common bile duct ligation
(BDL) murine model, a classic experimental model of acute
cholestasis and secondary biliary fibrosis [10], we found
that deletion of RIP3 prevents hepatic necro-inflammation,
but it is insufficient to halt fibrosis [8].

Given the relatively new concept of programmed
necrosis, the knowledge on regulation of necroptosis by
microRNAs (miRNAs/miRs) [11,12] is still scarce. Abla-
tion of miR-21 protects mice from necroptosis in murine
models of acute pancreatitis and tumor
necrosis factor (TNF)-a-induced shock [13]. Of note, miR-
21 is upregulated in the liver of patients with
cholangiocarcinoma [14], hepatocellular carcinoma [15],
non-alcoholic steatohepatitis [16—18], and cholestatic
liver injury [19,20]. Since miR-21 regulates hepatic
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stellate activation and liver fibrosis in BDL mice [19],
targeting miR-21 might constitute a novel approach to
prevent both necroptosis-associated liver injury and
fibrosis.

In the present study, we show that miR-21 modulates
necroptosis in L929 cells and primary mouse hepatocytes
via targeting of cell cycle regulator cyclin-dependent kinase
2-associated protein 1 (CDK2API1). miR-21 expression
increased in the liver of PBC patients and BDL mice.
Further, miR-21 ablation ameliorates necroptosis and liver
damage in BDL mice, via CDK2API, concomitantly with
improved adaptive responses of bile acid homeostasis gene
expression.

Results

miR-21 modulates necroptosis in primary mouse
hepatocytes

Primary mouse hepatocytes isolated from wild-type (WT),
Rip3~'~ and miR-21~'~ mice were pre-treated with zVAD-
fmk, a pan-caspase inhibitor, and then loaded with a com-
bination of TNF-a and cycloheximide (CHX) to promote
necroptosis [5]. Remarkably, cell death was completely
abrogated in both Rip3~'~ and miR-21"'~ mouse hepato-
cytes compared with WT (p < 0.05), as assessed by loss of
plasma membrane integrity (Fig. 1a). Accordingly, TNF-o/
CHX/zV AD-fmk-induced MLKL phosphorylation, a bio-
logical marker of necroptosis, was diminished in primary
mouse hepatocytes isolated from Rip3~~ and miR-217"~
mice (p <0.05; Fig. 1b). After TNF-o/CHX/zVAD-fmk
stimulation, miR-21-deficiency shifted the pattern of phos-
phorylated MLKL (p-MLKL) distribution from insoluble to
soluble fractions, which precludes necroptosis execution
(Fig. 1c¢).

In gain-of-function experiments, WT primary mouse
hepatocytes were transfected with a miR-21 precursor, both
in the presence and absence of TNF-o/CHX/zVAD-fmk
(Fig. 1d). TNF-o/CHX/zV AD-fmk-induced necroptosis was
strongly exacerbated (p <0.01 vs. pre-miR Control;
Fig. le). Further, p-MLKL accumulated in the insoluble
protein fraction in hepatocytes overexpressing miR-21 (p <
0.01; Fig. 1f).

L929 fibrosarcoma cells have been reported to rapidly
undergo necroptosis in vitro in response to TNF-a, pro-
viding a well-established cell system to analyze general
aspects of necroptosis. In agreement, silencing of miR-21
through transfection with anti-miR-21 decreased necroptotic
cell death induced by TNF-a (p <0.05; Fig. 2a), while
overexpression of miR-21 aggravated necroptosis (p < 0.05;
Fig. 2b). This constitutes proof-of-concept that miR-21
modulates necroptosis.

SPRINGER NATURE

Deletion of miR-21 protects primary mouse
hepatocytes from necroptosis via CDK2AP1

Primary mouse hepatocytes isolated from WT or miR-21~"~
mice were transfected with a specific siRNA against either
phosphatase and tensin homolog (PTEN), programmed cell
death protein 4 (PDCD4), and CDK2AP1, well-established
targets of miR-21 associated with cell death and prolifera-
tion. Upon silencing, total protein levels of PTEN
and PDCD4 were reduced by 50-60% in both WT and miR-
217"~ mouse hepatocytes, compared with siRNA-control
transfected cells (Fig. 3a). Still, PTEN and PDCD4 inhibi-
tion had little impact on TNF-o/CHX/zV AD-fmk-induced
cytotoxicity (Fig. 3b). Conversely, CDK2AP1 siRNA
transfected hepatocytes displayed a reduction in CDK2AP1
total protein and mRNA levels (p <0.01; Fig. 3c), which
was associated with exacerbation of TNF-o/CHX/zVAD-
fmk-induced cell death in miR-21~"~ mouse hepatocytes (p
< 0.05; Fig. 3d). In agreement, after CDK2AP1 silencing,
TNF-0/CHX/zV AD-fmk-induced MLKL phosphorylation
increased in miR-217'~ mouse hepatocytes (p < 0.05),
whereas little effects were observed in WT (Fig. 3e). Of
note, miR-21"'~ mouse hepatocytes displayed increased
CDK2API protein levels compared with WT, while mRNA
levels of CDK2AP1 were not affected (Fig. 3c). To confirm
CDK2API1 as a direct miR-21 target in primary mouse
hepatocytes, cells were co-transfected with a luciferase
reporter construct containing the miR-21 binding site within
the CDK2AP1 3’ untranslated region (UTR), or a negative
control  vector, and  pre-miR-21/pre-miR-Control;
CDK2AP1/Control siRNAs; or anti-miR-21/anti-miR-Con-
trol. Reporter luciferase activity decreased significantly after
miR-21 overexpression (p < 0.05) and CDK2AP1 silencing
(p <0.01), slightly increasing upon transfection with anti-
miR-21 (Fig. 3f). Collectively, these results suggest that
miR-21 silencing protects primary mouse hepatocytes from
necroptosis, at least in part, by relief of CDK2API
repression.

miR-21 is overexpressed in the liver of PBC patients
and BDL mice, and miR-21 ablation ameliorates liver
injury in BDL mice

The fact that mir-21 regulates necroptosis in hepatocytes
in vitro prompted us to further explore its role in the
pathogenesis of cholestasis, where necroptosis is a promi-
nent event [8]. miR-21 expression was ~ 30-fold increased
in the liver of PBC patients compared with normal controls
(p <0.05; Fig. 4a). Further, WT or miR-21"'~ C57BL/6
mice were subjected to sham surgery or BDL, and assessed
at days 3 (acute injury) and 14 (chronic injury) post-surgery.
miR-21 expression was increased in the liver of BDL mice
at both time-points, compared with sham (at least, p < 0.05;
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Fig. 4b). As expected, BDL in WT mice markedly increased
serum levels of both alanine transaminase (ALT) and
alkaline phosphatase (AP) (at least, p < 0.05). BDL in miR-
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217"~ resulted in reduced circulating levels of hepatic
enzymes compared with WT mice at both 3 and 14 days (p
< 0.05; Fig. 4c).
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Fig. 1 miR-21 modulates necroptosis in primary mouse hepatocytes.
Primary mouse hepatocytes isolated from WT, Rip3~'~, and miR-21~"~
C57BL/6 mice were treated with TNF-o (10 ng/mL)/CHX (0.5 pg/
mL)/zVAD-fmk (50 uM) or vehicle control. After 36 h, cells were
harvested for cell death assays and protein extraction. a. General cell
death in primary mouse hepatocytes as assessed by the percentage of
LDH release assay (top) or bis-AAF-R110 fluorescence (bottom).
Immunoblotting and densitometry of p-MLKL and MLKL in whole
cells extracts (b) and in insoluble and soluble protein fraction (c). Blots
of p-MLKL were normalized to MLKL. Representative immunoblots
are shown. d. WT primary mouse hepatocytes were transfected with a
miR-21 precursor (pre-miR-21) or control (pre-miR-Control) for 16 h
as described in Materials and Methods, and then loaded with TNF-a/
CHX/zVAD-fmk or vehicle control for 28 h. qRT-PCR analysis of
miR-21. e. Percentage of general cell death as assessed by LDH
release. f. Immunoblotting and densitometry of p-MLKL and MLKL
in whole cell extracts (left), insoluble protein fraction (middle) and
soluble protein fraction (right). Blots of p-MLKL were normalized to
MLKL. Representative immunoblots are shown. Results are expressed
as mean + S.E.M. fold change or percentage from 3-5 independent
cultures from each genotype. §p < 0.05 and *p < 0.01 from control; Tp
<0.05 and *p < 0.01 from respective control
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Fig. 2 miR-21 modulates necroptosis in L929 cells. a. L929 cells were
transfected with a miR-21 specific inhibitor (anti-miR-21) or control
(anti-miR-Control) for 24 h as described in Materials and Methods,
and then loaded with TNF-a (10 ng/mL) or vehicle control for 7 h.
qRT-PCR analysis of miR-21 (top). Percentage of general cell death as
assessed by AK release (bottom). b. 1.929 cells were transfected with a
miR-21 precursor (pre-miR-21) or control (pre-miR-Control) for 24 h
as described in Materials and Methods, and then loaded with TNF-«a
(10 ng/mL) or vehicle control for 7h. gqRT-PCR analysis of miR-21
(top). Percentage of general cell death as assessed by AK release
(bottom)

Histopathological examination of liver specimens from
3-day BDL WT mice showed moderate to severe multifocal
necrosis, accompanied by hemorrhage and inflammatory
cell infiltration, which increased in severity at 14 days after
BDL (Fig. 4d). In turn, miR-21"'" mice displayed reduced
BDL-induced hepatocellular degeneration (p < 0.05)

SPRINGER NATURE

(Fig. 4e). However, miR-21"'~ mice were not protected
from hepatic inflammatory cell infiltration in response to
BDL (Fig. 4d). Further, although pro-inflammatory cyto-
kine macrophage inflammatory protein 2 (Mip-2) mRNA
expression was reduced at both 3 and 14 days (p <0.05),
interleukin-1p (Zl-1f) and toll-like receptor 4 (7Ir4)
remained largely unchanged (Fig. 4f). Our results indicate
that miR-21 is up-regulated in liver of PBC patients and
BDL mice. Further, miR-21 deletion prevents BDL-induced
liver damage.

Deletion of miR-21 modulates hepatic fibrosis and
apoptosis in BDL mice

Previous studies have shown that miR-21 contributes to
hepatic fibrogenesis in mice under a high fat diet or sub-
jected to BDL for 7 days through inhibition of mothers
against decapentaplegic homolog 7 (Smad-7)/transforming
growth factor (TGF-f) pathway [16,19]. We show that miR-
217"~ mice displayed decreased mRNA levels of TGF-f in
sham and at day 3 post-BDL, comparing with WT mice (at
least, p <0.05; Fig. 5a). In addition, mRNA levels of a-
smooth muscle actin (a-Sma), a cardinal marker for hepatic
stellate cell activation, and collagenlal, were strongly
increased in the liver of BDL WT mice at both 3 and
14 days compared with sham (at least, p <0.05). Con-
versely, mRNA levels of a-Sma and collagenlal were
significantly reduced in BDL miR-21""" mice at both time-
points (p <0.05; Fig. 5a). Accordingly, hydroxyproline, a
biochemical surrogate of collagen content was reduced in
BDL miR-21 deficient mice (p < 0.05; Fig. 5b). Altogether,
these results expand the knowledge on the mechanistic
effects of miR-21 in regulating liver fibrosis.

Because caspase inhibition has been shown to attenuate
fibrosis in BDL mice [21], we next ascertained whether
miR-21 deficiency could modulate apoptosis. Following
BDL, caspase-3 and -8 were activated in the liver of BDL
WT mice compared with sham at both 3 and 14 days, as
assessed by immunoblotting of cleaved caspase-3 (p < 0.01;
Fig. 5¢) and by enzymatic assays of caspase- 3 and -8 (at
least, p < 0.05; Fig. 5d). In turn, miR-21-deficiency reduced
activation of caspase-3 at day 3 post-BDL (p <0.05),
compared with BDL WT mice (Fig. 5c, d). Noteworthy,
sham miR-21""" mice displayed increased caspase-3 and -8
activities compared with WT mice (at least, p < 0.05; Fig.
5c, d). Similar results were obtained when analyzing c-Jun
N-terminal kinases (JNK) phosphorylation (Fig. Se), which
plays a key role in activating hepatocyte apoptosis and in
engaging hepatic stellate cells and liver fibrogenesis in the
BDL murine model [22]. Curiously, miR-21 deficiency had
no impact on the number of terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells
in sham mice and 14 days after BDL, while miR-21 =/~ mice
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Fig. 3 Deletion of miR-21
protects primary mouse
hepatocytes from necroptosis
via CDK2AP1. Primary
hepatocytes isolated from WT
and miR-21""" mice were
transfected for 16 h with a
siRNA targeting either PTEN
(siPTEN), PDCD4 (siPDCD4),
CDK2AP1 (siCDK2API) or a
scrambled control (siControl), as
described in Materials and
Methods, and then loaded with
TNF-a/CHX/zV AD-fmk or
vehicle control for 28 h. a.
Representative immunoblots of
PTEN and PDCD4. f-actin was
used as a loading control. b.
Percentage of cell death as
assessed by LDH release in
hepatocytes incubated with
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displayed decreased TUNEL-positive cells at day 3 post-
BDL, compared with WT mice (p < 0.05; Fig. 5f). These
data suggest that apoptosis is not increased in the liver of
miR-21""" mice, with deletion of miR-21 even protecting
from BDL-induced apoptosis at day 3. In agreement, we
and others have reported that miR-21~'~ mice do not exhibit
liver phenotypic alterations and are protected from apop-
tosis in non-alcoholic fatty liver disease murine models
[17,18,23]. As such, increased caspase-3/-8 activation and
JNK phosphorylation in sham miR-21~'~ mice are likely an
adaptive response to surgery.
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Ablation of miR-21 prevents necroptosis in the liver
of BDL mice

We have previously shown that BDL-induced necrotic cell
death is, at least in part, necroptosis [8]. As such, we next
evaluated whether deletion of miR-21 would also impinge
on hallmarks of necroptosis in mice. miR-21~"~ showed
decreased BDL-induced mRNA expression of RIP3 and
MLKL at day 3 (at least, p <0.05; Fig. 6a). Similarly, in
whole liver extracts, BDL favored the p-MLKL/MLKL
ratio compared with WT mice (at least, p <0.01), while
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Fig. 4 miR-21 is overexpressed in the liver of PBC patients and BDL
mice and ablation of miR-21 ameliorates liver injury in BDL mice. a.
qRT-PCR analysis of miR-21 in the liver of 10 healthy controls and 5
PBC patients. Results are expressed as mean + S.E.M. fold change. b.
C57BL/6 WT and miR-21~"~ mice were subjected to sham or BDL
surgical procedures and euthanized at days 3 and 14. qRT-PCR ana-
lysis of miR-21. miR-21 expression was not detected in miR-21~"~
mice. ¢. Serum ALT and AP levels. d. Representative images of H&E
or Masson’s Trichrome stained liver sections. n, necrosis; A,

MLKL phosphorylation was decreased in miR-21~'~ mice
at day 3 post-BDL (p<0.05; Fig. 6b). Intriguingly,
although sham miR-21""~ mice did not display increased
hepatic mRNA and protein levels of RIP3 compared with
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hemorrhage; black arrowhead, hydropic degeneration; white arrow-
head, cytoplasmic changes characterized by increased cytoplasmic
granularity, cell swelling, and eosinophilia. e. Hepatocellular degen-
eration, scored as described in Materials and Methods. f. qRT-PCR
analysis of Mip-2, Il-1f and Tlr4 in mouse liver. Results are expressed
as mean + S.E.M. arbitrary units or fold change of 4-7 individual
mice. %p < 0.05 and *p < 0.01 from sham-operated mice; Tp < 0.05 and
*p <0.01 from BDL WT mice at respective time-point

sham WT mice (Figs. 6a, b), MLKL phosphorylation was
increased (p <0.05; Fig. 6b). Again, because sham
miR-21""" mice do not display increased liver injury, it is
likely that MLKL phosphorylation does not correlate with
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necroptosis. This would also imply that, although MLKL  protected from liver necroptosis at this time-point, as the
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WT mice at day 14 post-BDL, miR-21"'~ mice were also  genotype (Fig. 6b). To test this hypothesis, we next
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Fig. 5 miR-21 ablation decreases hepatic fibrogenic and apoptosis
markers in response to BDL. C57BL/6 WT and miR-21"'~ mice were
subjected to sham or BDL surgical procedures and euthanized at days
3 and 14. a. qRT-PCR analysis of Tgf-f, a-Sma and collagenlal in
mouse liver. b. Liver hydroxyproline content. ¢. Immunoblotting and
densitometry of caspase-3 in whole liver extracts. Blots were nor-
malized to endogenous [-actin. Representative immunoblots are
shown. d. Caspase-3/7 and -8 enzymatic activities. e. Immunoblotting
and densitometry of p-JNK and JNK in whole liver extracts. Blots of
p-JNK were normalized to JNK. Representative immunoblots are
shown. f. TUNEL staining of liver tissue sections (red). Nuclei were
counterstained with Hoechst 33258 (blue). Scale bar, 50 pm. Histo-
gram shows the quantification of TUNEL-positive cells/mm?. Results
are expressed as mean + SEM fold change of 5-7 individual mice. %p
<0.05 and *p <0.01 from sham-operated mice; Tp < 0.05 from BDL
WT mice at respective time-point. Casp-3/-7/-8, caspase-3/-7/-8; Cl
Casp-3, cleaved caspase-3

evaluated expression levels of RIP3 and MLKL in soluble/
insoluble protein fractions of BDL livers. Indeed, RIP3 and
p-MLKL were preferentially retained in the insoluble pro-
tein fraction of BDL WT mice, compared with sham, at
both time-points (at least, p <0.05; Fig. 6¢). In turn, as
previously shown for Rip3~'~ mice [8], miR-21-deficiency
prevented sequestration of RIP3 and p-MLKL in the inso-
luble protein fraction of the liver at both 3 and 14 days (at
least, p < 0.05). Further, sham and 14-day BDL miR-21 -=
mice displayed increased levels of MLKL phosphorylation
in the soluble protein fraction (at least, p < 0.05; Fig. 6¢).
Therefore, most of the p-MLKL detected in the liver of
miR-21"'"" mice was retained in the soluble protein fraction
of the liver, suggesting that p-MLKL was not in an oligo-
meric conformation for necroptosis execution. Noteworthy,
corroborating the in vitro data, sham and BDL miR-217"~
mice displayed increased CDK2AP1 protein levels in whole
liver extracts compared with WT mice (p < 0.05; Fig. 6b),
while mRNA levels of CDK2AP1 were not significantly
affected (data not shown). These findings further reinforce
the post-transcriptional modulation of CDK2AP1 by miR-
21 and its functional role in protecting from necroptosis.
Overall, our results suggest that miR-21 impairs activation
of necroptosis in the liver of BDL mice, likely through
CDK2API targeting.

miR-21-deficiency ameliorates oxidative stress
during BDL acute phase

We previously reported that inhibition of necroptosis in
Rip3~"~ male mice subjected to BDL was associated with
increased hepatic heme oxygenase-1 (HO-1) expression and
consequent iron accumulation [8]. In this study, BDL WT
mice displayed a significant increase in HO-1 mRNA levels
at day 3 (p <0.05). In turn, miR-21-deficiency decreased
expression of HO-1 at day 3 post-BDL (p < 0.05; Fig. 7a).
Accordingly, because iron is a product of heme catabolism
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by HO-1, deletion of miR-21 decreased the amount of labile
iron in the liver of BDL mice at day 3 post-BDL (p < 0.05;
Fig. 7b). Finally, lipid peroxidation and reactive oxygen
species (ROS) generation were significantly increased in the
liver of BDL WT mice compared with sham WT mice
at both time-points (at least, p <0.05). In turn, BDL
miR-21""" mice displayed significantly lower levels of ROS
and lipid peroxidation, most notably at day 3 (at least, p <
0.05), comparing with BDL. WT mice (Fig. 7c). Collec-
tively, BDL-induced HO-1 expression and iron accumula-
tion were prevented in miR-2/~'~ mice. In addition, the
absence of miR-21 further decreased BDL-associated oxi-
dative stress, particularly at early stages.

miR-21"~ mice display improved bile acid adaptive
response after BDL

We next assessed the functional role of miR-21 in the
adaptive response of genes coding for the nuclear receptors
farnesoid x receptor (Fxr), pregnane x receptor (Pxr) and
liver x receptor (Lxr), given their beneficial effects on bile
acid metabolism and protection against liver damage [24—
26]. mir-21~'~ mice displayed increased mRNA levels of
Fxr and Pxr in the liver, both under basal conditions and
after BDL (at least, p < 0.05; Fig. 8a). Likewise, although
sham miR-21""~ mice displayed decreased Lxr mRNA
levels in the liver compared with sham WT mice, Lxr
mRNA expression was higher in miR-21""~ mice when
compared to WT mice following BDL (p < 0.05; Fig. 8a).
As expected, BDL also led to reduced cytochrome P450
family 7 subfamily A member 1 (Cyp7al) expression in
WT mice (p <0.05) and, despite higher mRNA levels of
Cyp7al in miR-21""" than in WT mice following BDL
(p <0.05), Cyp7al was reduced in both sham and BDL
miR-21""" mice, compared with sham WT mice (p < 0.05;
Fig. 8b). Moreover, miR-21~"" mice also displayed higher
expression levels of sulfotransferase family 2 A member 1
(Sult2al) (p<0.05; Fig. 8b), a phase II bile acid-
detoxifying enzyme. In WT mice, expression of the baso-
lateral bile acid uptake organic anion-transporting poly-
peptide (Oatp) and sodium/taurocholate co-transporting
polypeptide (Ntcp) were reduced in the liver at day 3 post-
BDL (p <0.05), remaining unchanged at day 14. In con-
trast, miR-21"'~ mice also displayed increased levels of
Oatp in both sham and BDL mice, as well as of Ntcp at day
3 post-BDL, comparing with sham WT mice (at least, p <
0.05; Fig. 8c). Finally, following BDL, deletion of miR-21
was associated with an increase in basolateral efflux trans-
porter multispecific organic anion transporter 2 (Mrp3) and
bile salt export pump (Bsep), compared with WT mice (at
least, p <0.05; Fig. 8d). Altogether, miR-21-deficiency
associates with increased mRNA expression of uptake,
detoxification, efflux and bile acid biosynthesis genes,
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Fig. 7 Absence of miR-21 ameliorates oxidative stress during the acute
phase of BDL. C57BL/6 WT and miR-21~"~ mice were subjected to
sham or BDL surgical procedures and euthanized at days 3 and 14. a.
qRT-PCR analysis of HO-1 in mouse liver. Labile iron content (b),
lipid peroxidation and ROS generation (¢) were measured as described
in Materials and Methods. Results are expressed as mean + SEM
arbitrary units or fold change of 5-7 individual mice. %p <0.05 and
*p < 0.01 from sham-operated mice; Tp < 0.05 from BDL WT mice at
respective time-point

suggesting that the absence of miR-21 elicits a robust
adaptive response to decrease bile acid levels (Fig. 8e).

Discussion

miR-21 is up-regulated in human liver diseases, including in
the serum of PBC patients [27]. In this study, we show that
miR-21 is also overexpressed in the liver of PBC patients. In
cholestatic liver diseases, miR-21 overexpression might result
from changes in the composition of the bile acid pool in the
liver. In fact, we previously showed that bile acids differen-
tially modulate miR-21 expression in primary rat hepatocytes
and after liver regeneration [28]. For instance, hepatic con-
centrations of deoxycholic acid (DCA) are strongly reduced in
patients with end-stage chronic cholestasis compared with
normal liver tissue [29], whereas DCA inhibits miR-21
expression in primary rat hepatocytes and in the rat liver
[30]. The pathogenic effects of miR-21 overexpression involve
unbalanced cell proliferation/apoptosis [15,31], impaired
metabolic homeostasis [17,18,23] and fibrogenesis [16,18,19].
Here, we demonstrate that miR-21 also regulates liver
necroptosis. Because necroptosis is a common pathological
feature of human and experimental liver disease [3,5-8,32],
this discovery could shed new light on the prospective ther-
apeutic targeting of miR-21 in hepatic disorders.

We have previously shown that necroptosis is triggered
in the liver of PBC patients and that RIP3-dependent
necroptosis mediates necro-inflammation during BDL-
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induced liver injury in mice [8]. Here, we focused on the
role of miR-21 in regulating necroptosis during cholestatic
liver injury and found that the histological pattern of pro-
tection against hepatocellular necrosis over time in BDL
miR-21""" mice was similar to those previously demon-
strated for Rip3-deficient mice [8]. In addition, despite the
increased endogenous levels of MLKL phosphorylation,
miR-21~"~ mice are protected from BDL-induced retention
of RIP3 and MLKL in the insoluble protein fraction, sug-
gesting a decrease in oligomerization, required for execu-
tion of necroptosis [3,33]. We also show that miR-21
overexpression further potentiates cell death upon a
necroptotic stimulus in L929 cells and primary mouse
hepatocytes, as reflected by increased sequestration of p-
MLKL in insoluble fractions, but not augmented MLKL
phosphorylation in total proteins. This suggests that deletion
of miR-21 could also halt MLKL oligomerization down-
stream of RIP3 activation. Similarly, heat shock protein 90
inhibitors prevent necroptosis downstream of MLKL acti-
vation by hampering oligomerization and membrane trans-
location [34]. Thus, RIP3 and p-MLKL in soluble/insoluble
protein fractions is valuable in assessing the dynamics of
necroptosis activation [5,8,35], particularly when compar-
ing different genotypes/cells with distinct necroptosis pro-
teins at baseline [36]. Indeed, it was recently shown that
MLKL phosphorylation alone may not commit a cell to die
[37]. Of note, although increased in the liver of sham
miR-21"'~ mice, MLKL phosphorylation was similar
between primary mouse hepatocytes isolated from WT and
miR-21""" mice. Thus, it is possible that non-parenchymal
liver cells contribute to increased MLKL phosphorylation
detected in the liver of miR-21"'~ mice under basal condi-
tions. In this regard, we previously reported that RIP3 and
p-MLKL are increased in hepatocytes and cells morpholo-
gically reassembling biliary epithelia in PBC patients [8].
Further, miR-21 is particularly overexpressed in biliary cells
in human and experimental non-alcoholic steatohepatitis
[17], as well as in BDL and Mdr2 knockout mice [19].
Hence, it is likely that miR-21 plays a critical role in
modulating necroptosis in cholangiocytes during choles-
tasis. We also found that deletion of miR-21 provides a
genetic adaptive response favoring hepatic clearance of bile
acids, an effect that might be beneficial per se in a broad
range of cholestatic liver diseases in which miR-21 is
overexpressed [19,20].

Reduction of immunogenic necroptosis in miR-21""
mice had no impact on hepatic inflammatory cell infiltration
following BDL, in contrast to what we have previously
reported in Rip3~'~ mice [8]. This may be attributed to an
inherent anti-inflammatory function of miR-21, which has
been reported to negatively regulate TLR4 signaling via
PDCD4 targeting in peripheral blood mononuclear cells and
macrophages [38]. Curiously, here we show that miR-21"'~
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Fig. 8 miR-21 ablation provides an adaptive response in the expres-
sion of bile acid homeostasis-associated genes in response to BDL.
C57BL/6 WT and miR-21~'~ mice were subjected to sham or BDL
surgical procedures and euthanized at days 3 and 14. qRT-PCR ana-
lysis of Fxr, Pxr and Lxr (a); Cyp7al and Sult2al (b); Oatp and Ntcp

mice display increased hepatic mRNA levels of TLR4
under basal conditions. Nevertheless, deletion of miR-21
may still impact the inflammatory response as suggested by
diminished expression of MIP-2, a cytokine upregulated by
bile acids in hepatocytes [39].

Very few studies have evaluated the regulation of
necroptosis by miRNAs. Deletion of miR-21 protected mice
with acute pancreatitis from necroptosis, likely due to

(¢); and Mrp3 and Bsep in mouse liver (d). e. Serum bile acid levels.
Results are expressed as mean + SEM arbitrary units or fold change of
5-7 individual mice. p <0.05 and *p <0.01 from sham-operated
mice; Tp < 0.05 and ¥p < 0.01 from BDL WT mice at respective time-
point

caspase-8 activation [13]. Our experiments highlighted
CDK2API as a critical player, which is a validated target of
miR-21 acting as a growth suppressor master regulator of
cell cycle [40]. Indeed, several proteins implicated in cell
cycle regulation have been detected as hits in a necroptosis
phenotypic screen using L929 cells [41], as well as in pri-
mary microglia from mice genetically susceptible to
necroptosis [42]. Because a role for CDK2AP1 is emerging
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in epigenetic regulation [43], it could also modulate RIP3,
often silenced through promoter methylation in cancer cells
[44]. In this study, absence of miR-21 reduced mRNA
levels of RIP3, under basal conditions and at 3 days after
BDL. Nevertheless, further investigation is required to
dissect the specific role of CDK2AP1 in regulating
necroptosis.

In conclusion, via functional studies, we show that
deletion of miR-21 prevents activation of necroptosis in
primary mouse hepatocytes, at least in part, through nega-
tive regulation of CDK2AP1 (Fig. 9). We also demonstrate
that miR-21 is overexpressed in the liver of PBC patients
and BDL mice. miR-21 ablation ameliorates liver damage
and necroptosis, via CDK2AP1, and provides an improved
adaptive response of bile acid homeostasis. Further, deletion
of miR-21 protects from fibrosis and acute oxidative stress
in the livers of BDL mice. As such, miR-21 is a novel and
attractive target for therapeutic intervention in cholestatic
liver disease.

Materials and methods
Animal experiments

BDL [10] was performed in 10-12 weeks old wild-type
C57BL/6 female mice (WT) with 25-30 g (Charles River
Laboratories International, Inc., Wilmington, MA, USA) or
in RIP3-deficient mice (Rip3~'") [45], as previously
described [8]. Controls underwent sham operation with
exposure of the common bile duct but without ligation. Five
to seven animals were included in each experimental group.
Serum was collected and the liver removed; one lobe was
collected, rinsed in normal saline and immediately flash-
frozen in liquid nitrogen for protein and RNA extraction;
the other lobe was fixed in paraformaldehyde (4%, wt/vol)
in phosphate buffered saline (PBS; Thermo Fisher Scientific
Inc., Waltham, MA, USA) for paraffin-embedded section-
ing. All animal experiments were carried out with the per-
mission of the local animal ethical committee in accordance
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with the EU Directive (2010/63/EU), Portuguese laws (DL
113/2013, 2880/2015, 260/2016) and all relevant legisla-
tions. The experimental protocol was approved by Direc¢ao
Geral de Alimentacdo e Veterindria. Animals received
humane care in a temperature-controlled environment with
a 12-h light—dark cycle, complying with the Institute’s
guidelines, and as outlined in the “Guide for the Care and
Use of Laboratory Animals” prepared by the National
Academy of Sciences and published by the National Insti-
tutes of Health (NIH publication 86-23 revised 1985).

Patients

Liver tissue was prospectively and sequentially collected
from patients that fulfilled the clinical and pathological
diagnostic features of PBC. All patients were on advance
stage (stage IV). Liver biopsies from age and sex-matched
controls were obtained from potential liver donors, with
normal liver histology and biochemistry. All liver speci-
mens were fixed, processed for routine diagnosis, and
blindly evaluated by an experienced pathologist. The study
and sample collection were performed after informed con-
sent and Institutional Review Board approval by the
Donostia University Hospital (San Sebastian, Spain), in
accordance with the Declaration of Helsinki.

Histopathology and serum analyses

Paraffin-embedded sections (3—4 pm) were stained with
hematoxylin and eosin (H&E) and Masson’s Trichrome,
using standard protocols. Liver sections were scored in a
blinded fashion by experienced pathologists, using a 4-point
severity scale (0, normal; 1, mild; 2, moderate; 3, severe),
for necrosis and hydropic degeneration. Each liver speci-
men was assessed for the presence of hepatocellular
degeneration, defined as the sum of necrosis and hydropic
degeneration. Serum levels of ALT, alkaline phosphatase
AP and bile acids were determined using standard clinical
chemistry techniques.

Total RNA extraction from mouse hepatocytes and
formalin-fixed, paraffin-embedded (FFPE) slices

Total RNA from primary mouse hepatocytes and from
animal liver samples was extracted using the TRIzol reagent
according to the manufacturer’s instructions (Thermo Fisher
Scientific, Inc.). Liver tissue sections (4-5um) were
deparaffinized, hydrated and washed with PBS. Liver tissue
was collected and digested with 40 pg/mL proteinase K at
56°C for 30 min with shaking (500 rpm), followed by an
incubation at 80°C for 15 min and finally at 4°C for 5 min.
Each sample was homogenized using a motor-driven grin-
der on 1 mL TRIzol reagent. After mixing with 0.2 mL
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chloroform, each sample was centrifuged at 12,000g for 15
min at 4 °C and the aqueous phase recovered. Total RNA
was precipitated by incubation with 0.5mL isopropyl
alcohol at —20°C for 2h. Samples were centrifuged at
12,000g for 10 min at 4 °C and the RNA pellet was washed
with 75% ethanol. RNA pellets were air dried and resus-
pended in 20 uLL RNase-free water. The purity of RNA was
checked by confirming the ratio of the absorbance readings
at 260 and 280 nm in a range of 1.9-2.1.

Quantitative RT-PCR (qPCR)

Total RNA was converted into cDNA using NZY Reverse
Transcriptase (NZYTech, Lisbon, Portugal), according to
the manufacturer’s instructions. Real-time RT-PCR was
performed in the QuantStudio™ 7 Flex Real-Time PCR
System (Thermo Fisher Scientific Inc.). The following pri-
mer sequences were used: for the Mip-2 gene, 5" GCT ACG
AAC TGC CTG ACG G 3' (forward) and 5" GCT GTT
ATA GGT GGT TTC GTG GA 3’ (reverse); for the II-1p
gene, 5' TGC CAC CTT TTG ACA GTG ATG 3’ (forward)
and 5' TGA TGT GCT GCT GCG AGA TT 3’ (reverse); for
the Tlr4 gene, 5’ TCC CTG CAT AGA GGT AGT TCC TA
3’ (forward) and 5" CTT CAA GGG GTT GAA GCT CAG
3’ (reverse); for the Tgf-f gene, 5’ CTG CTG ACC CCC
ACT GAT AC 3”(forward) and 5° GTG AGC GCT GAA
TCG AAA GC 3’ (reverse); for a-Sma gene, 5" GCT ACG
AAC TGC CTG ACG G 3 (forward) and 5 GCT GTT
ATA GGT GGT TTC GTG GA 3’ (reverse); for the
collagen-lal gene 5° CTG ACT GGA AGA GCG GAG
AG 3’ (forward) and 5° GAC GGC TGA GTA GGG AAC
AC 3’ (reverse); for the Ho-1 gene 5’ CGG GC AGC AAC
AAA GTG 3’ (forward) and 5" AGT GTA AGG ACC CAT
CGG AGA A 3’ (reverse); for the Fxr gene, 5 GGC TGC
AAA GGT TTC TTC CG 3’(forward) and 5 CAG CCA
ACA TCC CCA TCT CT 3’ (reverse); for the Pxr gene, 5’
TCA AGG ATT TCC GGC TGC G 3’ (forward) and 5’
GTA GGT TGA CAC ATC GGC CA 3’ (reverse); for the
Lxr gene, 5 TGT GCG CTC AGC TCT TGT C 3’ (forward)
and 5° CTC CGT TGC AGA ATC AGG AGA A %
(reverse); for the Cyp7al gene, 5 CTG GGG GAT TGC
TGT GGT AG 3’ (forward) and 5° GCA CAG CCC AGG
TAT GGA AT 3’ (reverse); for the Sult2al gene, 5’ ACC
CCA AGT CAG GAA CGA AC 3’ (forward) and 5" GGA
TCC ACT TCG GAT CTC CC 3’ (reverse); for the Oatp
gene, 5" CCA AGA CTG CTG GTG CTT TG 3’ (forward)
and 5’ AAT GAC CGC CTA CCC TAT GC 3’ (reverse); for
the Nrcp gene, 5° ACT GGC TTC CTG ATG GGC TAC 3’
(forward) and 5 GAG TTG GAC GTT TTG GAA TCCT 3’
(reverse); for the canalicular Mrp3 gene, 5> ATT GCC TCC
AAT CGA TGG CT 3’ (forward) and 5° GAT CAC TGC
AAA CAG TGC GG 3’ (reverse); for the Bsep gene 5' CAA
TGT TCA GTT CCT CCG TTC A 3’ (forward) and 5’ TCT

CTT TGG TGT TGT CCC CAT A 3’ (reverse); and for the
hypoxanthine phosphoribosyltransferase (Hprt) gene, 5’
GGT GAA AAG GAC CTC TCG AAG TG 3’ (forward)
and 5° ATA GTC AAG GGC ATA TCC AAC AAC A 3’
(reverse). Two independent reactions for each primer set
were performed in a total volume of 12.5 pL containing 2x
Power SYBR green PCR master mix (Thermo Fisher Sci-
entific, Inc.) and 0.6pM of each primer. The relative
amounts of each gene were calculated based on the standard
curve normalized to the level of HPRT and expressed as
fold change from sham WT control. To quantitate the
relative amounts of Rip3, Mikl, and Cdk2apl, total RNA
was converted into cDNA using High-Capacity RNA-to-
cDNA™ Kit (Thermo Fisher Scientific, Inc.), according to
the manufacturer’s instructions. Real-time RT-PCR was
performed using the TagMan® Gene Expression Assay
(Thermo Fisher Scientific, Inc.) following the manu-
facturer’s instructions. For miR-21, the TagMan® Gene
Expression Assay was used (Thermo Fisher Scientific, Inc.).
B-2-microglobulin (B2m) and U6 were used as the nor-
malization control of genes and miR-21, respectively.
Relative amounts of miR-21 and each gene were determined
by the threshold cycle (224" method.

Analysis of liver hydroxyproline content, lipid peroxidation,
total ROS and caspase-3/-7 and -8 activities

Total collagen content in the liver was measured by colori-
metric determination of the collagen-specific amino acid
hydroxyproline using a commercial kit (Hydroxyproline Assay
Kit; Sigma-Aldrich Co., St Louis, MO, USA), according to the
manufacturer’s instructions. Briefly, 10 mg of liver tissue was
homogenized using a motor-driven grinder on 100 pL of water.
After acid hydrolysis of collagen, samples were oxidized with
chloramine T, followed by enzymatic reaction with 4-dime-
thylaminobenzaldehyde (DMAB). Sample absorbance was
measured at 560 nm using the GloMax-Multi + Detection
System (Promega Corp., Madison, WI, USA) and data
expressed as pg of hydroxyproline per milligram of wet liver.
The amount of aldehyde end products of lipid perox-
idation, namely malondialdehyde, was analyzed in whole
liver lysates using a commercial kit (Lipid Peroxidation
(MDA) Assay Kit; Sigma-Aldrich Co.), as previously
described [8]. ROS levels and caspase-3/-7 and -8 activities
were analyzed in whole liver lysates through the use of
2',7'-dichlorodihydrofluorescein ~ diacetate (H,DCFDA)
(Sigma-Aldrich Co.), and Caspase-Glo® 3/7 and 8 assays
(Promega Corp.), respectively, as mentioned before [8].

TUNEL assay

TUNEL assay was performed in tissue cryosections (5 pm)
using the ApopTag® Red In Situ Apoptosis Detection Kit,
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according to the manufacturer’s instructions (Merck Milli-
pore, Darmstadt, Germany). Nuclei were counterstained
with Hoechst 33258 (Sigma-Aldrich Co.) at 50 pg/mL in
PBS for 10 min at room temperature. Six images per sample
were obtained and fluorescent red nuclei were considered
TUNEL-positive cells. Data is expressed as the number of

TUNEL-positive cells per mm?.

Iron measurement

Total iron was measured in murine livers as previously
described [8,46]. The quantity of iron was normalized by
the dry tissue mass. This assay measures primarily labile
iron, although residual heme detection cannot be excluded.

Cell culture and treatments

Primary mouse hepatocytes were isolated from female WT,
RIP3-deficient (Rip3~'~) and miR-21-deficient (miR-21""")
mice as previously described [28,47]. After isolation,
hepatocytes were resuspended in Complete William’s E
medium (Sigma-Aldrich Co.) and plated on Primaria™
tissue culture dishes (BD Biosciences, San Jose, CA, USA)
at 5 x 10*cells/cm?. Cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, for 4h, to allow
attachment. Primary mouse hepatocytes were pretreated
with 50 uM of a pan-caspase inhibitor, zVAD-fmk (Enzo
Life Sciences Inc., Farmingdale, NY, USA), or dimethyl
sulfoxide (DMSO; Sigma-Aldrich Co.) vehicle control
(final concentration of 0.1%). After 1 h, cells were exposed
to TNF-a (10 ng/mL) (PeproTech EC Ltd., London, UK)
plus cycloheximide (CHX; 0.5 pg/mL) (Sigma-Aldrich Co.)
or vehicle control. After 36 h, cells were harvested for cell
death assays and protein extraction.

For functional analyses, primary mouse hepatocytes were
transfected 4 h after platting with 20 pM of a specific miR-
21 precursor (pre-miR-21; Ambion, Thermo Fisher Scien-
tific Inc.) or with a pre-miR negative control (pre-miR-
Control; Ambion, Thermo Fisher Scientific Inc.), using
Lipofectamine 3000™ (Invitrogen, Thermo Fisher Scien-
tific Inc.), according to manufacturer’s instructions. Alter-
natively, primary mouse hepatocytes were transfected 4 h
after platting with 40pM of a short interference RNA
(siRNA) nucleotide against pten (siPTEN; Ambion, Thermo
Fisher Scientific Inc.), pdcd4 (siPDCD4; Ambion, Thermo
Fisher Scientific Inc.), cdk2apl (siCDK2AP1; Ambion,
Thermo Fisher Scientific Inc.) or a siRNA control (siCon-
trol; Ambion, Thermo Fisher Scientific Inc.), using Lipo-
fectamine 3000™. At 16h post-transfection, cells were
pretreated 1 h with zZVAD-fmk before incubation with TNF-
o/CHX. After 28 h, cells were harvested for cell death
assays and total RNA and protein extractions. To ascertain
miR-21-dependent modulation of CDK2API, WT
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hepatocytes were co-transfected with 150 ng of a reporter
plasmid driven by the SV40 basal promoter, harboring a
CDK2API1 3’ untranslated region (UTR) (MmiT031127-
MTO6; GeneCopoeiaTM, Rockville, USA) or a negative
control region (CmiT000001-MT06, GeneCopoeia'™)
upstream of the humanized firefly luciferase gene, and pre-
miR-21/pre-miR-Control; CDK2AP1/Control siRNAs; or
anti-miR-21/anti-miR-Control, for 24 h. Reporter plasmids
also contain the Renilla luciferase gene, that was used for
normalization purposes. Reporter assays were performed
using the Dual-Luciferase® Reporter Assay (Promega
Corp.), according to the manufacture’s specifications.

In addition, L929 cells were transfected during platting
with 40 pM of pre-miR-21/pre-miR negative control or with
40pM of a miR-21 specific inhibitor (anti-miRNA-21;
Ambion, Thermo Fisher Scientific Inc.) / anti-miRNA
negative control, using Lipofectamine 3000™. After 24 h,
cells were treated with TNF-a (10 ng/mL) for 7 h and then
processed for adenylate kinase (AK) release assay, as a
measure of general cell death.

Total and soluble/insoluble protein extraction and
immunoblotting

Total and soluble/insoluble protein extraction was per-
formed as previously described [5]. Steady-state levels of
MLKL, p-MLKL, PTEN, PDCD4, CDK2API,
RIP3, caspase-3, JNK, and phosphorylated JNK (p-JNK)
were determined by immunoblot analysis. Briefly, 50 ug of
total protein extracts, insoluble or soluble protein
fractions were separated on an 8 or 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Following electrophoretic transfer onto nitrocellulose
membranes and blocking with 5% milk solution, blots
were incubated overnight at 4 °C with primary rabbit
polyclonal antibodies against p-MLKL (1:1000,
ab196436, Abcam plc, Cambridge, UK), MLKL (1:500,
SAB1302339, Sigma-Aldrich Co.), PTEN (1:1000, D4.3,
Cell Signaling Technology, Inc., Danvers, MA, USA),
PDCD4 (1:500, sc-27123; Santa Cruz Biotechnology Inc.,
Dallas, TX, USA) CDK2AP1 (1:200, sc-390283, Santa
Cruz Biotechnology Inc.), RIP3 (1:1000, AHP1797, AbD
Serotec, Bio-Rad Laboratories, Hercules, CA, USA),
caspase-3 (1:100, sc-7148, Santa Cruz Biotechnology
Inc.), p-JNK (1:200, sc-6254, Santa Cruz Biotechnology
Inc.), INK (1:500, sc-1648, Santa Cruz Biotechnology
Inc.) and with a secondary antibody conjugated with
horseradish peroxidase (Bio-Rad Laboratories) diluted
1:5000 in blocking solution for 1 h at room temperature.
Membranes were processed for protein detection using
Super Signal substrate (Pierce, Thermo Fisher Scientific).
B-actin (1:20000; A5541; Sigma-Aldrich Co.) was used as
loading control.
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Cell death assays

The percentage of general cell death was evaluated using the
lactate dehydrogenase (LDH) Cytotoxicity Detection Kit"™"S
(Roche Diagnostics GmbH, Mannheim, Germany), following
the manufacturer’s instructions. Experimental LDH values
were normalized with maximum releasable LDH activity of
cells, after cell disruption with the provided lysis solution.
Alternatively, the CytoTox-Fluor™ Cytotoxicity Assay (Pro-
mega Corp.) was used to measure the relative number of dead
cells through measurement of a distinct protease activity
associated with cytotoxicity using the fluorogenic peptide
substrate bis-alanyl-alanyl-phenylalanyl-rhodamine 110 (bis-
AAF-R110), according to the manufacturer's instructions.
Finally, in 1.929 cells general cell death was determined in
culture media of each well added bioluminescent cytolysis
assay, designed to measure the release of adenylate kinase
(AK) enzyme from damaged cells (ToxiLight™ BioAssay
Kit, Lonza, Basel, Switzerland).

Densitometry and statistical analysis

The relative intensities of protein bands were analyzed
using the Image Lab densitometric analysis program (ver-
sion 5.1; Bio-Rad Laboratories). Statistical analysis inclu-
ded Student’s #-test when appropriate or 1-way analysis of
variance (ANOVA) with Bonferroni post hoc testing when
more than two groups were compared. Values of p <0.05
were considered statistically significant. All statistical ana-
lysis was performed with GraphPad Prism 5 software
(GraphPad Software, Inc., San Diego, CA, USA).
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