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o1-Antitrypsin (AAT) deficiency is a common genetic disease pre-
senting with lung and liver diseases. AAT deficiency results from
pathogenic variants in the SERPINA1 gene encoding AAT and the
common mutant Z allele of SERPINA1 encodes for Z a1-antitrypsin
(ATZ), a protein forming hepatotoxic polymers retained in the en-
doplasmic reticulum of hepatocytes. PiZ mice express the human
ATZ and are a valuable model to investigate the human liver dis-
ease of AAT deficiency. In this study, we investigated differential
expression of microRNAs (miRNAs) between PiZ and control mice
and found that miR-34b/c was up-regulated and its levels corre-
lated with intrahepatic ATZ. Furthermore, in PiZ mouse livers, we
found that Forkhead Box O3 (FOXO3) driving microRNA-34b/c
(miR-34b/c) expression was activated and miR-34b/c expression
was dependent upon c-Jun N-terminal kinase (JNK) phosphorylation
on Ser”’%, Deletion of miR-34b/c in PiZ mice resulted in early devel-
opment of liver fibrosis and increased signaling of platelet-derived
growth factor (PDGF), a target of miR-34b/c. Activation of FOXO3
and increased miR-34c were confirmed in livers of humans with
AAT deficiency. In addition, JNK-activated FOXO3 and miR-34b/c
up-regulation were detected in several mouse models of liver fibrosis.
This study reveals a pathway involved in liver fibrosis and potentially
implicated in both genetic and acquired causes of hepatic fibrosis.
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1-Antitrypsin (AAT) deficiency is an inherited disorder that
aaffects ~1 in 3,000 individuals and is an important genetic
cause of lung and liver disease (1). The most common defect is
the Z variant of the SERPINAI gene, which results in the pro-
duction of misfolded and polymerogenic Z al-antitrypsin (ATZ).
ATZ-dependent liver disease has a wide spectrum of clinical
manifestations ranging from liver insufficiency in newborns to
chronic liver disease and hepatocellular carcinoma in adults (2,
3). Because of its misfolding and polymerization, ATZ is unable
to efficiently traverse the secretory pathway. Accumulation of
ATZ in the endoplasmic reticulum (ER) of hepatocytes has a
proteotoxic effect.

Expression of microRNAs (miRNAs) is affected in several liver
diseases with distinct profiles across diseases with different etiolo-
gies (4). Here, we investigated differentially expressed miRNAs in
the liver of PiZ mice, a transgenic animal model expressing the
human ATZ (5). We then confirmed the most relevant findings in
liver samples from patients. Following the identification of an im-
portant miRNA cluster involved in liver fibrosis, the upstream
molecules affecting its expression, and its effector, we showed this
pathway is involved in various murine models of liver fibrosis.

Results

Profiling of miRNA in PiZ Mouse Livers Revealed Up-Regulation of
miR-34b/c. Transgenic PiZ mice accumulate ATZ within the ER
of hepatocytes in a manner akin to that of patients affected by
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AAT deficiency. Therefore, these mice are a valuable experi-
mental model for investigating the liver disease of AAT defi-
ciency (5, 6). We evaluated differentially expressed miRNAs by
next-generation sequencing in the livers of PiZ mice and strain-,
age-, and sex-matched wild-type controls. Seventy miRNAs were
found to be differentially expressed in PiZ livers compared with
wild-type controls (SI Appendix, Fig. S1). miRNAs with the
greatest fold changes in PiZ versus wild-type livers were vali-
dated by qPCR (SI Appendix, Fig. S24). Among differentially
expressed miRNAs, both miR-34b-5p and miR-34c-5p (hence-
forth referred to as miR-34b and miR-34c, respectively) showed
the highest statistical significance and fold changes in PiZ mice
compared with wild-type controls (Fig. 14). In PiZ mice, up-
regulation of miR-34b and miR-34c (miR-34b/c), which are
expressed from a common primary transcript (7), was confirmed
in both liver (Fig. 1B) and plasma (Fig. 1C) by targeted real-time
PCR analysis whereas differences in miR-34a expression were
detected in plasma but not in liver (Fig. 1 B and C). Expression
of miR-16, a marker of hemolysis (8), was not significantly dif-
ferent between the two groups (SI Appendix, Fig. S2B), ruling out
hemolysis as the factor responsible for the increased miR-34b/c
levels in the blood.

Significance

a1-Antitrypsin deficiency is one of the most common genetic
diseases. Homozygous and heterozygous carriers of the Z allele
of a1-antitrypsin are susceptible to developing liver fibrosis
and cirrhosis. In mouse and human samples expressing the Z
allele of a1-antitrypsin, we found both miR-34b and miR-34c
are up-regulated by activation of FOXO3 upon JNK phosphor-
ylation on Ser°’4. Deletion of miR-34b/c resulted in early de-
velopment of liver fibrosis and increased signaling of the PDGF
pathway, a target of miR-34b/c. JNK-activated FOXO3 and miR-
34b/c up-regulation also occur in several mouse models of liver
fibrosis. Fibrosis is a major health problem and unravelling its
underlying pathogenic mechanisms has potential for the de-
velopment of targeted therapeutic agents.
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Fig. 1. Increased expression of miR-34b/c in mouse livers expressing Z a1-

antitrypsin. (A) Differentially expressed miRNAs visualized by volcano plot.
miRNAs with false discovery rate (FDR) <1072 (y axis) and fold change in PiZ
over wild type (WT) >|4| are shown and miR-34b/c are red-circled. (B) gPCR
on PiZ versus WT for miR-34 family members on liver RNA showing signifi-
cant up-regulation of miR-34b/c (at least n = 3 per group; t test: **P < 0.01
and ***P < 0.005 versus WT). (C) gPCR on PiZ versus WT for miR-34 family
members on plasma RNA showing significant up-regulation of miR-34a-5p,
miR-34b-3p and 5p, and miR-34c-5p (n = 4 per group; t test: *P < 0.05 and
**P < 0.01 versus WT). Data are reported as average + SE.
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miR-34b/c Is Mainly Expressed by Hepatocytes and Its Levels Correlate
with Hepatic ATZ Accumulation. To investigate the role of miR-34b/
¢ in ATZ-mediated liver disease, first we measured miR-34b/c
expression in parenchymal and nonparenchymal liver cells. Because
mature miRNAs can be secreted and taken up by neighboring cells
not expressing the miRNAs, we evaluated the miR-34b/c com-
mon primary transcript (pri-miR-34b/c) in parenchymal and
nonparenchymal liver cells of PiZ mice. This precursor transcript
is specific for the cells expressing the miRNAs but not for cells
that take up the mature miRNAs. The pri-miR-34b/c was found
to be mainly expressed in the parenchymal fraction enriched for
albumin gene expression (Fig. 24 and SI Appendix, Fig. S3).
ATZ accumulation visualized by periodic acid-Schiff staining
after diastase digestion (PAS-D) in PiZ mouse liver is not uniform
and typically regions both devoid of and containing PAS-D globules
are detected on the same liver tissue section (9). To correlate ATZ
accumulation with miR-34b/c levels, we performed laser-controlled
microdissection (LCM) on PiZ livers to separate PAS-D-negative
from PAS-D—positive regions for qPCR analysis of miR-34b/c ex-
pression. Compared with PAS-D-negative regions, PAS-D—positive
regions showed increased miR-34b/c (Fig. 2 B and C). Next, we
analyzed 6-wk-old PiZ mice injected with a recombinant sero-
type 8 adeno-associated virus (rAAVS) vector that expresses an
artificial miRNA designed to target and down-regulate expres-
sion of ATZ (AAV8pCB-mir914-GFP) or injected with the same
dose of an AAVS8pCB-GFP expressing the green fluorescent
protein (GFP) reporter gene (10). By 4 wk postinjection, livers of
mice injected with AAV8pCB-mir914-GFP showed a reduction
of PAS-D staining and circulating levels of ATZ (11) and de-
creased miR-34bj/c liver content (Fig. 2D). Taken together, these
findings revealed a correlation between miR-34b/c levels and
ATZ accumulation in the liver.

miR-34b/c Expression Is Up-Regulated by JNK-FOX03. Expression of
miR-34b/c is directly regulated by Forkhead Box O3 (FOXO3)
(12, 13). However, FOXO3 protein levels showed only mild and
nonsignificant differences between PiZ and wild-type control
mice (SI Appendix, Fig. S4 A and B). Nevertheless, PiZ mice
showed increased FOXO3 nuclear signals in hepatocytes by
immunohistochemistry (Fig. 34) that was confirmed by detection
of higher FOXO3 levels in the nuclear fractions of PiZ mouse
livers compared with wild-type controls, suggesting increased nu-
clear translocation (Fig. 3B and SI Appendix, Fig. S4C). Consistent
with increased nuclear FOXO3, gene set enrichment analysis
(GSEA) on RNA-sequencing (RNA-seq) data revealed a signifi-
cant enrichment of FOXO3 target genes among differentially
expressed genes in PiZ livers compared with wild-type controls
(enrichment score 0.47) (Fig. 3C and SI Appendix, Fig. S4D).

FOXO3 is activated by JNK phosphorylation on residue Ser
(14) and c-Jun N-terminal kinase (JNK) is activated in PiZ livers
(15). PiZ mice showed increased levels of phospho-Ser’"*-FOXO3
whereas PiZ/Jnk1™~ mice (15) showed levels of phosphorylated
FOXO3 similar to wild-type controls (Fig. 3D and SI Appendix,
Fig. S4E), despite no significant changes in Foxo3 gene expression
(81 Appendix, Fig. S4F), and reduced nuclear FOXO3 compared
with PiZ (Fig. 3E and SI Appendix, Fig. S4G). Moreover, PiZ/
Jnk17'~ livers showed reduced levels of miR-34b/c compared with
PiZ control (Fig. 3F). Taken together, these results suggest that
JNK-dependent activation of FOXO3 drives miR-34b/c expres-
sion in PiZ livers.

574

Lack of miR-34b/c Accelerates the Development of Liver Fibrosis in PiZ
Mice. To investigate the role of miR-34b/c in ATZ-mediated liver
disease, we generated PiZ/miR-34b/c™~ by crossing PiZ mice
with miR-34b/c™~ mice (16). PiZ/miR-34b/c”~ mice showed
normal fertility and sex ratio. At 13 to 15 wk of age, PiZ/miR-
34b/c*'*, PiZ/miR-34b/c*/", and PiZ/miR-34b/c™'" livers showed
similar ATZ accumulation by PAS-D staining (Fig. 4 A, Left).
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Fig. 2. Expression levels of miR-34b/c correlate with Z al1-antitrypsin accumulation (ATZ). (A) Expression of pri-miR-34b/c in parenchymal (Hep) and non-
parenchymal cells (NPC) from PiZ mouse livers (n = 3; t test: *P < 0.05). (B) Representative image of microdissected PAS-D* and PAS-D™ areas in PAS-D-stained
livers from PiZ mice. (C) gPCR for miR-34b/c on microdissected liver areas with ATZ globule accumulation (PAS-D*, red dotted lines in B) or devoid of ATZ
globules (PAS-D~, blue dotted lines in B) showed enrichment of miR-34b/c in ATZ-rich areas (n = 4 per group; paired t test: *P < 0.05 and **P < 0.01 versus PAS-D7).
(D) gPCR for miR-34b/c in PiZ livers injected with rAAV-miR914 or control vector showing reduction of miR-34b/c levels in rAAV-miR914-injected mice at 4 wk

postinjection (n = 5 per group; t test: *P < 0.05 versus rAAV-GFP). Data are reported as average =+ SE.

Circulating alanine aminotransferase (ALT) levels were only
mildly increased in PiZ/miR-34b/c*’* and PiZ/miR-34b/c™~
compared with controls and not significantly different between
PiZ/miR-34b/c~'~ and PiZ/miR-34b/c™* mice (SI Appendix, Fig. S5).
Nevertheless, livers of PiZ/miR-34b/c™'~ and PiZ/miR-34b/c™/~
mice developed more severe fibrosis than PiZ/miR-34b/c*'", as
shown by Sirius red staining (Fig. 4 A, Right). Quantification of
Sirius red staining and measurement of hepatic hydroxyproline
content confirmed a significant increase in liver fibrosis in PiZ/
miR-34b/c™~ compared with PiZ/miR-34b/c*'*, whereas PiZ/
miR-34b/c*/~ showed intermediate levels of fibrosis between
those of PiZ/miR-34b/c™~ and PiZ/miR-34b/c*'* (Fig. 4 B
and C).

RNA-seq analysis showed that hepatic gene expression in PiZ/
miR-34b/c™~ mice was well-clustered and separated from PiZ/
miR-34b/c*/*, miR-34b/c™~, and wild-type control mice (SI
Appendix, Fig. S6). Analysis of differentially expressed genes in
PiZ/miR-34b/c™~ versus PiZ/miR-34b/c*/* yielded 1,580 dysre-
gulated genes (802 up- and 778 down-regulated). Functional
annotation clustering analysis showed that a significant number
of the differentially expressed genes are associated with biolog-
ical processes of extracellular matrix components, including
collagens, tissue damage, and regeneration (i.e., cell death and
proliferation, angiogenesis, cell migration) (Fig. 4D and Datasets
S1-S3). Moreover, GSEA using a liver fibrosis expression sig-
nature (17, 18) showed significant enrichments of fibrosis genes
among the up-regulated genes in PiZ/miR-34b/c™~ versus PiZ/
miR-34b/c*/* (Fig. 4E, SI Appendix, Fig. S7, and Dataset S4).
Taken together, these findings support a protective role of miR-
34b/c in the development of liver fibrosis in PiZ mice.

Activation of the Platelet-Derived Growth Factor Pathway in PiZ Mice
Lacking miR-34b/c. To investigate the antifibrotic mechanism of
miR-34b/c in livers expressing ATZ, we searched for genes up-
regulated in miR-34b/c ™/~ livers with fibrosis. By Venn diagram,
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we compared genes differentially expressed in miR-34b/c™/~

versus wild-type and in PiZ/miR-34b/c™" versus PiZ/miR-34b/c*/*
livers. Next, we isolated genes that were differentially expressed
in PiZ/miR-34b/c™~ versus PiZ/miR-34b/c*/* but not in miR-
34b/c™"~ versus wild-type livers (SI Appendix, Fig. S8). Within this
subset of 1,418 genes, 58 up-regulated genes were miR-34b/c
putative target genes (SI Appendix, Table S1). Among these
genes, Pdgfra and Pdgfrb, encoding the a- and p-subunits of the
platelet-derived growth factor receptor (PDGFR), respectively,
were the most interesting because of the consolidated role of the
PDGEF pathway in liver fibrosis. PDGFA to PDGFD ligands are
potent mitogens that drive hepatic stellate cell proliferation and
differentiation into myofibroblasts through activation of tyrosine
kinase PDGFR (19). Down-regulation of PDGFRa or PDGFRf
encoded by Pdgfra and Pdgfrb, respectively, exerts a protective
role against liver fibrosis, while their overexpression is profibrotic
(20-22). Interestingly, the Pdgfra 3’ untranslated region (UTR)
includes two putative canonical target sites (one 8-mer and one
7-mer) for miR-34b/c. The 3" UTR of Pdgfrb has six canonical
binding sites for miR-34b/c (one 8-mer and five 6-mers) and one
8-mer site in the coding sequence. Moreover, PDGFRA and
PDGFRB targeting by the miR-34 family has been validated in
humans (23). Targeting by miR-34b/c was validated by luciferase
assay on wild-type and mutagenized 3’ UTR from Pdgfia (Fig. 5 A
and B) and Pdgfrb (Fig. 5 C and D). Up-regulation of Pdgfra and
Pdgfrb was confirmed at the protein level in PiZ/miR-34b/c™/~
versus PiZ/miR-34b/c*'* (Fig. 5E and SI Appendix, Fig. S9).
Moreover, livers from PiZ/miR-34b/c™~ showed increased levels
of phospho-Tyr®**”®7_-PDGFRo/p and increased phosphorylation
of its targets Janus Kinase 1 (JAK1) and AKT, consistent with
released miR-34b/c repression of PDGFRa/f and activation of its
downstream targets (Fig. SE and SI Appendix, Fig. S9). Taken
together, these data show that lack of miR-34b/c results in up-
regulation of PDGFRa/p and activation of the PDGF pathway,
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Fig. 3. JNK-mediated FOXO3 activation and up-regulation of miR-34b/c in PiZ livers. (A) Representative FOXO3 immunohistochemistry on livers from WT and
PiZ mice showing increased nuclear localization of FOXO3. Yellow arrowheads point to FOXO3-positive nuclei. Square, central vein; triangle, portal vein (n =3
per group; magnification: Left, 20x; Middle and Right, 40x). (Scale bars, 100 pm.) (B) Western blot on liver nuclear extracts showing increased FOXO3 in PiZ
compared with WT livers. RAD50 is used for nuclear protein normalization; GAPDH is shown as control for purity of nuclear extracts. CYT, cytoplasmic
fraction. (C) Enrichment plot from GSEA including FOXO3 target genes showing enrichment in PiZ mice versus WT livers. (D) Western blot on whole-liver
extracts showing increased phospho-Ser®’4-FOX03 in PiZ compared with WT mice and reduced levels of phosphorylated FOXO3 in Piz/Jnk1~/~ mice compared
with PiZ. (E) Western blot on liver nuclear extracts showing decreased FOXO3 in Piz/Jnk1~"~ nuclei compared with PiZ livers. H3 is used for nuclear protein
normalization; GAPDH is shown as control for purity of nuclear extracts. (F) gPCR for miR-3b/c showing significant down-regulation of miR-34b/c levels in
livers of Piz/Jnk1~'~ compared with PiZ mice (n = 5 per group; one-way ANOVA and Tukey's post hoc test: **P < 0.01 versus PiZ). Data are reported as
average + SE.

thus suggesting that miR-34b/c antagonize liver fibrosis through
repression of the PDGF pathway.

Appendix, Fig. S104). It is noteworthy that livers of patients with
AAT deficiency were previously found to have activation of JNK
(15). Moreover, liver specimens from four independent patients
with milder liver disease (SI Appendix, Table S2) showed in-
creased phospho-Ser’’*-FOXO3 levels, compared with controls
with unrelated liver disease (SI Appendix, Fig. S10 B and C) and

miR-34c Is Increased in Human Livers Expressing ATZ. To investigate
the clinical relevance of our findings, we analyzed FOXO3 and
miR-34b/c in liver samples from patients with AAT deficiency.

Because miR-34b and miR-34c are both expressed from the
same primary transcript in humans (7), we analyzed human miR-
34c levels as a proxy for miR-34b/c expression. Similar to PiZ
mice, AAT-deficient patients with advanced hepatic disease re-
quiring liver transplantation (11) showed increased FOXO3
nuclear levels and significant miR-34c up-regulation compared
with control livers from patients who underwent liver trans-
plantation for unrelated liver disorders (Fig. 6 A and B and SI

40f 10 | PNAS
https://doi.org/10.1073/pnas.2025242118

a trend toward up-regulation of miR-34c compared with controls
(81 Appendix, Fig. S10D). Consistent with the data in PiZ livers,
miR-34c was up-regulated in PAS-D-positive liver areas compared
with globule-devoid areas obtained by LCM (Fig. 6 C and D).

The JNK/FOX03/miR-34b/c Pathway Is Activated in Liver Fibrosis of
Different Etiologies. We hypothesized that miR-34b/c and its up-
stream regulators JNK and FOXO3 may be involved in other
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Fig. 4. Deletion of miR-34b/c resulted in early development of liver fibrosis in PiZ mice. (A) Representative PAS-D (left panels) and Sirius red (right panels)
stainings of livers from WT, miR-34b/c™’~, and Piz/miR-34b/c*’* as controls, Piz/miR-34b/c*'~ and Piz/miR-34b/c"~ showing similar ATZ accumulation by PAS-D in
PiZ/miR-34b/c*’*, PiZ/miR-34b/c*'~, and PiZ/miR-34b/c™"~, and increased fibrosis in PiZ/miR-34b/c*'~ and PiZ/miR-34b/c~ compared with controls. Scale bar, 100
um. (B) Quantification of percentages of Sirius red (SR)-positive areas showing increased stained area in PiZ/miR-34b/c~’~ compared with controls (n = 5 image
per animal, n = 3 to 11 animals per group; one-way ANOVA and Tukey’s post hoc test: **P < 0.01). (C) Hydroxyproline (HYP) determination on liver lysates
showing increased HYP content in PiZ/miR-34b/c™’~ compared with controls (n = 5 to 11 per group; one-way ANOVA and Tukey’s post hoc test: *P < 0.05). (D)
Top five up-regulated clustered cellular processes (Upper) and biological components (Lower) from Gene Ontology analysis on differentially expressed genes
in Piz/miR-34b/c™"~ versus Piz/miR-34b/c*’* livers. (E) Expression of liver fibrosis gene signature in WT, miR-34b/c™'~, Piz/miR-34b/c**, and Piz/miR-34b/c™"~. Each
column represents the average gene expression levels of n = 5 mice per group. Data are reported as average + SE.
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Fig. 5. Increased PDGF signaling in Piz/miR-34b/c™"~ livers. Schematic representation of miR-34/c binding to 8-mer recognition sites in Pdgfra (A) and Pdgfrb
(B) 3' UTRs. miR-34b/c seed sequence pairings are depicted in blue and other base pairings are in red. Nucleotides that have been mutated for luciferase assays
are indicated by asterisks. Luciferase activity assay on Hela cells transfected with negative control (NC), miR-34b, or miR-34c mimic and with luciferase-
expressing plasmids carrying WT or mutated (mut) Pdgfra (C) and Pdgfrb (D) 3" UTR (n = 6 per group; one-way ANOVA and Tukey’s post hoc test: **P < 0.01
and ***P < 0.005). (E) Western blotting of the PDGF pathway on whole-liver extracts showing increased levels of miR-34b/c target genes PDGFRa/f, activation
of PDGFRa/p, and phosphorylation of PDGFR target proteins JAK1 and AKT in PiZ/miR-34b/c™~ versus PiZ/miR-34b/c*"* mice. Data are reported as average + SE.
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Fig. 6. FOXO3 activation and miR-34c up-regulation in livers of patients with AAT deficiency. (A) Western blot of liver nuclear extracts from AAT-deficient
patients who underwent liver transplantation (Pi*ZZ) compared with control liver samples from patients undergoing liver transplantation for unrelated liver
causes (Pi*MM) showing increased nuclear FOXO3 in livers from Pi*ZZ subjects. (B) Expression of miR-34c by qPCR is significantly increased in liver samples
from Pi*ZZ subjects (Pi*ZZ, n = 5) compared with control liver samples (Pi*MM, n = 4) (t test: **P < 0.01). (C) Representative image of laser-microdissected
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(t test: **P < 0.01). Data are reported as average + SE.
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with controls (Fig. 7 4, C, E, and G and SI Appendix, Fig. S11).
Moreover, miR-34b/c was up-regulated in fibrotic livers compared
with controls (Fig. 7 B, D, F, and H), confirming activation of the
JNK/FOXO3/miR-34b/c pathway in liver fibrosis induced by
various etiologies.

Discussion

In the present study, we found JNK phosphorylation on Ser’’,
FOXO3 activation, and miR-34b/c up-regulation in murine and
human livers with ATZ accumulation. PiZ mice deleted for miR-
34b/c showed greater liver fibrosis and increased signaling of
PDGEF, a profibrotic pathway that is a target of miR-34b/c. In-
terestingly, JNK-activated FOXO3 and miR-34b/c up-regulation
were also found in several mouse models of liver fibrosis, sug-
gesting that this pathway is broadly implicated in hepatic diseases.

JNK signaling is associated with cell death, survival, differen-
tiation, proliferation, and tumorigenesis in hepatocytes. More-
over, it is involved in inflammation and fibrosis (29). JNK is
activated in livers expressing ATZ (15) and can phosphorylate
FOXO3, thus promoting its nuclear translocation (30). As pre-
viously observed with hepatitis C virus infection (14), JNK can
phosphorylate FOXO3 on the Ser’”* residue in livers expressing
ATZ. Ser’™ phosphorylation drives FOXO3-dependent apo-
ptosis (14) and, consistently, a correlation between apoptosis and
the amount of ATZ has been previously shown (31). Previous
studies have reported that FOXO3 binds to the miR-34b/c pro-
moter up-regulating its expression (12, 13) and, accordingly, we
found that up-regulation of miR-34b/c in PiZ mice was depen-
dent on FOXO3 activation by JNK. Interestingly, our findings
suggest an antifibrotic role for FOXO3-mediated up-regulation
of miR-34b/c in livers expressing ATZ, as well as in livers of mice
subjected to various types of injuries resulting in fibrosis. Up-
regulation of miR-34 family members was previously found in
animal models of pharmacologically induced liver fibrosis and
miR-34b up-regulation was associated with fibrosis due to viral
hepatitis in humans (32). While a growing body of evidence
supports a profibrotic role for miR-34a (33-36), the role of miR-
34b/c has been less clear and both antifibrotic (37, 38) and
profibrotic activities have been observed (33). However, most of
these studies were performed in vitro without coculturing of
hepatocytes with hepatic stellate cells. In contrast, we evaluated
the consequences of miR-34b/c deletion in vivo in the PiZ mouse
model that spontaneously develops liver fibrosis by 16 to 24 wk
of age (39).

The findings of this study also suggested that miR-34b/c re-
duces liver fibrosis by repressing PDGF signaling. Activation of
the PDGF pathway mainly occurs in hepatic stellate cells and
portal fibroblasts, promoting their proliferation and trans-
differentiation toward myofibroblasts, which drive the develop-
ment and progression of fibrosis (19). We detected FOXO3
activation and miR-34b/c expression mainly in hepatocytes.
Therefore, it could be argued that repression of PDGF signaling
by miR-34b/c in hepatocytes protects from liver fibrosis. How-
ever, miRNAs can be secreted and the paracrine activity of se-
creted miR-34b/c on other liver cell types cannot be excluded.
Accordingly, miR-34b/c levels were increased in PiZ plasma,
supporting their secretion by hepatocytes. On the other hand,
PDGFRa expression is induced in damaged hepatocytes and
hepatocyte-restricted deletion of PDGFRa decreased liver fi-
brosis (40), supporting a hepatocyte-specific antifibrotic effect of
miR-34b/c. Nevertheless, the involvement of additional genes
unrelated to the PDGF pathway that are still targets of miR-34b/
¢ cannot be excluded.

Interestingly, FOXO3 plays a crucial role in fibrogenesis oc-
curring in idiopathic pulmonary fibrosis, a lethal, progressive
fibrosing parenchymal lung disease (41). Therefore, the results of
the present studies raise the attractive hypothesis that miR-34b/c
up-regulation might also be involved in lung fibrosis.
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Liver fibrosis is not very common in young individuals who are
homozygotes for the Z allele of SERPINAI, but its incidence
increases significantly with age. According to recent studies,
clinically relevant fibrosis occurs in 20 to 35% of adult Pi*ZZ
and the degree of fibrosis correlates with the mutant protein
burden (42, 43). The mechanisms underlying the variability in
liver fibrosis development among homozygotes for the Z allele are
unknown. Polymorphisms in the promoter region affecting miR-
34b/c levels (44, 45) might protect or increase individuals’ sus-
ceptibility to develop liver fibrosis. The heterozygote Z allele has
recently emerged as the strongest single-nucleotide polymorphism-
based risk factor for cirrhosis in nonalcoholic fatty liver disease and
alcohol misuse (46). Therefore, it can be speculated that miR-34b/c
polymorphisms might increase the risk of liver fibrosis also in indi-
viduals who are heterozygotes for the Z allele.

In conclusion, we identified miR-34b/c up-regulation and
JNK-FOXO3 activation in livers injured by expression of ATZ or
other types of insults resulting in fibrosis. In PiZ mice, lack of
miR-34b/c resulted in more severe liver fibrosis, likely as a
consequence of increased PDGF signaling. Taken together, these
results unravel an important pathway implicated in pathogenesis
of liver diseases. Fibrosis is a major global health problem and the
elucidation of its pathogenic mechanism and hence of key thera-
peutic targets is a research priority (47). Elucidation of molecular
mechanisms underlying liver fibrosis is fundamentally important
for establishing antifibrotic therapies (48) and this study revealed
a pathway that might become a target for therapeutic interventions.

Materials and Methods

Mouse Studies. Mouse procedures were approved by the Italian Ministry of
Health. Male 4- to 15-wk-old C57BL/6 (Charles River Laboratories), PiZ (6), Piz/
Jnk17"=, miR-34b/c™~ (16), and Piz/miR-34blc™"~, Abcb4™'~ (49) mice were
used. Synthetic miR-914 has been described elsewhere (10). rAAV8pCB-
mir914-GFP and rAAV8pCB-GFP were generated, purified, and titered by the
UMass Gene Therapy Vector Core as previously described (50). Bile duct ligation
was performed in C57BL/6 mice as previously described (26) and mice were
killed 1 wk postsurgery. TAA (Sigma-Aldrich) was dissolved in phosphate-
buffered saline (PBS) and administered to C57BL/6 mice by intraperitoneal in-
jection three times a week for 4 wk with escalating doses, starting from 50 to
200 mg/kg, as previously described (27). CCl, (Sigma-Aldrich) was dissolved in
corn oil (Sigma-Aldrich) and administered to C57BL/6 mice by gavage three
times a week for 4 wk with escalating doses, starting from 0.875 to 2.5 ml/kg,
as previously described (27). When killed, mice were perfused with PBS. ALT
levels were measured by scil VitroVet analyzer (Scil vet).

Human Liver and Serum Samples. Human liver samples were collected, snap-
frozen, and anonymized according to human study approvals obtained from
the Institute of Pathology, University Hospital of Basel and Cardinal Glennon
Children’s Medical Center, St. Louis University School of Medicine. Liver
specimens from patients with milder liver disease and AAT deficiency con-
firmed on pathology and the corresponding controls were anonymously
obtained from the Institute of Pathology, University Hospital of Basel (S/
Appendix, Table S2). Liver samples with severe disease were anonymously
obtained from Cardinal Glennon Children’s Medical Center, St. Louis Uni-
versity School of Medicine from patients under 18 y of age homozygous for
the Z allele of SERPINAT who underwent hepatic transplantation for liver
failure. Control liver specimens were obtained from age-matched patients
homozygous for the wild-type allele of AAT who also underwent liver
transplantation. Pathology features of these specimens were previously
reported (11).

miRNA Analyses. Small RNA libraries were constructed using a TruSeq Small
RNA Sample Preparation Kit (lllumina) following the manufacturer’s pro-
tocol. Methods are described in greater detail in S/ Appendix. The data were
deposited in GEO with accession number GSE85413.

For targeted miRNA expression analysis in mice and in human livers with
mild liver disease, miRNA-enriched total RNA was extracted from liver tissues
using the miRNeasy Mini Kit and from plasma using the miRNeasy Serum/
Plasma Kit (Qiagen). Ten to 20 ng of total RNA was reverse transcribed using
the TagMan MicroRNA Reverse Transcription Kit and TagMan miRNA assay
(SI Appendix, Table S3) (Applied Biosystems). qPCR was performed in tripli-
cate using 1 to 3 pL complementary DNA (cDNA), the TagMan MicroRNA
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Fig. 7. JNK/FOXO3/miR-34b/c pathway is activated in liver fibrosis. Western blot analysis for total and phosphorylated JNK and FOXO3, and gPCR analysis for

miR-34b/c on whole-liver extracts from Abcb4~'~ mice (A and B), mice with bile duct ligation (BDL) (C and D), and mice treated with thioacetamide (TAA) (E
and F) or carbon tetrachloride (CCly) (G and H) versus vehicle-treated controls (n = 4 for each group; t test: *P < 0.05 and ***P < 0.005). Data are reported as

average + SE.
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assay, and TagMan Universal Master Mix Il no UNG (Applied Biosystems) on a
Light Cycler 480 System (Roche). The running program was as follows: pre-
heating, 10 min at 95 °C; 40 cycles of 15 s at 95 °C and 60 s at 60 °C. Small
nucleolar RNA234, miR-23a, and miR-152 were used as housekeeping for
mouse livers and plasma and human livers, respectively. For pri-miR-34b/c
analysis, isolation of hepatocytes and nonparenchymal liver cells from Piz
mouse livers was performed as previously described (11). Two micrograms of
total RNA was retrotranscribed using the High Capacity cDNA Reverse
Transcription Kit according to the manufacturer’s protocol (Applied Bio-
systems). gPCR was performed using the TagMan pri-miRNA assay (S/ Ap-
pendix, Table S3) as for mature miRNAs. 18S was used as housekeeping. Data
analysis was performed using LightCycler 480 software version 1.5 (Roche).

To validate Pdgfra and Pdgfrb as targets of miR-34b/c, murine Pdgfra and
Pdgfrb 3" UTRs were amplified by PCR from genomic DNA of C57BL/6 wild-
type mice and cloned downstream of the firefly luciferase gene into the
pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega). The
miR-34b/c 8-mer recognition sites in the pmirGLO Pdgfra.3’ UTR and pmir-
GLO Pdgfrb.3’ UTR plasmids were mutagenized by the QuikChange Site-
Directed Mutagenesis Kit (Agilent) according to the manufacturer’s in-
structions. Primers used for construct generation are shown in S/ Appendix,
Table S4. Hela cells were cultured in Dulbecco’s modified Eagle’s medium
plus 10% fetal bovine serum and 5% penicillin/streptomycin. Cells were
cotransfected with the plasmid containing the wild-type or mutagenized
pmirGLO Pdgfra.3’ UTR and pmirGLO Pdgfrb.3’ UTR and with negative
control, miRIDIAN Mimic miR-34b-5p, or miRIDIAN Mimic miR-34c-5p using
Interferin transfection reagent (Polyplus). Cells were harvested 48 h after
transfection and assayed for luciferase activity using the Dual-Luciferase
Reporter Assay System (Promega). Data were expressed relative to renilla
luciferase activity to normalize for transfection efficiency. Two sets of ex-
periments were performed with n = 3 in each experiment. The
firefly-to-renilla activity ratio for each replicate was normalized to the av-
erage of negative control-transfected samples.

For analyses of miRNA in human livers with end-stage liver disease, total
RNA was isolated from liver tissue with TRIzol (Life Technologies) and di-
luted to 10 ng/uL. miR-34c and U47 small RNAs were jointly retrotranscribed
using small RNA-specific stem-loop primers (Life Technologies) and the
TagMan miRNA Reverse Transcription Kit (Life Technologies). Droplets were
generated using a QX-200 Droplet Generator (Bio-Rad) and end-point
droplet digital PCR (ddPCR) was performed using small RNA-specific pri-
mers and FAM-labeled probes (Life Technologies) and 2x ddPCR Supermix
for Probes no dUTP (Bio-Rad). Positive and negative droplets were quanti-
fied (Bio-Rad). Only samples with at least 10,000 accepted droplets and at
least 100 negative droplets were included in the data analysis. Samples were
run in triplicate, the replicates were averaged, and the ratio of miR-
34c-positive to U47-positive droplets was calculated.

Liver Staining, Laser-Controlled Microdissection, and Western Blotting. Livers
from PBS-perfused mice were fixed in 4% paraformaldehyde for 12 h, stored
in 70% ethanol, and embedded in paraffin blocks. PAS-D staining was per-
formed on 5-pm-thick paraffin sections of livers. Sections were rehydrated
and treated with 0.5% a-amylase type VI-B (Sigma-Aldrich) for 20 min and
stained with PAS reagent according to the manufacturer’s instructions
(Bio-Optica). Methods for Sirius red staining and immunohistochemistry are
provided in S/ Appendix.
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For laser-controlled microdissection, 10-um sections from formalin-fixed
paraffin-embedded PiZ livers were quickly rehydrated (xylene 2 min twice,
100% ethanol 1 min, 95% ethanol 1 min, 75% ethanol 1 min), stained with
Mayer’s hematoxylin (Bio-Optica) and eosin Y (Sigma), and quickly dehy-
drated (75% ethanol 1 min, 95% ethanol 1 min, 100% ethanol 1 min). So-
lutions were all prepared in diethyl pyrocarbonate-treated water and kept
at 4 °C to minimize RNA degradation. Dried sections underwent laser-
controlled microdissection using PALM Microbeam (Zeiss). A total area of
5 x 10° um? for each sample was dissected. Serial PAS-D-stained sections
were used to identify areas for dissection. Total RNA was extracted using the
RNeasy FFPE Kit (Qiagen) according to the manufacturer’s protocol.

For Western blotting, proteins from tissues were extracted in RIPA buffer
according to standard procedures. Nuclear protein extracts were prepared
using the CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich). Primary antibodies
were diluted in TBS-T (0.8% NaCl, 0.02% KCl, 0.3% Tris-base-0.1% Tween
20)/5% milk (Bio-Rad) (S/ Appendix, Table S5). Secondary antibodies were
enhanced chemiluminescence (ECL) anti-rabbit horseradish peroxidase (HRP)
and ECL anti-mouse HRP (GE Healthcare). Peroxidase substrate was provided
by the ECL Western Blotting Substrate Kit (Pierce). Analysis of band inten-
sities was performed using Quantity One 1-D Analysis software version 4.6.7
(Bio-Rad).

RNA-Seq and GSEA. Library preparation was performed with a total of 100 ng
of RNA from each sample using the QuantSeq 3" mRNA-Seq Library Prep Kit
(Lexogen) according to the manufacturer’s instructions. Detailed informa-
tion is provided in S/ Appendix. Data were deposited in the Gene Expression
Omnibus (GEO) with accession number GSE141593. Methods for identifica-
tion of putative miR-34b/c target genes and GSEA are provided in
SI Appendix.

Statistical Analyses. Two-tailed Student’s t test and ANOVA plus Tukey’s
honestly significant difference post hoc were used as statistical tests for
mean comparisons. Experimental group sizes are reported in the figure
legends. Data are reported as average + SE.
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included in the article and/or supporting information.
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