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SUMMARY

The post-transcriptional regulator microRNA-31 plays a
protective role in acetaminophen-induced liver injury.
Indeed, although acetaminophen overdose leads to c-Jun N-

terminal kinase (JNK) signaling overactivation, there is a
safety mode, the feedback loop of JNK/microRNA-31/Cdc42,
induced by JNK signaling itself, to maintain hepatocyte
homeostasis.

BACKGROUND & AIMS: Sustained c-Jun N-terminal kinase
(JNK) activation plays a major role in drug-induced liver injury

(DILI). Stress-responsive microRNA-31 (miR-31) has been
implicated in regulating different cellular damage, and JNK
activation could induce miR-31 expression. However, the reg-

ulatory role of miR-31 in DILI has not been studied previously.

We aimed to investigate whether miR-31 could ameliorate DILI
and ascertain potential molecular mechanism.

METHODS: miR-31 gene knockout (31-KO) and wild-type
C57BL/6] mice were used to construct an acetaminophen
(APAP)-induced DILI model. Primary mouse hepatocytes, as
well as alpha mouse liver 12 (AML-12) cell lines, were used for
in vitro experiments. Argonaute 2-associated RNA immuno-
precipitation combined with high-throughput sequencing were
performed to identify specific targets of miR-31.

RESULTS: 31-KO mice showed a higher mortality rate, liver
transaminase levels, and hepatic necrosis compared with those
in wild-type mice after APAP-induced hepatotoxicity. The pro-
tective role of miR-31 on hepatocytes has been analyzed via
constructing bone marrow chimeric mice. Mechanistically, we
found that hepatic JNK phosphorylation increased significantly
in 31-KO mice. This caused mitochondrial phosphorylated Src
(p-Src) inactivation and more reactive oxygen species produc-
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tion, which directly amplifies hepatocyte necrotic cell death,
while administration of JNK-specific inhibitor SP600125 could
abrogate the differences. Moreover, bioinformatics analysis of
RNA immunoprecipitation combined with high-throughput
sequencing identified that guanosine triphosphatase, cell divi-
sion cycle protein 42 (Cdc42), the upstream molecule of JNK
signaling, was the specific target of miR-31 and could form a
miR-31/Cdc42/phosphorylated mixed-lineage kinase 3 (p-
MLK3) negative feedback loop to restrict JNK overactivation.
Clinically, both miR-31 and phosphorylated JNK (p-JNK) were
highly increased in liver tissues of DILI patients with different
etiologies.

CONCLUSIONS: miR-31 can down-regulate Cdc42 to restrict
overactivation of reactive oxygen species/JNK/mitochondria
necrotic death loop in hepatocytes of APAP-induced DILI, which
might provide a new therapeutic target for alleviating JNK
overactivation-based liver injury. (Cell Mol Gastroenterol Hepatol
2021;12:1789-1807: https://doi.org/10.1016/j,jcmgh.2021.07.011)

Keywords: microRNA; Drug-Induced Liver Injury; Damage
Responsive; Negative Feedback; Necrosis.

D rug-induced liver injury (DILI) is a common cause
of severe liver disease caused by medication
exposure. A majority of DILI occurs as a result of either
accidental or intentional overdose intake of acetaminophen
(APAP), which is one of the most widely used analgesic and
antipyretic drug in developed countries. APAP is safe at
therapeutic doses, but its overdose can cause hepatotoxicity
and even acute liver failure." However, the diagnosis and
treatment of DILI are challenging for clinicians because of its
insidious onset, fast progress, and lack of specific bio-
markers. A DILI diagnosis often relies on subjective addition
of clinical, biochemical, and histologic information. Clini-
cally, N-acetyl cysteine is the only therapeutic option for an
APAP-overdose DILI, but this mediation has some limita-
tions, including a narrow therapeutic window and adverse
effects.” Hence, new effective measurements and studies on
the mechanisms of DILI are urgently needed.
APAP-induced DILI is the most common intrinsic DILI,
and a lot of effort has been made to uncover its hepato-
toxicity mechanisms. Oxidative stress-induced c-Jun N-ter-
minal kinase (JNK) overactivation and mitochondrial
dysfunction are considered to be the predominant cellular
events in APAP-induced necrotic cell death.” APAP is taken
up from the intestine within a few hours after consumption.
The majority of APAP is metabolized in the liver via glu-
curonidation (50%-60%) and sulfation (25%-30%). A
small fraction of APAP (10%-15%) is metabolized by cy-
tochrome P450 isoforms 2E1* into a powerful electrophilic
intermediate N-acetyl-p-benzoquinone imine, which can be
converted by glutathione (GSH) into a harmless reduced
form. However, when GSH is depleted owing to APAP
overdose, enhanced generation of reactive oxygen species
(ROS) are contributing to the activation of mitogen-
activated protein kinase cascade, leading to phosphoryla-
tion of c-Jun N-terminal kinase (p-JNK). Then, translocation
of p-JNK to the C terminus of SH3 homology associated BTK
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binding protein (Sab) on the outside of mitochondria leads
to docking protein 4-dependent dephosphorylation of
active phosphorylated Src (p-Src) on the inner membrane.”
The inactivation of intramitochondrial Src inhibits electron
transport and adenosine triphosphate synthesis, then pro-
motes ROS production, which sustains JNK activation and
causes the opening of the mitochondrial membrane
permeability pore. The permeabilization and lysis of the
mitochondrial membrane lead to the release of endonu-
clease G and apoptosis-inducing factor, which subsequently
translocate to nuclei causing nuclear DNA fragmentation.®
These processes finally result in centrilobular necrotic cell
death and liver injury.”” Besides intrinsic DILI,
both activation of JNK signaling pathway and mitochondrial
dysfunction are also indispensable events involving in the
pathophysiology of idiosyncratic DILI, a rare but serious
liver disease caused by quite a few drugs in a small subset of
patients.?

In the past decade, microRNAs (miRNAs) have repre-
sented a broad class of 18-22 nucleotide noncoding RNAs
that negatively regulate gene expression at the post-
transcriptional level. miRNA temporal and spatial hetero-
geneity expressions are exerting a critical role in various
biological processes. Previous studies on miRNAs in DILI are
mostly limited to circulating biomarkers.” However, there
are a few studies exploring the specific mechanism by which
miRNAs regulate DILL'*'" In our previous studies, we
showed that up-regulation of microRNA-31 (miR-31) could
enhance Kkeratinocyte proliferation on the epidermis in
psoriasis,'* or negatively regulate peripherally derived
regulatory T-cell generation in autoimmune disease."”
However, emerging evidence has indicated that miR-31 is
also a stress-responsive miRNA, which plays an important
role in the regulation of different damaged cells. Tian et al'*
have shown that, in response to ionizing radiation injury, an
increased level of miR-31 in intestinal stem cells could
support cell survival and activate their repair mechanisms.
In oxidative stress-induced neuronal injury, up-regulated
miR-31 alleviates neuron injury by down-regulating the Ja-
nus kinase/signal transducer and activator of transcription
3 pathway, reducing inflammatory response.’” It also has
been suggested that miR-31 serves as an important cell-

*Authors share co-first authorship.
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autonomous mediator by activating the RAS/mitogen-acti-
vated protein kinase (MAPK) signaling pathway, promoting
wound healing in skin injury.'® Furthermore, previous
research has shown that JNK activation could induce miR-31
expression in colon cancer cells,"”” and activation of JNK
signaling is a critical event in APAP-induced DILL'®"’
However, whether miR-31 actually plays a functional role
in DILI, and what that role may be, remains to be elucidated.

The aim of the current study was to identify the
regulatory role and specific mechanism of miR-31 in APAP-
induced DILI. We show that deletion of miR-31 exacerbates
JNK signaling, inducing mitochondrial dysfunction and
necrotic cell death after APAP injection. Up-regulation of
miR-31 induced by JNK activation could suppress small
guanosine triphosphatase Cdc42, limiting JNK signaling
overactivation and, subsequently, protecting against liver
injury.

Results
miR-31 Knockout Mice Developed More Severe
Liver Injury Than WT Mice

To identify the potential role of miR-31 on APAP-induced
DILI, miR-31 WT and knockout mice (31-KO) were injected
intraperitoneally with a nonlethal dose of APAP (300 mg/kg),
and mortality rate was monitored for 4 days. During the
whole observation period, the survival rate in APAP-treated
31-KO mice was much lower than that observed in WT mice
(Figure 1A4). Notably, the APAP-induced increase of serum
levels of both alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), 2 classic serum markers of liver
injury, was greater in 31-KO mice than that observed in WT
mice at 24 hours after APAP injection (Figure 1B). However,
at 6 hours, there was only a difference in serum ALT level
between KO and WT mice, indicating early change of liver
injury among them. The extent of liver necrosis (Figure 1)
and histopathologic analysis (Figure 1D) of necrosis also
was much more severe in 31-KO mice than that observed in
WT controls at both 6 and 24 hours after APAP injection.
Consistent with histopathology, DNA fragmentation, a
characteristic feature of APAP-induced necrotic cell death,
was increased substantially in livers of APAP-treated 31-KO
mice (Figure 1E).

In addition, an innate inflammation infiltration including
neutrophil, monocyte, and Kupffer cells was detected in the
liver tissue by flow cytometric analysis (Figure 2A4),
showing that the proportion of infiltrating neutrophils in
31-KO mice was significantly higher than that of WT mice at
both 6 (Figure 2B) and 24 hours (Figure 2C) after APAP
injection. The miR-31 deficiency enhanced APAP-evoked
liver damage.

miR-31 Expression Was Increased in Both
Hepatocytes and Nonparenchymal Cells and
Confined Mainly to the Hepatic Pericentral Vein
Area in APAP-Induced DILI

To gain further insight into the miR-31 expression pro-
file, we examined the time course of miR-31 expression in
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hepatocytes and nonparenchymal cells (NPCs) isolated from
APAP-challenged mice. The purity of isolated hepatocytes
and NPCs was confirmed with specific markers by flow
cytometry or immunofluorescence. Our results showed that
hepatocyte purity was very high, and NPCs were basically
free of hepatocytes and composed mainly of immune cells
(Figure 34 and B).

We found that miR-31 expression increased to peak in
approximately 3 hours, then decreased to nearly normal
levels at the next several time points in hepatocytes
(Figure 3C). In hepatic NPCs, the expression of miR-31 also
increased dynamically, and the peak appeared at 3 hours
(Figure 3C). To determine the histologic enhanced miR-31
expression region, we also performed the time course ex-
periments of in situ miRNA hybridization on liver cry-
osections. We found that miR-31 expression during the
injured period was confined mainly to the hepatic peri-
central vein area (Figure 3D), which was more vulnerable to
APAP hepatotoxicity, containing damaged hepatocytes and
infiltrating inflammatory cells. In contrast, histologic miR-31
expression decreased to nearly normal levels at 72 hours,
the time mostly recovered from liver injury. Thus, the
findings indicated that miR-31 was increased in both he-
patocytes and NPCs, and may play important roles in APAP-
induced DILL

miR-31 Exerted a Protective Role Mainly Through
Hepatocytes in DILI

Infiltrating inflammatory cells have been implicated in
engaging in APAP-induced liver damage, and our previous
study has shown that miR-31 could negatively regulate
peripherally derived regulatory T-cell generation in auto-
immune inflammatory diseases."®> To decipher whether
miR-31 plays the protective role via hematopoietic-derived
inflammatory cells, we also generated reciprocal bone
marrow chimeric mice (Figure 4A). After being lethally
irradiated to clean out host bone marrow, WT or 31-KO
mice then were injected with 31-KO or WT bone marrow,
respectively, to generate the chimeric mice with specific
deletion of miR-31 in a hematopoietic-derived immune
system (KO BM-WT) or non-hematopoietic-derived resident
cells (WT BM-KO). A normal control group (WT BM-WT)
also was set. Unexpectedly, the mortality rate of the WT
BM-KO group was higher than in the other 2 groups
(Figure 4B), and it also showed a marked increase both in
serum ALT and AST levels compared with the KO BM-WT
and WT BM-WT groups after 24 hours of APAP adminis-
tration (Figure 4C). The histopathology results (Figure 4D)
and histologic necrosis evaluation (Figure 4FE) were
consistent with the levels of serum marker. Thus, combined
with results in Figure 3C and D, the chimeric mice experi-
ment precludes the protective role of miR-31 in infiltrating
inflammatory cells, and suggests that miR-31 exerts a pro-
tective role mostly through hepatocytes in APAP-induced
DILIL To further confirm the role of miR-31 in hepatocytes,
mouse primary hepatocytes were transfected with miR-31
mimic or inhibitor, and then incubated with APAP for 6
hours. As expected, miR-31 overexpression significantly
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Figure 1. miR-31 KO mice developed more severe liver injury than WT mice. (A) Survival rate of 31-KO and WT mice after
APAP administration. n = 12 mice per group. (B) The level of serum ALT and AST in 31-KO and WT mice after APAP challenge,
and respective vehicle (phosphate-buffered saline [PBS]) controls also were set. n = 3-12 mice per group. (C and D) H&E
staining of (C) injured liver tissue and (D) necrotic histopathologic evaluation in 31-KO and WT mice at 0, 6, and 24 hours after
APAP injection. n = 4-12 mice per group. (E) Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling staining (for DNA fragmentation) in the liver section of 31-KO and WT mice at 0, 6, and 24 hours after APAP
injection. Red indicates DNA fragmentation, blue indicates 4’,6-diamidino-2-phenylindole (DAPI) staining. Data are repre-
sentative of means + SD. *P < .05; *P < .01, and **P < .001, 2-tailed Student t test.
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attenuated hepatocyte necrosis, and miR-31 inhibition
aggravated hepatocyte necrosis, compared with normal
control (Figure 4F).

miR-31 Alleviated DILI Mainly via the JNK
Signaling Pathway

To preclude the possibility that aggravated APAP-
induced liver injury in 31-KO mice was caused by altered
APAP metabolism, we examined the expression of APAP
metabolic enzyme and the time course of GSH consumption.
No differences in cytochrome P450 isoforms 2E1 and cy-
tochrome P450 isoforms 1A2 expression were observed in
basal or post-APAP injection between 31-KO and WT mice
(Figure 54). Levels of hepatic basal GSH or GSH depletion at
3 or 6 hours after APAP injection also were not altered
significantly between 31-KO and WT mice (Figure 5B).

To further decipher the mechanism by which miR-31
ameliorates APAP hepatotoxicity, liver tissues collected
from 31-KO and WT mice 6 hours after APAP injection were
subjected to high-throughput RNA sequencing and differ-
entially expressed genes (DEGs) were analyzed by Kyoto
Encyclopedia Genes and Genomes pathway enrichment.
DEGs between 31-KO and WT from the top 10 pathways
(total, 46 genes; 33 genes were up-regulated, 13 genes were
down-regulated) are shown in Figure 5C. The pathway
enrichment results have suggested that the MAPK signaling
pathway, phosphatidylinositol 3-kinase (PI3K)-protein ki-
nase B (Akt) signaling pathway, peroxisome proliferator
activated receptor (PPAR) signaling pathway, and retinol
metabolism might have been involved in the differential
manifestation between 31-KO and WT mice after APAP in-
jection (Figure 5D). The JNK signaling pathway was one of
the major subfamilies of the MAPK pathway,”’ and the
genes enriched in the MAPK pathway also were closely
related to JNK signaling. As indicated in previous studies,
the JNK signaling pathway plays a critical role in hepato-
cytes of APAP-induced DILL'®'? For immunoblot validation,
we found that JNK signaling was highly enhanced in the
liver of 31-KO mice. The total JNK was comparable, but the
p-JNK, a pivotal molecule in JNK signaling, was higher in
the liver of 31-KO mice than that of WT mice (Figure 5E). To
confirm its JNK dependence, we also injected the specific p-
JNK inhibitor SP600125 intraperitoneally, 1 hour before
APAP administration, in both 31-KO and WT mice. Sur-
prisingly, both groups showed normal hepatic transaminase
levels at 24 hours after APAP administration (Figure 5F),
and, accordingly, very mild hepatic necrosis and DNA frag-
mentation (Figure 5G). A previous study showed that
translocation of p-JNK to mitochondrial Sab in hepatocytes
leads to rapid dephosphorylation of Src, thus impairing
mitochondrial function, which precedes necrotic cell death
in APAP-induced liver injury.” We then determined these
downstream molecules of JNK signaling in isolated
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mitochondria and found that p-JNK was increased and p-Src
was decreased significantly in 31-KO mice, compared to that
of WT mice (Figure 5H). This indicates an additional JNK
translocation and mitochondrial dysfunction in 31-KO mice.
Accordingly, ROS production also was increased dramati-
cally in the hepatocytes of 31-KO than that of WT mice
(Figure 5I). Our results indicate that the aggravated liver
damage in 31-KO mice is attributable to enhanced JNK
signaling activation and mitochondrial dysfunction.

miR-31 Directly Targeted Cdc42 in DILI

miRNA-mediated RNA translational repression can be
accomplished via a slicing-competent Argonaute (Ago) protein
to inhibit messenger RNA (mRNA) translation or cleave target
mRNA in the RNA-induced silencing complex (RISC). To
investigate the target genes regulated by miR-31, the primary
hepatocytes isolated from WT and 31-KO mice 6 hours after
APAP injection were subjected to Ago2 binding RNA immu-
noprecipitation to pull-down interacting RNA, followed by
high-throughput RNA sequencing (Ago2-RIP-seq) (Figure 64).
Using the ABL in silico Random Clustering (ABLIRC) strat-
egy,”' the genes specific in WT mice hepatocytes were
compared with that of 31-KO and considered as potential
target genes. Further on, combining them with gene expres-
sion abundance and miRmap database prediction, we finally
filtered out 26 target genes (Figure 6B), including an important
JNK regulator gene: Cdc42.”>** As shown in the landscape of
Ago2-bound peaks (Figure 6C), Cdc42 mRNA in WT hepato-
cytes was enriched significantly in Ago2-RNA cross-linking
adducts, compared with that observed in 31-KO hepatocytes,
indicating that Cdc42 was the target of miR-31.

Using immunoblotting, we confirmed that CDC42
expression was increased markedly both in liver tissues
(Figure 6D) and hepatocytes (Figure 6E) derived from 31-
KO mice, compared with that of WT mice. In addition, the
expression of CDC42 in WT mice at 6 hours was significantly
lower than 0 hour, compared with that of 31-KO mice, which
also indicates up-regulated miR-31 alleviates liver damage
by targeting Cdc42. CDC42 could induce activation loop
phosphorylation of mixed lineage kinase (MLK3),** and
MLK3 also has a critical role in JNK activation in
acetaminophen-induced hepatotoxicity.”” We found that
both phosphorylation of MLK3 and downstream Kinase
mitogen-activated protein kinase kinase 4 were enhanced
significantly in the liver of 31-KO mice, compared with that
of WT mice (Figure 6F). We also detected expression of
CDC42 and subsequent JNK signaling in mouse primary
hepatocytes transfected with miR-31 mimic or inhibitor and
treated with APAP. As expected, miR-31 overexpression
significantly diminished CDC42 expression, MLK3 phos-
phorylation and subsequent JNK signaling activation, while
miR-31 inhibition induced opposite effects, compared with
negative control (Figure 6G).

Figure 2. (See previous page). Comparison of hepatic innate inflammation infiltration between 31-KO and WT mice after
APAP administration. (A) Flow cytometry analysis including hepatic neutrophils, monocytes, and Kupffer cells both in APAP-
induced 31-KO and WT liver injury mice. (B and C) Comparison of hepatic infiltrating inflammatory cells between 31-KO and
WT mice at both (B) 6 hours and (C) 24 hours after APAP injection. n = 8 per group. Data are representative of means + SD.

*P < .05, 2-tailed Student t test. KC, Kupffer cell.
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To further confirm whether Cdc42 is a direct target of miR-
31, we generated luciferase reporter vectors containing the
miR-31 binding site, or mutation site, in 3'-UTR sequence of
Cdc42 mRNA. As shown in Figure 6H, with the augmenta-
tion of miR-31 transfection concentration, the restraint in
luciferase activity became more and more significant, but
the mutation of the seed sequence of the predicted miR-31
binding site abrogated this effect. To identify the role of
Cdc42 in JNK signaling, we inhibited Cdc42 expression with
specific small interfering RNA (siRNA) in mouse hepatocyte
cell line AML-12 cells, resulting in significant diminishment
of p-JNK at 6 hours after APAP administration (Figure 6I).
Moreover, Cdc42 silencing mitigated the necrosis of hepa-
tocytes after APAP treatment (Figure 6]). Taken together,
these data suggest that Cdc42 is a functional miR-31 target
and it has an important role in the activation of JNK
signaling in APAP-induced DILI.

Up-regulation of miR-31 Was Induced by JNK
Signaling in DILI

A previous study indicated that JNK signaling pathway
activation could induce miR-31 expression."” Based on the
earlier-described results, we hypothesized the existence of a
negative feedback loop between JNK activation and miR-31
in APAP-induced DILI. We examined in vivo miR-31 ex-
pression in liver tissues after APAP injection, with or
without treatment of JNK inhibitor, including a normal mice
control group. APAP-treated mice injected with JNK inhibi-
tor have shown a decreased level of miR-31 compared with
APAP-treated mice, and even slightly lower than normal
liver tissue (Figure 7A). For further validation, we also
detected miR-31 expression in JNK activator anisomycin-
treated primary hepatocytes (with or without JNK inhibi-
tor SP600125) for 6 hours. As expected, miR-31 was
enhanced in the group treated only with anisomycin, but not
in the group treated together with both anisomycin and
SP600125 (Figure 7B). Our whole model is summarized in
Figure 7C.

miR-31 Also Was Highly Expressed in the Liver of
Patients With DILI

Not only APAP induced intrinsic DILI, but idiosyncratic
DILI also has been indicated as having a critical role in JNK
signaling activation.” Clinically, because of different in-
cidences and etiologies of DILI between mainland China and
Western countries, in our study we included both intrinsic
and idiosyncratic DILI cases (Table 1), including etiologies
of acetaminophen (2 cases), antibiotic (1 cases), antituber-
culosis drug (1 case), ibuprofen (1 case), Chinese herb (5
cases), antiallergic agent (1 case), and a slimming drug (1
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case) (Figure 8A). Noticeably, we found that hepatic JNK
phosphorylation in DILI patients was higher than that of
healthy controls (Figure 8B). As described in earlier results,
miR-31 was induced by JNK activation in APAP-induced
DILIL. Therefore, we further examined the level of miR-31
in clinical samples and we found that miR-31 expression
also was strongly increased in liver samples from DILI pa-
tients compared with healthy controls (Figure 8C). This in-
dicates that the increase of miR-31 also is associated with
JNK activation in human DILI.

Discussion

In the present study, we have shown a novel regulatory
role of miR-31 in maintaining hepatic homeostasis in APAP-
induced DILI. Mechanically, the up-regulation of miR-31
induced by JNK activation produces a negative feedback
loop to limit JNK overactivation and mitochondrial dysfunc-
tion via suppressing small guanosine triphosphatase Cdc42,
which protects hepatocytes from necrotic cell death.

As reported by studies from developed countries, acute
liver failure is related mostly to acetaminophen overdose and
idiosyncratic drug reactions,’®?” whereas in mainland China,
traditional Chinese medicine or herbal and dietary supple-
ments are the major offending agents of DILL*® Most cases
are highly individually differential and dose-independent.
Therefore, we used a strategy to study the DILI regulatory
mechanism with a more reproducible APAP-induced DILI
mouse model then verification with clinical samples. Our
results showed that APAP induced intrinsic DILI and tradi-
tional Chinese medicine-induced or other idiosyncratic DILI
share a common mechanism in which activation of the JNK
signaling pathway and mitochondrial dysfunction are crit-
ical events involved in cell death.? We found that in liver
tissues from patients with DILI, both p-J]NK and miR-31
were increased significantly, and this indicates that both
miR-31 and JNK signaling play a critical role in DILI with
different etiologies. However, because of the difficulty in
obtaining clinical liver samples, those human samples were
few and generally obtained from liver transplantation for
acute liver failure, which means many days after the original
drug overdose and the liver just did not recover. In the
future, it will be of great interest to bring in more appro-
priate clinical DILI samples for further validation.

In past decades, the role played by the inflammatory
cells in APAP-induced liver injury has raised an extensive
concern.””*" Qur previous study showed the immunoregu-
latory role of miR-31 in autoimmune disease.'>?! However,
via constructing bone marrow chimeric mice, we found that
mice with miR-31 loss of function in a hematopoietic-
derived immune system did not develop more severe liver

Figure 3. (See previous page). The expression profile of miR-31 in APAP-induced DILI. (A) Purity of hepatocytes and NPCs
was analyzed by flow cytometry with a specific marker (hepatocyte nuclear factor 4 alpha (HNF-4a) or CD45). (B) Purity of
hepatocytes also was validated by immunofluorescence staining with albumin. (C) Quantitative real-time polymerase chain
reaction was used to detect the time course expression of miR-31 in parenchymal and nonparenchymal cells after APAP
injection. n = 7 per group. (D) Using the miR-31-specific locked nucleic acid (LNA) probe, miRNA in situ hybridization was
performed on liver tissue to observe the histologic time course expression of miR-31 in the APAP-induced DILI mouse model.
Purple color indicates miR-31 expression. Data are representative of means + SD. *P < .05, *P < .01, analysis of variance.
DAPI, 4',6-diamidino-2-phenylindole; FSC, forward scatter; SSC, side scatter.
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injury in APAP-induced DILI. This aspect precludes that
miR-31 alleviates liver damage through infiltrating inflam-
matory cells. Therefore, highly infiltrated neutrophils in 31-
KO mice are most likely to be caused by severe hepatocyte
necrosis and just a critical event for inflammation resolution
or clearance of hepatic debris.*”** However, our study is an
acute early injury model, and future research needs to be
implemented to investigate the role of miR-31 in a sub-
population of immune cells and in later stages of DILL
RISC includes mature miRNA and Ago protein, and is
the main place where miRNA exerts its function. RNA
immunoprecipitation using Ago2-specific antibodies com-
bined with high-throughput sequencing could greatly
improve the accuracy and reduce the scope of identifying

PI

the transcript targeted specifically by miRNA.*>* In the cur-
rent study, after combining the results of RIP-seq with the
bioinformatics analysis, we finally screened out the miR-31
target, Cdc42. Cdc42 is a member of the Rho family of small
guanosine triphosphate-binding proteins that are playing
integral roles in intracellular signaling pathways trans-
duction. Earlier research showed that Cdc42 potently could
induce JNK activation, and Cdc42 loss of function would
inhibit signaling from cell surface receptors to JNK.****
Cdc42 was also a major contributor to MLK3 activation in
the saturated fatty acid-stimulated JNK signaling pathway
in hepatocytes.”> However, the role of Cdc42 has not yet
been studied in APAP-induced DILIL. In our results, the
expression of Cdc42 was increased markedly both in the
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liver and hepatocyte of 31-KO mice after APAP injection, and
Cdc42 inhibition by specific siRNA significantly decreased
both JNK activation and necrosis in APAP-treated mice he-
patocytes. Consistent with previous studies,””*> our study
also confirmed that increased Cdc42 can enhance MLK3
phosphorylation and subsequent activation of downstream
JNK signaling, aggravating hepatocyte injury in APAP hep-
atotoxicity. Although we have shown that miR-31 can
directly target Cdc42 to regulate JNK signaling, miRNA is
characterized by multitarget regulation, and there also may
be other targets and pathways involved in DILI. JNK acti-
vation interacts with Sab to conduct intramitochondrial
signaling, and miR-31 has been suggested to increase P53
signaling in cancer cells,*® which in turn could repress
expression of Sab.*’ The functional roles of miRNA in a
particular tissue inevitably will be restricted because only a
subset of its target genes is expressed.”® We found that
there was no significant difference of Sab expression in the
mitochondria between 31-KO and WT mice, indicating that
miR-31 modulates mitochondrial homeostasis mainly
through the miR-31-Cdc42-MLK3 axis instead of P53.

An interesting point in our studies was that there is a
safety mode, the feedback loop of JNK/miR-31/Cdc42,
induced by JNK signaling itself, to maintain hepatocyte
homeostasis in APAP-induced DILI. Although drug intake
targeting JNK may be beneficial for the treatment of APAP-
induced DILI, this also might include potential side effects.
Indeed, JNK activated by other stimuli may lead to nonlethal
pathophysiological or physiological consequences, such as
insulin signaling, liver regeneration, and even tumor sup-
pression.’”* Thus, we speculate that small-molecule
miR-31 may be easier to be designed for drug delivery to
enhance its therapeutic potential as a drug against APAP-
induced DILI. Additional work is required to illustrate this
intriguing speculation, and this might enrich the scarce
therapeutic options in intrinsic or idiosyncratic DILI.

Materials and Methods
Animals

C57BL/6] mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). The miR-31 gene knockout
(miR-317") mice were on a C57BL/6 background. Male mice

miR-31 Regulates JNK Signaling in DILI 1799

at 8-12 weeks of age were used in all experiments. The mice
were kept under specific pathogen-free conditions, in
compliance with the regulations of the Guide for the Care
and Use of Laboratory Animals, upon Scientific Investigation
Board approval (SYXK-2003-0026, Shanghai Jiao Tong Uni-
versity School of Medicine, Shanghai, China). To ameliorate
any suffering in the mice observed throughout these
experimental studies, the mice were killed by CO,
inhalation.

Human Samples

The DILI liver samples were collected from transplant
patients with acute liver failure and healthy control liver
tissues were collected from living liver donors at Renji
Hospital of Shanghai Jiao Tong University School of Medi-
cine (Shanghai, China). Patients’ clinical characteristics were
analyzed, and are presented in Table 1. The present study
was reviewed and approved by the Ethics Committee of
Renji Hospital of Shanghai Jiao Tong University School of
Medicine (Shanghai, China).

APAP-Induced DILI Mouse Model

All animals were fasted overnight for 16 hours before
APAP treatment. APAP (Sigma-Aldrich, St. Louis, MO) was
dissolved in warmed phosphate-buffered saline, and the
animals were treated intraperitoneally with an APAP dosage
of 300 mg/kg. Blood and liver samples were collected at
various time points after APAP administration.

Isolation of Hepatic Parenchymal and

Nonparenchymal Cells

A modification of the nonrecirculating 2-step in-situ
perfusion method was applied.*’ In brief, liver was
perfused through the portal vein using fresh solutions
containing type IV collagenase. After sufficient digestion, the
liver was excised and transferred to a sterile dish. Cells were
stripped and filtered through a 70-um stainless nylon
strainer, and centrifuged at 50 x g for 5 minutes. The
resulting pellet contained hepatic parenchymal cells (pri-
mary hepatocytes). Supernatant fluids containing hepatic
NPCs were centrifuged further at 450 x g for 5 minutes.

Figure 5. (See previous page). JNK signaling pathway and mitochondrial dysfunction were strongly enhanced in 31-KO
mice. (A) Expression of APAP metabolizing enzymes including cytochrome P450 isoforms 2 (CYP)2E1 and CYP1A2 were
detected in the liver before and after APAP treatment. (B) Comparison of time course content of GSH in fresh liver between 31-
KO and WT mice. n = 4 per group. (C) Heat map of hepatic differentially expressed mRNAs from the top 10 pathways between
31-KO and WT at 6 hours after APAP injection. (D) Kyoto Encyclopedia Genes and Genomes pathway analysis of differentially
expressed genes between 31-KO and WT livers at 6 hours after APAP administration. (E) Comparison of JNK phosphorylation
between 31-KO and WT mice at 6 hours after APAP injection. n = 3 per group. (F) Serum ALT and AST levels at 24 hours after
APAP injection with or without SP600125 administration. n = 6 per group. (G) Comparison of H&E and terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) (for DNA fragmentation) hepatic
staining between 31-KO and WT mice at 24 hours after APAP injection with or without SP600125 administration. In TUNEL
staining, red indicates DNA fragmentation and blue indicates 4’,6-diamidino-2-phenylindole nucleus. (H) Mitochondria and
cytoplasm (removal of mitochondria) were isolated from liver tissue in 31-KO and WT mice 6 hours after APAP administration.
Western blot analysis was performed using antibody against p-JNK, JNK, GAPDH, p-Src, Src, SAB, and PHB-1. (/) The
detection of ROS production in hepatocytes isolated from 31-KO, WT mice 6 hours after APAP administration, and negative
control (NC) also was set. n = 3 per group. Data are representative of means + SD. *P < .05 and **P < .01, 2-tailed Student ¢
test or analysis of variance. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; iJNK, JNK inhibitor; MFI, Mean Fluores-
cence Intensity; PHB, Prohibitin; PI3K-Akt, phosphatidylinositol 3-kinase-protein kinase B; PPAR, peroxisome proliferator
activated receptor.
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miR-31 Overexpression or Inhibition Cell Assay

Fresh isolated mouse primary hepatocytes were cultured
in Dulbecco’s modified Eagle medium/F-12 (Gibco, Gai-
thersburg, MD) and supplemented with heated-inactivated
10% fetal bovine serum (Gibco), penicillin, and strepto-
mycin in an atmosphere of 5% CO; at 37°C overnight. Then
mouse primary hepatocytes were transfected with miR-31
mimic (100 nmol/L) or miR-31 inhibitor (100 nmol/L) to
overexpress or deplete miR-31, and NC control also was set.
After 48 hours of transfection, primary hepatocytes were
treated with 20 mmol/L APAP for 6 hours.

Transfection of siRNA and Cell Assay

The mouse hepatocyte AML-12 cell line was purchased
from the Cell Bank of Type Culture Collection of the Chinese
Academy of Science (Shanghai, China), and culture condi-
tions were the same as described for the primary hepato-
cytes. Then, AML-12 cells were transfected with siRNA
(GenePharma) targeting murine Cdc42 or control siRNA
for 24 hours, followed by treatment with 20 mmol/L APAP
for 6 hours. The siRNA sequence against Cdc42 was
TCACACAGAAAGGCCTAAA.

Aminotransferase and Hepatic Pathology

The levels of serum ALT and AST were measured using
an automatic analyzer (Hitachi 7180, Tokyo, Japan). For the
histologic examination, the liver tissue was fixed (4%
paraformaldehyde), paraffin-embedded, sectioned, and
stained with H&E to determine morphologic changes. H&E-
stained liver sections were examined under a regular mi-
croscope (100x total magnification, Axio scope Al; Zeiss
[Jena, Germany]), and necrosis evaluation was graded using
a system previously described'®*?: 0, no lesion present; 1/
2, individual necrotic cells seen at the first cell layer adja-
cent to the central vein, and hyaline degeneration present; 1,
necrotic cells extending 2 or 3 cell layers from the central
veins; 2, necrotic cells extending 3-6 cell layers from the
central veins, but limited in peripheral distribution; 3, the
same as 2, but with necrosis extending from one central vein
to another; and 4, more severe than 3, with extensive cen-
trilobular necrosis throughout the section. An overall score
was computed for each liver section based on the assess-
ment of 5 lobules.

miR-31 Regulates JNK Signaling in DILI 1801

RNA Reverse Transcription and Quantitative

Polymerase Chain Reaction

Total RNA was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA). To measure mature miR-31
levels, 100 ng total RNA was reverse transcribed using the
TagMan miRNA reverse transcription kit (Thermo Scientific,
MA, USA). Then, the complementary DNAs were analyzed by
gqPCR using the TagMan probes designed for miR-31 and U6
in ViiA 7 facility (Applied Biosystems, MA, USA). Quantifi-
cation of relative miRNA expression was measured by the
comparative CT method (24“"), normalized to endogenous
U6 expression.

Flow Cytometry Analysis

The hepatic leukocytes analysis procedure was adapted
from a method previously described by Watanabe et al.**
Briefly, redundant blood was removed through the
ventriculus sinister perfusion with normal saline. Then the
liver was immediately excised and pressed through a 70-um
stainless strainer. The cell suspension was centrifuged at
50 x g for 2 minutes to remove hepatocytes and large
debris. Later, the supernatant containing leukocytes was
centrifuged at 400 x g for 5 minutes, and ACK lysing buffer
(Invitrogen) was used to lyse redundant erythrocyte. For
flow cytometry analysis, 10° cells were first incubated for
20 minutes with Fcy receptor blocking Ab (BD Pharmin-
gen), then stained with antibodies at a concentration of 1
ug/100 uL for 30 minutes at 4°C, protected from light.
Antibodies used in these experiments are listed in
Supplementary Table 1. Finally, cells were washed, resus-
pended, assayed with BD LSRFortessa X-20 Flow Cytometer
(Franklin Lakes, NJ]), and analyzed with Flow]Jo X software
10.0.7 (Flow]o, Ashland, OR). For in vitro cell death analysis,
we used PE Annexin V Apoptosis Detection Kit I (BD,
Franklin Lakes, NJ]) according to the manufacturer’s
instructions.

Reactive oxygen species (ROS) Detection

ROS were detected with CellROX Green Flow Cytometry
Assay Kit (Invitrogen) according to the manufacturer’s in-
structions. In brief, hepatocytes were isolated in situ
perfusion at indicated time from APAP-induced injury mice
as described earlier. The cells then were incubated in cell-

Figure 6. (See previous page). Ago2-RIP-Seq identified target of miR-31. (A) Experimental workflow of the Ago2-RIP-Seq
experiment. (B) Screening strategy of miR-31-specific target genes. (C) The normalized reads density landscape of Ago2-
bound peaks on Cdc42 from RIP-seq. (D) Western blot analysis of Cdc42 expression in liver tissues of WT and 31-KO
mice at 0 or 6 hours after APAP injection. (E) Western blot analysis of Cdc42 expression in hepatocytes derived from WT
and 31-KO mice at 6 hours after APAP injection. n = 3 mice per group. (F) Phosphorylation of upstream JNK signaling
including p-MKK4 and p-MLK3 were detected in the livers of 31-KO and WT mice 6 hours after APAP injection. (G) Primary
hepatocytes transfected with miR-31 mimic, inhibitor, and NC control were treated with APAP for 6 hours, then CDC42 and
respective molecules of JNK signaling were detected in Western blot. (H) Overall matching targets between Cdc42 3’ un-
translated region (UTR) and miR-31 were presented by RNAhybrid. Luciferase activity was determined in NIH3T3 cells that
were transfected with the Cdc42 3’UTR reporter construct or mutant control with different concentrations of miR-31 mimics or
NC. n = 4 per group. (/) Western blot analysis of p-JNK, JNK, and actin in AML-12 cells transfected with siRNA NC or siRNA
Cdc42 in the presence of APAP for 6 hours, and (J) cell necrosis was analyzed with flow cytometry. Data are representative of
means + SD. *P < .05, **P < .01, 2-tailed Student t test or analysis of variance (ANOVA). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NC, negative control; p-MLK3, phosphorylated mixed-lineage kinase 3; p-MKK4, phosphorylated mitogen-
activated protein kinase kinase 4; RISC, RNA-induced silencing complex; RPKM, Reads Per Kilobase per Million mapped
reads; Si, siRNA.
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permeable, peroxide-sensitive fluorophore CellROX Green
reagent for 30 minutes at 37°C, protected from light and
analyzed on BD LSRFortessa X-20 Flow Cytometer (Franklin
Lakes, NJ).

In Situ Hybridization

In situ hybridization was performed on 10-pm-thick
frozen sections of liver specimens, using the method previ-
ously described.** The 5-DIG and 3’-DIG-labeled miRCURY
LNA detection probe designed for mmu-miR-31-5p was
purchased from Exiqon (Copenhagen, Denmark).

Generation of Bone Marrow Chimeric Mice

Bone marrow cells were flushed from miR-317" or
wild-type donor mice. Erythrocyte-depleted bone marrow
cells were adoptively transferred into lethally irradiated
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(900 rads) wild-type mice or miR-317"mice (8-week-old,
5 x 10°1 x 107 cells per mouse). Totally three groups
were set (Figure 44): KO bone marrow transferred to WT
recipient (KO BM-WT), WT bone marrow transferred to
KO recipient (WT BM-KO), and WT bone marrow trans-
ferred to WT mice (WT BM-WT). After 8 weeks, the
chimeric mice were subjected to APAP-induced DILI
mouse model.

RNA-Seq and Data Analysis

Liver tissues from WT and 31-KO mice post-APAP in-
jection were collected for total RNA extraction. Comple-
mentary DNA library was constructed and sequenced on
an Illumina Hiseq4000 Platform. The expression levels of
each transcript were calculated according to the fragments
per kilobase of exon per million mapped reads (FPKM
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Table 1.Demographic Data of Patients With DILI

Characteristic DILI Normal control

Sex

Male 6 4

Female 6 4
Age at LT, mo 504 (435-657) 336 (324-432)
Etiology

Acetaminophen

Antibiotic

Ibuprofen

Antituberculosis drug
Chinese herb
Antiallergic drug
Slimming drug

8 (donor of LDLT)

A A= a2 anN

NOTE. The values in parentheses represent 25% and 75%

percentiles.
LT, living donor liver transplantation.

method). Genes with a variation of at least 1.8-fold and P
value less than .05 compared with relative samples, were
considered as DEGs. In addition, significant DEGs
were used for Kyoto Encyclopedia Genes and Genomes
analysis, which was performed using DAVID 6.8 (http://
david.ncifcrf.gov). The primary raw data have been
deposited in the Sequence Read Archive of NCBI, and
accession numbers are between SRR11262768 and
SRR11262773.

Ago2-RNA Immunoprecipitation Combined With
High-Throughput Sequencing (Ago2-RIP-seq)

Primary hepatocytes isolated from WT and 31-KO mice,
6 hours after APAP injection, were irradiated once for 400
mJ/cm? and lysed in ice-cold lysis buffer with RNase in-
hibitor and a protease inhibitor. Then, RNA qualified (RQ) I
DNase, micrococcal nuclease (MNase), and the mixture were
vibrated vigorously and centrifuged to remove cell debris.
The supernatant was incubated with DynaBeads protein G
(Thermo) conjugated with anti-Ago2 antibody (Abnova,
Taipei, China). The Ago2-bound RNAs were isolated from
the immunoprecipitation (IP) of anti-Ago2 using TRIzol
(Invitrogen, Carlsbad, CA). Total RNA of hepatocytes, which
was set as input control, also was isolated using TRIzol.
Complementary DNA libraries were prepared with the
KAPA RNA Hyper Prep Kit (KAPA, Boston, MA) according to
the manufacturer’s procedure. High-throughput sequencing
of the complementary DNA libraries was performed on an
[llumina Xten (California, CA) platform for 150 bp paired-
end sequencing.

RIP-Seq Peak Calling Analysis

After reads were aligned onto the genome, only uniquely
mapped reads were used for analysis. The ABL in silico
Random Clustering (ABLIRC) strategy was used to identify
the binding regions of Ago2 on the genome.”’ Reads with at
least 1 bp overlap were clustered as peaks. For each gene,
computational simulation was used to randomly generate
reads with the same number and lengths as reads in peaks.
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The outputting reads were further mapped to the same
genes to generate random maximum peak height from
overlapping reads. The whole process was repeated 500
times. All of the observed peaks with heights higher than
those of random maximum peaks (P < .05) were selected.
The immunoprecipitation (IP) and input control were
analyzed by the simulation independently, and the IP peaks
that overlapped with input peaks were removed. The target
genes of IP were finally determined by the peaks. The pri-
mary raw data have been deposited in the Sequence Read
Archive of National Center for Biotechnology Information
(NCBI), and accession numbers are between SRR11263243
and SRR11263246.

Terminal Deoxynucleotidyl Transferase—Mediated
Deoxyuridine Triphosphate Nick-End Labeling
Assay

The detection of DNA fragmentation was performed by a
terminal deoxynucleotidyl transferase-mediated deoxyur-
idine triphosphate nick-end labeling assay using a commer-
cially available kit (In Situ Cell Death Detection Kit, TMR red;
Roche, Basel, Switzerland) following the manufacturer’s in-
structions. In brief, the paraffin-embedded liver sections
were treated with proteinase K (20 ug/mL) for 20 minutes
after dewaxing and hydration, then a reaction mix was
added to the liver tissue for 1 hour at room temperature.
The positive terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling and 4/,6-
diamidino-2-phenylindole staining were observed under a
fluorescence microscope (Zeiss, Jena, Germany).

Immunofluorescence

Mouse primary hepatocytes were subjected to immu-
nofluorescent staining as previously described.”” The anti-
body used was mouse anti-albumin antibody (sc-271605;
Santa Cruz, Dallas, TX).

Isolation of Mitochondria From Liver Tissue

A tissue mitochondrial extraction kit (Beyotime,
Shanghai, China) was used for mitochondria isolation from
fresh liver tissue according to the manufacturer’s in-
structions. The freshly isolated mitochondria and corre-
sponding cytoplasm were immediately subjected to protein
extraction.

Western Blot

Samples were lysed in RIPA lysis buffer (Beyotime) and
supplemented with a protease and phosphatase inhibitor
cocktail (Thermo Scientific, Waltham, MA). Antibodies
applied in these experiments are listed in Supplementary
Table 1. The band was detected with ECL Western Blot-
ting Substrate (Beyotime) by a GE Amersham Imager 600
(GE, Fairfield, CT).

Administration of JNK Inhibitor SP600125
The mice were treated with JNK-specific inhibitor
SP600125 (MedChemExpress, Monmouth Junction, NJ) at 15
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mg/kg dissolved in 5% dimethyl sulfoxide and 95% corn oil
or the same volume vehicle control (5% dimethyl sulfoxide
and 95% corn oil) intraperitoneally, 60 minutes before
APAP administration. After treatment, mice were analyzed
for aminotransferase, histology, and miR-31 expression.

Luciferase Assays

The 3’ untranslated region fragments of Cdc42 and
mutant control were cloned into psiCHECK-2 vector
(Promega, Madison, WI). Mouse embryonic fibroblast cells
(NIH3T3 cells) were cultured in Dulbecco’s modified Eagle

dehydrogenase.

medium high-glucose medium (Thermo Scientific) supple-
mented with 10% fetal bovine serum (Gibco) in an atmo-
sphere of 5% CO, at 37°C. Cells with 60%-90% confluence
were co-transfected with 100 ng dual luciferase reporter
vector and different concentrations (20, 50, or 100 nmol/
L) of miR-31 mimics (GenePharma) using Lipofect-
amine3000 (Thermo Scientific). The cells were lysed 24
hours after transfection and luciferase activity was
measured using the Dual-Luciferase Reporter Assay Sys-
tem (Promega) on a microplate reader (Berthold, Bad
Wildbad, Germany). The renilla:firefly luciferase ratio was
calculated for each well.
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Measurement of Liver Tissue Glutathione Level

Fresh liver tissues were collected from 31-KO or WT
mice at indicated times after APAP injection. Then, the liver
tissue glutathione level was detected using the Total
Glutathione Assay Kit (Beyotime) according to the manu-
facturer’s instructions.

Statistical Analysis

The data were analyzed with GraphPad Prism 7
(GraphPad Software, Inc, La Jolla, CA) and were presented
as the means + SD. The Student t test was used to
compare 2 conditions, and analysis of variance was used
for multiple comparisons. Clinical demographic data were
compared with the chi-square test. Probability values
were indicated and considered significant when less than
<0.05.

All authors had access to the study data and reviewed
and approved the final manuscript.
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performing miR-31 in situ hybridization, flow cytometry and bone marrow
chimeric mice.
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