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Hepatic ischemia and reperfusion (IR) injury contributes to the morbidity and mortality associated with liver
transplantation. microRNAs (miRNAs) constitute a family of noncoding RNAs that regulate gene expression at the
posttranslational level through the repression of specific target genes. Here, we hypothesized that miRNAs could be
targeted to enhance hepatic ischemia tolerance. A miRNA screen in a murine model of hepatic IR injury pointed us
toward the liver-specific miRNA miR122. Subsequent studies in mice with hepatocyte-specific deletion of miR122

(miR122/0XF/loxP Alp-Cre* mice) during hepatic ischemia and reperfusion revealed exacerbated liver injury. Transcriptional
studies implicated hypoxia-inducible factor-1a (HIF1a) in the induction of miR122 and identified the oxygen-sensing prolyl
hydroxylase domain 1 (PHD1) as a miR122 target. Further studies indicated that HIF1a-dependent induction of miR122
participated in a feed-forward pathway for liver protection via the enhancement of hepatic HIF responses through PHD1
repression. Moreover, pharmacologic studies utilizing nanoparticle-mediated miR122 overexpression demonstrated
attenuated liver injury. Finally, proof-of-principle studies in patients undergoing orthotopic liver transplantation showed
elevated miR122 levels in conjunction with the repression of PHD1 in post-ischemic liver biopsies. Taken together, the
present findings provide molecular insight into the functional role of miR122 in enhancing hepatic ischemia tolerance and
suggest the potential utility of pharmacologic interventions targeting miR122 to dampen hepatic injury during liver
transplantation.
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Introduction
Hepatic ischemia and reperfusion (IR) injury occurs during hem-
orrhagic shock, trauma, liver resection, and liver transplantation
surgery (1, 2). Early graft failure after liver transplantation is fre-
quently caused by IR injury and is associated with extremely high
rates of morbidity and mortality (3). Because of the growing wait-
list of recipients whose need for liver transplantation is urgent,
there is an increasing demand for liver grafts for transplantation.
Although they are more prone to IR injury, marginal livers are now
also more frequently being considered for transplantations (4).
Hepatic IR injury also has important immunologic consequences,
such as an increased severity of early liver rejection (5) or the sub-
sequent recurrence of viral hepatitis (6). Therefore, the search for
novel therapeutic interventions to dampen hepatic IR injury is an
area of intense investigation (1, 7-14).

MicroRNAs (miRNAs) constitute a family of short, noncoding
RNA molecules of 20 to 25 nucleotides in length that regulate gene
expression at the posttranscriptional level via repression of target
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miR122 to dampen hepatic injury during liver transplantation.

Hepatic ischemia and reperfusion (IR) injury contributes to the morbidity and mortality associated with liver transplantation.
microRNAs (miRNAs) constitute a family of noncoding RNAs that regulate gene expression at the posttranslational level
through the repression of specific target genes. Here, we hypothesized that miRNAs could be targeted to enhance hepatic
ischemia tolerance. A miRNA screen in a murine model of hepatic IR injury pointed us toward the liver-specific miRNA
miR122. Subsequent studies in mice with hepatocyte-specific deletion of miR122 (miR122"*/x* Alb-Cre* mice) during hepatic
ischemia and reperfusion revealed exacerbated liver injury. Transcriptional studies implicated hypoxia-inducible factor-1a
(HIF1a) in the induction of miR122 and identified the oxygen-sensing prolyl hydroxylase domain 1 (PHD1) as a miR122

target. Further studies indicated that HIF1a-dependent induction of miR122 participated in a feed-forward pathway for liver
protection via the enhancement of hepatic HIF responses through PHD1 repression. Moreover, pharmacologic studies utilizing
nanoparticle-mediated miR122 overexpression demonstrated attenuated liver injury. Finally, proof-of-principle studies in
patients undergoing orthotopic liver transplantation showed elevated miR122 levels in conjunction with the repression of
PHD1in post-ischemic liver biopsies. Taken together, the present findings provide molecular insight into the functional role
of miR122 in enhancing hepatic ischemia tolerance and suggest the potential utility of pharmacologic interventions targeting

genes. miRNAs are involved in the control of a wide range of biolog-
ical functions and processes, such as development, differentiation,
metabolism, growth, proliferation, and apoptosis (15). The contribu-
tions of miRNAs to hepatic IR injury are largely unknown. In order to
identify miRNAs that could be targeted for liver protection during IR
injury, we performed a targeted miRNA array using a murine model
of hepatic IR injury. Interestingly, these studies pointed us toward
miR122, a highly conserved liver-specific miRNA that constitutes
70% of the cloned hepatic miRNA in the adult mouse (16). Several
key observations underscore the importance of miR122 in liver biol-
ogy and disease. Antisense-mediated inhibition of miR122 in mice
leads to the induction of genes that are normally repressed in adult
liver, suggesting that this miRNA is important for the maintenance
of the terminally differentiated hepatocyte gene expression program
(17). Furthermore, miR122 inhibition reduces serum cholesterol by
indirectly causing the repression of genes involved in cholesterol
biosynthesis, thereby protecting animals from diet-induced hyper-
cholesterolemia (18). Additionally, miR122 plays a noncanonical
role in the life cycle of hepatitis C virus (HCV) and its replication
(19). Accordingly, intravenous administration of locked nucleic acid
(LNA) antisense miR122 oligonucleotides (miravirsen) was found
to be therapeutic in the treatment of patients with hepatitis C (20).
A recent study showed that injection of pre-miR122-expressing
adeno-associated virus serotype 8 (AAV8) to mice ameliorated alco-
holic liver disease, suggesting a protective function of miR122 (21).
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miR122 represents a specific biomarker for acute and chronic
liver injury, owing to its almost exclusive expression in hepatocytes.
Elevated serum levels of miR122 have been reported in drug-in-
duced liver injury (22, 23), alcoholic liver disease (24), HCV (25,
26), and nonalcoholic steatohepatitis (NASH) (27). Increase levels
of miR122 in the serum have also been observed in mouse and rat
models of warm hepatic IR injury (28, 29). The data demonstrated a
strong correlation between serum levels of miR122 and the degree of
liver damage measured by alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and hepatic cell death. A recent clinical
study of liver grafts at the end of cold ischemia demonstrated that
the miR122 levels in preservation fluids were significantly higher in
grafts from donation after circulatory death (DCD) and grafts that
developed early allograft dysfunction (EAD). Moreover, the levels of
miR122 in preservation fluids correlated with ALT levels within the
first day after transplantation and reduced long-term graft survival
(30). These studies suggest that circulating miR122 levels could be
a potential biomarker of hepatic IR injury. However, the function of
miR122 in hepatic IR injury and its potential as a therapeutic target
have not been elucidated. The present studies demonstrate a protec-
tive role for miR122 in promoting hepatic ischemia tolerance.

Results

MiR122 is upregulated during hepatic IR injury. We hypothesized
that miRNAs could play a critical role in mediating hepatic isch-
emia tolerance via alteration of the expression of specific tar-

1% oxygen (h)

get genes. To examine this hypothesis, we performed a targeted
miRNA array using mouse liver tissue after hepatic IR injury,
focusing on miRNAs that are known to be expressed in the liv-
er (31-34). For the purpose of these studies, we exposed mice
to partial hepatic IR injury by applying 60 minutes of hepatic
ischemia of the left and middle liver lobes, followed by 6 hours
of reperfusion. We compared miRNA expression in the post-IR
liver with expression in sham control livers. Interestingly, we
observed the most robust induction of miRNA expression for
the hepatic miRNA mmu-miR122 (Figure 1A). Additional stud-
ies with different ischemia or reperfusion durations confirmed
increased mmu-miR122 expression following IR injury of the
liver (Figure 1, B and C). Moreover, exposure of the human
hepatocyte cell line HepG2 to ambient hypoxia (1% oxygen)
was associated with time-dependent increases in hsa-miR122
expression (Figure 1D). Together, these findings demonstrated
miR122 induction during hepatic IR injury.

Upregulation of miR122 during hepatic IR injury is mediated
by hypoxia-inducible factor-la. On the basis of the above find-
ings showing that miR122 was induced during murine hepatic IR
injury, or following hypoxia exposure of HepG2 cells, we next set
out to study the transcriptional mechanism governing miR122
expression. Unlike some miRNAs, which are encoded on tran-
scripts coincident with other miRNAs or protein-coding genes,
miR122is derived from a transcript that only encodes for miR122.
Previous studies have shown that the miR122 promoter is prom-
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Figure 2. Role of HIF in miR122 induction. (A) The promoter for miR122 includes 2 putative HIF-binding sites — hypoxia response elements (HREs).
Maps indicate the promoter constructs generated for analysis of promoter activity. (B) ChIP analysis demonstrated binding of HIF1a to the putative
HRE within the miR122 promoter (2-way ANOVA. n = 4/group from 4independent experiments). (C) Effective knockdown of HIF1A mRNA follow-

ing lentivirus-mediated HIF1a shRNA delivery into HepG2 cells (2-tailed, unpaired Student’s t test. n = 8 and n = 7 for the control [Ctrl]] and shRNA
groups, respectively). (D and E) HIF1a shRNA abolished HIF1a induction in HepG2 cell nuclei following 6-hour hypoxia culturing in 1% oxygen (results
are representative of 3 independent experiments). (G-1) Experiments analogous to those depicted in D and E demonstrate preserved induction of
miR122 following shRNA-mediated repression of HIF2a. (G) Two-tailed, unpaired Student’s t test; n = 8 and 11 for control and shRNA groups, respec-
tively. (H and I) Results are representative of 4 independent experiments. (F and J) Time-dependent induction of miR122 in HepG2 cells exposed

to hypoxia was abolished following HIF1a, but not HIF2a, knockdown compared with the same control shRNA group (2-way ANOVA, n =4, and 6

at 0, 2, 4, 8 hours for the control group shared by F and }, and n = 6 for all shRNA groups, respectively, at 0, 2, 4, and 8 hours). (K-N) In mice with
hepatocyte-specific deletion of HIF1a (HIF1A/ Alb-Cre*), HIFIA mRNA and protein were abolished, and induction of miR122 was abolished following
ischemia and reperfusion (2-tailed, unpaired Student’s t test). (K) n =5 and 8 in WT and KO groups, respectively. (M) n = 3/group. (N) n =8 and 6 in
WT and KO groups, respectively. All data are shown as the mean + SEM.
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Figure 3. Exacerbated liver IR injury in mice with hepatocyte-specific deletion of miR122 is reduced by reconstitution of the miR122 mimic. Male miR122%/1
Alb-Cre* mice and littermate controls (miR122# Alb-Cre”) were exposed to liver ischemia and reperfusion. (A) Lack of miR122 induction in the miR122# Alb-
Cre* mice after 60 minutes of ischemia and 6 hours of reperfusion. Two-way ANOVA. n =11, 5 in the sham WT and KO groups, respectively; n =13, 5in the IR
WT and KO groups, respectively. miR122f Alb-Cre* mice showed increased hepatic injury, as determined by (B) ALT, (C) AST, and (D) LDH levels after 60 min-

:

utes of ischemia and 6 hours of reperfusion. Two-tailed Student’s t test. n = 8, 6 in the WT and KO groups, respectively. (E and F) Liver histology after 6 hours
and 24 hours of reperfusion. Two-way ANOVA. n =10, 7 for the 6-hour WT and KO groups, respectively; n =5, 7 for the 24-hour WT and KO groups, respectively.
Scale bars: 50 um. (G and H) Protein levels of the liver inflammation markers IL-6 and TNF-a. Two-tailed, unpaired Student’s t test. n =6, 5 in the WT and KO
groups, respectively. (I) miR1227/7 Alb-Cre* mice were reconstituted with synthetic miRNA-122 or a scrambled miR control using nanoparticles 24 hours prior to
60 minutes of ischemia, followed by 6 or 24 hours of reperfusion. (J) Robust increases in miR122 levels were observed in the liver from mice reconstituted with
a miR122 mimic compared with those reconstituted with a scrambled miR after ischemia and reperfusion. Two-tailed, unpaired Student’s t test. n =9, 6 in the
scrambled miR and miR122 groups, respectively. (K-M) Compared with miR122%/7 Alb-Cre* mice that received scrambled miR treatment, mice reconstituted
with synthetic miR122 show decreased levels of (K) ALT, (L) AST, and (M) LDH. n = 6, 9 in the scrambled miR and miR122 groups, respectively. (N and 0) Histol-
ogy images and improved histology scores. n = 5/group. Scale bars: 100 um.(P and Q) Reduced levels of the proinflammatory cytokines IL-6 and TNF-a..

n =4/group. Two-tailed, unpaired Student’s t test. All data are shown as the mean + SEM.
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Figure 4. Identification of PHD1 as a miR122 target gene. (A and B) Hsa-miR122 levels and PHD1 transcript levels in HepG2 cells with miR122 overex-

pression compared with control cells. Two-tailed, unpaired Student’s t test.
cells following hypoxia exposure. One-way ANOVA. n=10,7,9,7 and 8 at 0,
ase reporter plasmids, with 1 containing the WT 3'-UTR of PHD1, or a mutat

n =7/group (A); n = 9/group (B). (C) Repression of PHD1 transcripts in HepG2
2,4, 8, and 24 hours, respectively. (D) Sequences used to generate 2 lucifer-
ed version prohibiting binding of miR122 to the 3’-UTR. (E and F) Decreased

luciferase activity caused by miR122 overexpression (n = 6/group) or following 24 hours of hypoxia (n = 15/group) in HepG2 cells transfected with the WT
PHD1-3'-UTR. These responses were absent in cells transfected with the mutated PHD1-3’-UTR plasmid (PHD1-3’-UTR-mut), where specific binding of
miR122 to the 3’-UTR does not occur. A 2-way ANOVA was performed. (G) Effective PHD1 knockdown following lentivirus-mediated PHD1 shRNA delivery
into HepG2 cells. n = 8, 11in CTL-shRNA groups at 0 hours and 6 hours, respectively; n = 6 in PHD1 shRNA groups at 0 hours and 6 hours. (H-}) HepG2 cells

were cultured for 6 hours in hypoxic or normoxic conditions(0 hours). In PHD

1-knockdown cells, hypoxia-induced HIF1a protein stabilization (n = 5/group)

and miR122 augmentation were enhanced compared with control shRNA-transduced HepG2 cells. (J) n =15, 12 in the control shRNA groups at 0 and 6
hours, respectively; n =12, 10 in the PHD-1 shRNA groups at 0 and 6 hours, respectively. A 2-way ANOVA was performed. (K) PHD1 transcript expression

was not suppressed in miR122f/f Alb-Cre* mice after 60 minutes of ischemia

and 6 hours of reperfusion. Two-way ANOVA. n =13, 6 in the sham WT and KO

groups, respectively; n = 13/group in the IR groups. (L and M) Lack of stabilization of HIF1a in miR122%" Alb-Cre* mice compared with littermate controls.
Two-tailed, unpaired Student’s t test. n =10, 9 in the WT and KO groups, respectively. All data are shown as the mean + SEM.

inently regulated by a cluster of liver-specific transcription fac-
tors (35, 36). However, hypoxia control of the miR122 promot-
er is currently unknown. Notably, the human miR122 promoter
(-1055 bp upstream of the transcription start site [TSS]) contains

J Clin Invest. 2021;131(7):e140300 https://doi.org/10.1172/JC1140300

2 putative hypoxia-inducing factor (HIF) binding sites (hypox-
ia response elements [HREs], -847 and -504; Figure 2A). ChIP
assays demonstrated direct binding of HIFla to both HREs on
the miR122 promoter (Figure 2B). Our data further demonstrated
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Table 1. Screening of potential miR122 target genes

Gene name Mean SD Pvalue
PHD1 (EGLN2) 0427 0.277 <0.001
HNRNPU 0.667 0.530 0171
GYst 0.688 0.528 0198
PHD1 (EGLNT) 0.730 0.359 0.143
MAP3K12 0.931 0.61 0.570
CCNGT 0.941 0.518 0.780
HIF3A 1.015 1337 0.985
HIFIAN 1101 0.509 0.743
DUSP4 11.07 0.526 0.673
VHL 1179 0.195 0.226
SLe273 1376 0.573 0.342
RBP| 1463 0.822 0418
PKM 1464 0.409 0.108
ATR 1489 1182 0.390
HIFTA 1.659 0.637 0.022
HMOX1 1.764 1169 0.055
ALDOA 1.874 1.069 0.080
RUVBL2 1.989 117 0.092
P4HAT 2.008 0.640 0.023
PHD3 (EGLN3) 2.300 0.584 0.016
EPO 2.760 1.078 <0.001

Putative miR122 target genes were measured in HepG2 cells after
lentivirus-mediated miR122 overexpression. Representative results from 6
independent experiments are shown.

that hypoxia inducibility of miR122 was abolished in HepG2 cells
with lentivirus-mediated shRNA repression of HIFla (Figure 2,
C-F), whereas miR122 induction remained intact in HepG2 cells
with shRNA-mediated repression of HIF2a (Figure 2, G-J). More-
over, miR122 induction during hepatic IR injury was abolished in
mice with hepatocyte-specific deletion of HIFla (HIF14"" Alb-
Cre* mice; Figure 2, K-N). Together, these findings indicate that
miR122is a HIF1A target gene and implicate a functional role for
HIFle in miR122 induction during hepatic IR injury.
Hepatocyte-specific deletion of miR122 (miR122V?Alb-Cre* mice)
is associated with exacerbated liver IR injury. Given the above stud-
ies showing HIFla-dependent induction of miR122 during condi-
tions of limited oxygen availability, we next sought to address the
functional role of miR122 during hepatic IR injury. The previously
described miR122% Alb-Cre* mice are viable, bred normally, and
do not have obvious abnormalities when kept in a pathogen-free
environment (19), but they show efficient deletion of hepatic
miR122 levels (Figure 3A). However, exposure of miR122/# Alb-
Cre*mice to hepatic IR injury revealed dramatically increased liver
injury compared with their age-, sex-, and weight-matched litter-
mates (miR122%# Alb-Cre” mice). This was evident from increases
in ALT, AST, lactate dehydrogenase (LDH), histologic liver inju-
ry, and markers of liver inflammation (Figure 3, B-H). To further
demonstrate that miR122 plays a functional role in the regulation
of hepatic ischemia tolerance, we reconstituted miR122% Alb-Cre*
mice using treatment with nanoparticles containing a synthet-
ic mouse miR122 mimetic via neutral lipid emulsion (NLE). The
miR122%# Alb-Cre* mice were intravenously injected with a single
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20 pg dose of the miRNA-122 mimetic formulated with NLE or
with an NLE containing a scrambled RNA sequence, 24 hours pri-
or to hepatic ischemia surgery (Figure 31). The exogenous miR122
treatment resulted in a significant increase in hepatic miR122
levels (Figure 3]), while functional studies demonstrated recapit-
ulation of a WT phenotype with reduced levels of AST, ALT, LDH,
histologic liver injury, and markers of liver inflammation (Figure
3, K-Q). Together, these studies provide strong evidence for a pro-
tective role of miR122 during hepatic IR injury.

Identification of prolyl hydroxylase domain 1 as a miR122 target
gene. Given the profound increases in liver injury observed in miR-
12278 Alb-Cre* mice, we hypothesized that repression of a putative
miR122 target gene could mediate hepatic ischemia tolerance.
Using electronic miRNA target gene prediction software (PITA,
RNAhybrid, miRecords, and TargetScanHuman), we identified
several putative miRNA target genes with at least 2 positive pre-
dictions in the above search engines. To test these putative miR122
targets in a functional assay, we generated HepG2 cells with over-
expression of hsa-miR122 (Figure 4A). A number of the genes
reported to be miR122 targets showed a trending decrease follow-
ing miR122 overexpression (Table 1). Interestingly, we observed
the most profound and significant repression for the putative
miR122 target gene prolyl hydroxylase domain 1 (PHD1) (Table
1 and Figure 4B). PHD1 is an oxygen-sensing prolyl hydroxylase
that is critical for the regulation of HIF protein stabilization (2).
Indeed, we found that hypoxia exposure of HepG2 cells was asso-
ciated with the repression of PHD1 mRNA during ambient hypox-
ia (Figure 4C). We next generated 2 luciferase reporter plasmids
with 1 containing the WT 3'-UTR of PHD1 and a mutated version,
in which specific binding of miR122 to the 3'-UTR does not occur
(Figure 4D). Transfection of these plasmids into HepG2 cells
confirmed repression of the WT plasmid in the cells with miR122
overexpression or following hypoxia exposure — a response that
was abolished following mutation of the PHD1-3'-UTR reporter
plasmid (Figure 4, E and F). Together, these studies indicate that
miR122 can function as a repressor of PHD1.

After having identified PHD1 as a hepatic miR122 target, we
next performed studies to address the functional role of PHD1
repression. PHD1 is known to hydroxylate HIFs during normoxic
conditions, thereby tagging HIF for proteasomal degradation (2).
During limited oxygen availability, HIF hydroxylation is attenuat-
ed, leading to the initiation of hypoxia-elicited gene expression (2).
Therefore, we hypothesized that miR122 repression of PHD1 could
function to enhance hepatic HIF responses. To address this hypoth-
esis, we generated HepG2 cells with lentivirus-mediated repres-
sion of PHD1 (Figure 4G). Indeed, hypoxia-induced stabilization
of HIFla was significantly enhanced following PHD1 knockdown
(Figure 4, H and I). Consistent with elevated HIF1lo signaling, we
observed that miR122 expression was elevated in PHD1-knockdown
HepG2 cells (Figure 4]). Moreover, we found that PHD1 transcript
levels in mice with hepatocyte-specific miR122 deletion (miR122%1
Alb-Cre* mice) were not suppressed and that HIFlo protein was not
stabilized during hepatic IR injury (Figure 4, K-M). In the context
of previous studies showing that Phd17~ mice are protected during
hepatic IR injury (37), the present findings indicate the likelihood
that miR122-elicited repression of PHD1 could function to provide
liver protection via enhancement of hepatic HIF responses.
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Figure 5. Hepatic overexpression of miR122 provides liver protection during hepatic IR injury. (A) Male C57BI/6 WT mice were injected intravenously with
a single dose of 20 pg synthetic mouse miR122 or scrambled miR formulated in NLE, 24 hours prior to 60 minutes of ischemia followed by 6 hours and 24
hours of reperfusion. (B) Treatment of exogenous miR122 increased miR122 levels in sham and IR livers. Two-way ANOVA. n = 6/group in the sham groups,

n = 8/group in the IR groups. Mice treated with the miR122 mimetic show decreased levels of ALT (C), AST (D), and LDH (E) following 6 hours of reperfusion.
Two-tailed, unpaired Student’s t test. n = 9/group. (F and G) Exogenous miR122 treatment improved histology scores following 24 hours of reperfusion.
Two-tailed, unpaired Student’s t test. n = 6/group. (H-L) Exogenous miR122 treatment (H) decreased hepatic PHD1 transcript levels (n = 8/group in the sham
groups, n = 9/group in the IR groups), (I and J) augmented stabilization of HIF1a (n = 6, 5 in the scrambled miR and miR122 groups, respectively), and (K and
L) repressed PHD1 protein levels (n = 8/group) after liver IR injury. Two-way ANOVA (H) and 2-tailed, unpaired Student’s t test (J and L).

Hepatic overexpression of miR122 provides liver protection during
hepatic IR injury. To demonstrate the potential of pharmacologic
interventions to directly enhance hepatic miR122 expression, we
next performed studies of WT mice treated with nanoparticles con-
taining a miR122 mimetic. Pretreatment with a single dose of the
NLE-formulated miR122 mimetic 24 hours prior to ischemia sur-
gery was associated with robust elevations of hepatic miR122 lev-
els 6 hours after reperfusion (Figure 5, A and B). Studies of hepatic
IR injury showed robust liver protection in the context of repressed
PHDI transcript and protein levels and elevated HIFla protein sta-
bilization (Figure 5, C-L). Together, these studies indicate that phar-
macologic induction of hepatic miR122 overexpression represents a
therapeutic approach for the treatment of IR injury of the liver.

J Clin Invest. 2021;131(7):e140300 https://doi.org/10.1172/JC1140300

miR122 expression is increased in human hepatic IR injury. As a
final step, we performed proof-of-principle studies in liver biopsies
obtained during human liver transplantation. For this purpose, we
obtained 2 liver biopsies from cadaveric liver transplantation —
the first during cold ischemia and a second biopsy sample from
the same liver following warm ischemia and reperfusion. Each
liver biopsy served as its own control (n = 11; average cold isch-
emia, warm ischemia, and reperfusion times are shown in Figure
6A; patients’ characteristics are provided in Table 2). Liver biop-
sies were immediately snap-frozen in the operating room. Con-
sistent with the above studies in murine IR injury of the liver, we
found that hepatic hsa-miR122 levels were significantly elevated
during human liver transplantation (Figure 6B). Consistent with a
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Figure 6. MiR122 expression is increased in human hepatic IR injury. (A) Two subsequent liver biopsies were obtained during cadaveric human liver trans-
plantation — the first before IR and the second after warm ischemia and reperfusion after IR. Each liver biopsy served as its own control. (B and C) The miR122
(n =16/group) and PHD1 transcript levels (n = 11/group) were measured by real-time RT-PCR. Two-tailed, paired Student’s t test. Data are shown as the mean +
SEM. (D and E) PHD1 protein levels in pre- and post-IR liver samples were measured by Western blot analysis and quantified. Representative blots are shown.
Two-tailed, paired Student’s t test. n = 11/group. data are shown as the mean + SEM. (F) Correlation between the ratio of miR122 levels (post/pre-transplanta-
tion ratio) and the reduction in ALT levels from postoperative days 1to 7 (D1to D7) as an indicator of liver recovery (n = 16 samples). Data are depicted as linear
regression (black line) with a 95% Cl (dashed lines). (G) Schematic summary of the main findings. HIFla-dependent upregulation of miR122 and miR122-
dependent repression of PHD1, which results in hepatic HIF1a stabilization, represent a feed-forward pathway for liver protection during IR injury.

functional role for miR122 induction in repressing its target gene
PHD1, we found that transcript and protein levels of PHD1 were
repressed during human liver transplantation (Figure 6, C-E).
Taken together, these findings indicate that the observed tran-
scriptional alterations such as induction of miR122 and concomi-
tant repression of PHD1 occur during human liver transplantation.

Discussion

The current studies are designed to identify miRNA targets for
the treatment of hepatic IR injury. To make progress on this
front, we performed a targeted miRNA screen in a murine model
of partial liver ischemia. This approach revealed the most prom-
inent increase in hepatic miR122 — a miRNA that has become

famous for its role in propagating the replication of the hepatitis
C virus (20). Interestingly, we observed a profound protective
role for miR122 against hepatic IR injury, whereby mice with
hepatocyte-specific deletion of miR122 experienced increased
susceptibility to hepatic IR injury. In support of these findings,
the ratio of miR122 levels in human patients (post-/pre-trans-
plantation ratio) showed a significant correlation with the reduc-
tionin ALT levels from postoperative day 1to day 7 as an indicator
of liver recovery (Figure 6F). Subsequent studies demonstrated
that miR122 is an HIF1lo target gene and that binding of HIF1a to
the miR122 promoter is critical for miR122 induction. Moreover,
a subsequent study of hepatocytes with miR122 overexpression
and further in vitro and in vivo experiments revealed that PHD1
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Table 2. Patients’ characteristics

Repositoryno.  MELD score CIT (min) WIT (min) BPT (min)
1 20 225 32 60

2 28 723 36 80

3 34 580 46 140

4 40 271 36 124

5 40 433 47 300

6 28 571 45 115

7 22 238 35 60

8 33 538 40 196

9 36 323 42 118

10 40 381 38 71

1 17 327 40 196

12 31 178 38 78

13 39 144 38 346

14 30 432 39 233

15 29 557 32 107

16 38 314 42 145
Mean + SEM 316 +1.8 389.7 +41.7 3913+ 11 1481+ 214

Individual patient and respective donor values are presented along with
the mean + SD, including the model for end-stage liver disease (MELD)
score, the cold ischemia time (CIT), the warm ischemia time (WIT), the
reperfusion time (RT), and the time of biopsy after reperfusion (BPT).

is a target gene. As such, the present studies point toward a func-
tional role of miR122 induction and concomitant repression of
PHDI1 as a feed-forward pathway to enhance hepatic HIFla sta-
bilization and more robust HIFla-elicited liver protection during
hepatic IR injury (Figure 6G).

The HIF transcriptional complex, which is critical in cellular
responses to hypoxia, was discovered in 1995 by Gregg Semen-
za (38), who was awarded the Nobel Prize in Physiology or Med-
icine in 2019. Several previous studies had implicated the PHD/
HIF pathway in promoting ischemia tolerance of different organs.
For example, a recent study showed that loss of PHD1 lowers oxy-
gen consumption in skeletal muscle by reprogramming glucose
metabolism from oxidative to more anaerobic ATP production
through activation of the PPARa pathway (39). This metabolic
adaptation to oxygen conservation impairs oxidative muscle per-
formance in healthy conditions, but it provides acute protection
of myofibers against lethal ischemia. In this model, hypoxia toler-
ance is due to reduced generation of oxidative stress, which allows
PHD1-deficient myofibers to preserve mitochondrial respiration
(39). Similarly, a recent study implicated an interaction of HIFla
with the circadian rhythm protein Period2 in promoting isch-
emia tolerance through the transcriptional induction of glycolytic
enzymes, a pathway that can also be activated by light treatment
(40). Moreover, inhibition of PHDs via succinate and concomitant
stabilization of HIF1a has been shown to optimize alveolar-epithe-
lial carbohydrate metabolism, thereby attenuating lung inflam-
mation during mechanical ventilation (41). Additional studies of
ischemia and reperfusion demonstrated that HIF can function to
promote the generation and signaling of antiinflammatory ade-
nosine and thereby promote ischemia tolerance or dampen pos-
tischemic vasoconstriction and inflammation (42-44). Together,
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these studies indicate that PHD-dependent stabilization of HIF is
a critical step in mediating ischemia tolerance (45, 46). In addi-
tion to miR122, our data showed substantial upregulation of miR-
217 upon hepatic ischemia and reperfusion. Emerging studies of
mRNA splicing and miRNA target recognition suggest the impor-
tance of a “kissing complex” dimerization in the structure and
folding stability of RNA-RNA interactions (47, 48). It is interest-
ing to speculate that miR-217 may form a “kissing complex” with
miR122 to promote tolerance to liver IR injury.

The present studies have important translational implica-
tions. As a direct extension of the present findings, therapeutic
approaches to enhance hepatic miR122 via nanoparticle treatment
with miR122 mimetics could be pursued in patients prior to liver
transplantation. This could be achieved by treatment of the donor
during cadaveric liver transplantation, the addition of miR122
mimetic-containing nanoparticles to the solution used for extra-
corporeal liver preservation, or by preoperative treatment of the
donor prior to living-donor-related liver transplantation (49). In
support of this notion, a recent study demonstrated that HIFla
was responsive to cold hypoxia/reoxygenation (50). Because
the liver functions as a filter for nanoparticles, overexpression of
miRNAs in the liver is easier to achieve than in other organs (e.g.,
the heart). Alternatively, miR122-dependent liver protection can
be mimicked by selective targeting of PHD1 using PHD1-specific
oligonucleotides. Indeed, previous studies have shown that specific
antisense oligonucleotides (ASOs) can be successfully used for the
treatment of human disease (51-53). Alternatively, PHD inhibition
could also be achieved pharmacologically by the use of PHD inhib-
itors. Indeed, a recent clinical study used a global PHD inhibitor
successfully for the treatment of renal anemia in humans (54). As
no side effects were reported, this study indicates safety for the use
of PHD inhibitors in humans, and those findings could be extend-
ed toward human liver transplantation. However, a miRNA-based
therapeutic approach could be more advantageous. For example,
the inhibitory effect on PHD will last for a prolonged period (until
the protein is recovered). This would be ideal for patients undergo-
ing major liver surgery or liver transplantation, where postopera-
tive oral intake is likely impossible for several days.

Finally, our findings also have important implications for
patients with hepatocellular carcinoma (HCC). Emerging evi-
dence suggests that miR122 is a tumor suppressor. miR122 expres-
sion is reduced in rodent and human HCC (55). Mice with genetic
deletion of miR122, either globally or only in hepatocytes, sponta-
neously develop HCC after 1 year of life (56). Furthermore, deliv-
ery of exogenous miR122 suppressed liver tumor development in
animal models (19). These studies suggest that miR122 supple-
mentation during liver transplantation or resection will not only
enhance tolerance against hepatic IR injury but might also prevent
cancer recurrence in patients with HCC.

Taken together, the present studies implicate HIFla-elic-
ited induction of miR122 in hepatoprotection during IR injury
via repression of its target gene PHD1. While these studies have
important implications for liver transplantation or major liver sur-
gery, steps to take these findings from bench to bedside will be crit-
ical. Such efforts could include testing pharmacologic approaches
to achieve hepatic overexpression of miRNAs, or the design and
safety testing of human ASOs for targeting of PHD1.
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Table 3. Primer sequences used in the studies

Muvrine model of partial liver ischemia. A murine
model of partial liver ischemia was used as previ-
ously described (57). Mice were anesthetized by

e

Species Gene Forward primer (5'-3') Reverse primer (5-3') ) - L ;
Mouse 185 ACGGAAGGGCACCACCAGGA CACCACCACCCACGGAATCG intraperitoneal injection of pentobarbital (60 mg/
kg). After a midline laparotomy, an atraumatic clip
ll6 TCCATCCAGTTGCCTTCTTG TTCCACGATTTCCCAGAGAAC
was used to block blood supply to the left lateral
Tnfa AGGCTGCCCCGACTACGT GACTTTCTCCTGGTATGAGATAGCAAA and median lobes of the liver. After 15-60 minutes
Hifla TTGCTCATCAGTTGCCACTT TTAGCACCATCACAAAGCCA of ischemia, the clip was be removed to initiate
Hif2a CTGAGGAAGGAGAAATCCCGT TGTGTCCGAAGGAAGCTGATG hepatic reperfusion.
Phd1(Egin2) QIAGEN (NM_053208, PPMB000IB) Analysis of mRNA and miRNA levels. Total RNA
Phd2(Egln1) QIAGEN (NM_053207, PPM31485B) was isolated from cultured cells or murine liver tis-
Phd3(Egin3) QIAGEN (NM_028133, PPM31281A) sue using QIAzol Reagent and separated into mRNA
Human 18s AACGAACGAGACTCTGGCAT AACGCCACTTGTCCCTCTAA and miRNA components following the manufactur-
ALDOA CAGGGACAAATGGCGAGACTA GGGGTGTGTTCCCCAATCTT er’s instructions (SABiosciences, QIAGEN). cDNA
ATR ACCTCAGCAGTAATAGTGATGGA GGCCACTGTATTCAAGGGAAAT from miRNA was generated using miSeript RT IT kits
(QIAGEN), and transcript levels were determined
DUPS4 GGACCCCACTACACGACCA ATTCAACAGAGCCGTGATGCC . _
by real-time reverse transcription PCR (RT-PCR)
EPO GTTTCGGCAAGTGAGGAGGA GGCCCCAATCCAGATGTCAA (iCycler; Bio-Rad). Primer sets for mmu-miR122
GYs1 CAGCGCGGACCAACAATTTC TCCTCCCGAACTTTTCCTTCA (MS00001526), hsa-miR122 (MS00003416), and
HIFIAN TTCCCGACTAGGCCCATTC CAGGTATTCAAGGTCCCATTTCA RNU6 (MS00033740) were used following the
HIFTA ATCCATGTGACCATGAGGAAATG TCGGCTAGTTAGGGTACACTTC manufacturer’s instructions (QIAGEN). c¢DNA
HIF2A AGCACCCCTCTCTCTTCCAT GCTGCTCCCAAGAACTCTGT from mRNA was generated using iScript (Bio-Rad),
HIF3A ATGCGGTCAGCAAGAGCATC AGACGATACTCTCCGACTGGG and transcript levels were determined by real-time
HMOX1 CCCACCAAGTTCAAACAGCT ATCACCTGCAGCTCCTCAAA RT-PCR (iCycler; Bio-Rad). The primers sequences
HNRNPU GAGCATCCTATGGTGTGTCAAA TGACCAGCCAATACGAACTTC are shown in Table 3.
MAP3KT2 CCTCAAAGAAACCGACATCAAGC GGATGCAGTAGCAGGGAGE ~ ChIP. ChIP was P;rformed to assess DNA-pro-
P4HAT CCAAAGCTCTGTTACGTCTCC AGTCCTCAGCCGTTAGAAAAGA tein Interactions at the promoter sequences using
the ChIP assay kit (Active Motif) according to the
PHD1 (EGLN2) GCTGGGCAGCTATGTCATCAA GGGATTGTCAACGTGCCTTAC , - . .
manufacturer’s instructions. Briefly, cells were har-
PHD2 (EGLNT) GCTTGTTATCCGGGCAATGG TGGGTTCAATGTCAGCAAACT vested, and protein-DNA complexes were cross-
PHD3 (EGLN3) (TGGGCAAATACTACGTCAAGG GACCATCACCGTTGGGGTT linked by fixation in 1% (v/v) formaldehyde in
PKM ATAACGCCTACATGGAAAAGTGT TAAGCCCATCATCCACGTAGA minimal culture medium for 10 minutes at room
RPBJ CGGCCTCCACCTAAACCAC TCCATCCACTGCCCATAAGAT temperature, followed by extraction of nuclei. Chro-
RUVBL2 GATCCAGATTGATCGACCAGC GAGCCCATAGCGTCGTAGT matin was enzymatically digested for 11 minutes
SLc243 GCTGGGCATCGTTGTTGGA GCACTTTGTAGGATAGCAGGAAG to yield DNA fragments ranging in size from 200
VHL AGATGCAGGGACACACGATG TTGACTAGGCTCCGGACAAC to 1500 bp. The chromatin solution was reserved
as the “input” sample. The remaining chromatin
was immunoprecipitated overnight at 4°C with 3
ug antibody specific to HIFla (catalog 14179, Cell
Signaling Technology) or an IgG isotype control
Methods (catalog 2729, Cell Signaling Technology). The chromatin-antibody

Human liver tissue. Liver samples were obtained from patients under-
going orthotopic liver transplantation (Table 2). Liver biopsies (before
IR) were taken at the conclusion of the cold ischemia time during
back-table preparation of the cadaveric liver allograft (Figure 6A). A
second biopsy (after IR) was taken immediately prior to closure of the
abdomen following drain placement (Figure 6A). Importantly, total
reperfusion time is defined as the time from portal vein perfusion to
abdominal closure at the conclusion of the procedure.

Mice. Male mice were used for the studies. All animals were housed
under a 12-hour light/12-hour dark cycle and were used (age- and
weight-matched) between 12 and 16 weeks of age. miR122%/ albumin
Cre* (miR122"" Alb-Cre*) mice were obtained by crossing miR122%7
mice with albumin Cre* mice. Littermate miR122"# Alb-Cre” mice were
used as a control. miR122”/ mice were characterized previously by
collaborators (19). HIFIA"? Alb-Cre* mice were obtained by crossing
HIFIA" (40) and Alb-Cre* mice. Alb-Cre mice were used as a control.

complexes captured on the beads were washed several times and
then eluted in 50 pL elution buffer. The immunoprecipitated and
input sample cross-links were reversed by incubation for 2.5 hours
at 65°C. After treatment with proteinase K for 1 hour at 37°C, the
reaction was stopped, and the resulting DNA was analyzed by real-
time RT-PCR. The following primers were used: miR122 HRE-847
(sense, TGAAACCCCGTCTCTACTAA; antisense, ATTCAAGC-
GATTCTCCTGCCTC) and miR122 HRE-504 (sense, GACTGTGG-
GCTCTGTTTGT; antisense, ACCATGCATTCCTTTGTT).

In vitro transduction of virus overexpressing GFP-miR122. HepG2
cells (American Type Culture Collection [ATCC]) were transduced
with 3 x 10¢ infectious units (IFU) of either GFP control- or GFP hsa-
miR122-expressing virus in 8 pg/mL polybrene (MilliporeSigma).
After 48 hours, cells were harvested and mRNA was isolated using
the RNeasy kit (QIAGEN). cDNA was generated using iScript cDNA
Synthesis kits (Bio-Rad).
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Binding of miR122 to the 3'-UTR of PHDI. For overexpression, HepG2
cells were transduced with 3 x 10° IFU of either GFP control or GFP-
miR122 virus and 8 pg/mL polybrene (MilliporeSigma). After 48 hours,
cells were transfected with the control pMiR target or with PHD1-3'-UTR
reporter constructs (OriGene). Twenty-four hours later, cells were har-
vested, and luciferase expression was measured using the Dual Lucifer-
ase Reporter Kit (Promega) according to the manufacturer’s instructions.
For hypoxia, HepG2 cells were transfected with a control pMirTarget or
PHD1-3'-UTRreporter constructs (OriGene), incubated for 24 hours, and
then exposed to 1% oxygen for 6 hours. Next, cells were harvested, and
luciferase expression was measured using the Dual Luciferase Reporter
kit (Promega) according to the manufacturer’s instructions.

Immunoblotting experiments. To measure PHD1, HIFla, or HIF2a
protein content, nuclear and cytoplasmic proteins were extracted from
cells or liver tissue using NE-PER Nuclear and Cytoplasmic Extraction
Reagents Complete Protease Inhibitor (Cell Signaling Technology).
The protein was resuspended in reducing Laemmli sample buffer
and heated to 95°C for 5 minutes. Samples were resolved on a 7.5%
polyacrylamide gel and transferred onto nitrocellulose membranes.
The membranes were blocked for 1 hour at room temperature in TBS
Tween-20 (TBST) supplemented with 5% BSA (MilliporeSigma). The
membranes were incubated overnight at 4°C with the following pri-
mary antibodies, at the indicated concentrations: rabbit anti-mouse
PHDI1 or anti-human PHDI1 (catalog ab113077, Abcam, 1:1000);
mouse anti-human HIFla (catalog 610959, BD, 1:500); and rabbit
anti-mouse HIFla (catalog ab179483, Abcam, 1:1000) or HIF2a (cata-
log NB100-122, Novus, 1:50). After three 10-minute washes in TBST,
the membranes were incubated with a goat anti-mouse (catalog 7076,
Cell Signaling Technology) or goat anti-rabbit (catalog 7074, Cell Sig-
naling Technology) secondary antibody at a concentration of 1:2000.
The wash was repeated and proteins detected by ECL (Pierce, Thermo
Fisher Scientific). To control for nuclear protein loading, blots were
probed for TATA-binding protein (TBP) (catalog 440598, Cell Signal-
ing Technology), and to control for cytosol protein loading, blots were
probed for B-actin (A5441, MilliporeSigma).

PHDI genetic deletion in cell cultures. HepG2 cells were transfected
with pLKO.1-puro-PHD1 KO (PHD1-KO, 1 pg) or pLKO.1-puro (1 pg)
using FuGENE HD Transfection Reagent (Promega). Cells transfect-
ed with the pLKO.1-puro plasmid alone, without the PHD1-KO gene,
were used as a control. For stable transfection, cells were cultured in
the selective medium with 2 pg/mL puromycin for 1 month. Then,
drug-resistant individual clones were isolated and incubated for fur-
ther amplification in the presence of a selective medium.

Invivo treatment with miR122 mimic. NLE (maxSuppressor in vivo
RNALancer II) was purchased from Bioo Scientific. NLE consists of
1,2-dioleoyl-sn-glycero-3-phosphocholine, squalene oil, polysorbate
20, and an antioxidant that, in complex with synthetic miRNAs, forms
nanoparticles in the nanometer-diameter range. A single dose of 20 pg
synthetic mouse microRNA-122 (Dharmacon), formulated with NLE
according to the manufacturer’s instructions, was injected intrave-
nously into mice 24 hours before liver IR surgery.
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Statistics. Liver injury score data are given as the median and the
range. All other data are presented as the mean + SEM for 3-13 animals
per condition. Statistical analysis was performed using the Student’s ¢
test for 2 experimental groups evaluated by the 2-sample equal vari-
ance ¢ test; a 1-way ANOVA for multiple experimental groups involving
1 factor; or a 2-way ANOVA for experiments involving 2 or 3 factors. A
P value of less than 0.05 was considered statistically significant. For
Western blot analyses, experiments were repeated 3 times. GraphPad
Prism 7.0 (GraphPad Software) was used for all statistical analyses.

Study approval. The collection and use of patients’ samples was
approved by the Committee for the Protection of Human Subjects
(CPHS) at the University of Texas Health Science Center (UTHealth,
CPHS protocol HSC-MS-12-0652). All patients included in the study
provided written informed consent. All animal protocols were con-
ducted in accordance with UTHealth guidelines for the use of living
animals and were approved by the Center for Laboratory Animal Med-
icine and Care (CLAMC) at UTHealth.
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