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ABSTRACT

The liver performs multiple functions within the human body. It is composed of numerous cell
types, which play important roles in organ physiology. Our study centers on themajor metabolic cell
type of the liver, the hepatocyte, and its susceptibility to damage during drug overdose. In these stud-
ies, hepatocytes were generated from a renewable and genetically defined resource. In vitro-derived
hepatocytes were extensively profiled and exposed to varying levels of paracetamol and plasma iso-
lated from liver-failure patients, with a view to identifying noncoding microRNAs that could reduce
drug- or serum-induced hepatotoxicity. We identified a novel anti-microRNA, which reduced
paracetamol-induced hepatotoxicity and glutathione depletion. Additionally, we identified a prosur-
vival role for anti-microRNA-324 following exposure to plasma collected from liver failure patients.
Webelieve that these studies represent an important advance for the field, demonstrating the power
of stem cell-derived systems tomodel human biology “in a dish” and identify novel noncodingmicro-
RNAs, which could be translated to the clinic in the future. STEM CELLS TRANSLATIONAL MEDICINE

2016;5:764–772

SIGNIFICANCE

The liver performsvital functionswithin thehumanbodyand is composedof numerous cell types. The
majormetabolic cell type of the liver, the hepatocyte, is susceptible to damage during drug overdose.
In these studies, hepatocytes were generated from a renewable resource and exposed to varying lev-
els of paracetamol, with a view to identifying interventions that could reduce or attenuate drug-
induced liver toxicity. A novel noncoding RNA that reduced paracetamol-induced hepatocyte toxicity
was identified. These findings may represent an important advance for the field.

INTRODUCTION

The liver is a multifunctional and highly regenera-
tive organ. In both the acute and chronic settings,
liver damage has dire consequences for health. A
common cause of liver damage is adverse reactions
to prescription drugs, which can lead to drug-
induced liver injury (DILI). This creates major prob-
lems for patients, clinicians, the pharmaceutical
industryand regulatory authorities [1]. It hasbeen re-
portedthat intheU.K.,approximately15%ofthehos-
pital inpatients suffer from liver toxicity in response
tomedications during admissions, with 20% of these
patients readmitted again after 1 year and a 2%
mortality rate [2, 3]. The annual cost to the National
HealthService in theU.K.hasbeenestimatedat£450
million, with the costs growing year by year [4].

In the context of drug overdose or serious ad-
verse reactions, liver failure can be acute and life-
threatening,and in seriouscases requiresorthotopic
liver transplantation. Although transplantation is

highly successful, such an approach has many lim-
itations [5], justifying basic science attempts to de-
velop better humanmodels of liver injury and novel
intervention strategies. With this in mind, we have
studied the importance ofmicroRNAs (miRs) in reg-
ulating human drugmetabolism and their potential
to reduce liver toxicity in response to toxic levels of
paracetamol.

miRs are small noncoding RNAs that are ap-
proximately 20–24 nucleotides long, and their
major function is to fine-tune gene expression.
Enzyme processing of primary and precursor
microRNAs generates a mature microRNA that
is incorporated into the RNA-induced silencing
complex (RISC). The complex recognizes the target
mRNA through perfect and imperfect base pairing
with the target miRs [6]. It is known that micro-
RNAs play roles in regulating the first and third
phase of drug metabolism (7–12]. However the
second phase of drug metabolism, drug conju-
gation, has not been studied in detail. Drug
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conjugation is crucial tohumandrugprocessing, andperturbation
of this process can lead to life-threatening liver injury. To test the
importance of miRs in regulating phase II drug metabolism, we
opted to study the metabolism of a commonly used analgesic,
paracetamol (acetaminophen). When taken in the appropriate
amounts, paracetamol is modified by sulfuryl transferases and
UDP glucuronosyl transferases and removed from the body with-
out organ damage [13]. However, when paracetamol is taken
above the recommended dose, it is metabolized by phase I en-
zymes to generate a toxic intermediateN-acetyl-p-benzoquinone
imine (NAPQI), which, if untreated, can lead to hepatocyte cell
death and liver failure, placing the patient in a life-threatening sit-
uation. To promote nontoxic paracetamol metabolism, in the
context of drug overdose, we identified and used candidate miRs
to regulate its metabolism.

Insummary,wehave identifiedanovelmicroRNAthat regulates
phase II drug metabolism, promoting nontoxic paracetamol drug me-
tabolism.Moreover, we demonstrate a supportive role formicroRNAs
in managing the toxic nature of human liver failure plasma. We be-
lieveour findingsarenovelandprovideproofof concept. Thesestud-
ies exemplify the power of pluripotent stem cell-derived models to
identify new approaches to treating human liver damage.

MATERIALS AND METHODS

Cell Culture and Differentiation

Human embryonic stem cells (hESCs) (H9) were cultured and differ-
entiated as described [5, 14–16].

Primary Human Hepatocyte Culture

Cryopreservedhumanprimary hepatocyteswerepurchased from
Thermo Fisher Scientific Life Sciences (Waltham, MA, http://
www.thermofisher.com). In this study, female line (Hu8119;
HMCPIS) andmale line (Hu8182;HMCPIS)were chosen. Both lines
were donated from Caucasian patients of 21–27 years of age. The
cryoplateable hepatocytes were plated and maintained as per
vendor’s instruction. Briefly, hepatocytes were resuspended in
thawingmedium (CM3000) and plated ontoMatrigel in a 48-well
plates. Subsequently, cells were placed in the incubator at 37°C
(5% CO2) for 24 hours. At 24 hours after replating, the medium
was changed to incubation medium (CM4000). At 48 hours after
replating, hepatocytemetabolic activity (CYP3A and CYP1A2) were
measuredbyusingPromegapGlo luciferase-basedassays (Promega,
Madison, WI, http://www.promega.com).

RNA Isolation and Quantitative Polymerase
Chain Reaction

RNA was isolated, reverse-transcribed, and used for TaqMan po-
lymerase chain reaction as described in Szkolnicka et al. [5].
The reference numbers of particular primers can be found in
supplemental online Table 4.

RT2 Profiler PCR Array

Total RNA from hESC-derived hepatocytes (day 18) and primary
humanhepatocytes (purchased from3HBiomedical AB,Uppsala, Swe-
den, http://www.3hbiomedical.com) was reverse-transcribed using
RT2 First Strand Kit (Qiagen, Hilden, Germany, http://www.qiagen.
com)accordingtothemanufacturer’s instructions.Thequantitativepo-
lymerase chain reaction (qPCR) was performed using the RT2 profiler

PCR Array system (Qiagen) in accordance with the manufacturer’s
instructions.

MicroRNA Profiling

Total RNA from hESC-derived hepatocytes (day 18; n = 3) and pri-
mary human hepatocytes (purchased from 3H Biomedical AB)
wereanalyzedonAgilentmiRNAplatform(usingAgilent’sSurePrint
G3 Human v16microRNA 83 60Kmicroarray slides; miRBase Ver-
sion 16.0; Agilent, Santa Clara, CA, http://www.agilent.com) fol-
lowing Sistemic proprietary standard operating procedures.
Then, 100 ng of total RNA, from a working solution at 50 ng/ml
in nuclease-free water, was used as input for each microarray ex-
periment. Each slide contained eight individual arrays, and each ar-
ray was identified by a unique barcode and contained capture
probes for1,349microRNAs (1205human;144viral). Themicroarray
data were normalized by using Sistemic’s in-house preprocessing
and data quality-control (QC) methods (Sistemic, Glasgow, U.K.,
http://www.sistemic.co.uk). Detection calls (present or absent)
for individual miRNAs were compared across the samples. The
detectioncallswerecalculatedbyusing theAgilent FeatureExtrac-
tion software (Version 10.7.3.1). A detailed description of how
these calls aremade is available in the “Feature Extraction Reference
Guide” on the Agilent website (http://www.genomics.agilent.com).

miR-mRNA Binding Analysis

TargetScanHuman 6.2 is an online tool that predicts microRNA
binding sites at the 39 untranslated region of the biological target.
The program focuses on the presence of conserved and noncon-
served sites that match the seed region of each microRNA [17].

Immunofluorescence

Cell cultures at day 18of cellular differentiationwere fixed in 100% ice-
coldmethanolat220°Cfor30minutes.Afterfixation,cellcultureswere
washed twicewith phosphate-buffered saline (PBS) at room tempera-
ture. Cells were blockedwith 0.1%PBS-Tween containing 10%bovine-
specific antigen (BSA) for 1 hour and subsequently incubated with
primary antibodies diluted in PBS-0.1% Tween/1% BSA (theGSTT1 an-
tibody was diluted in PBS-0.1% Tween/2% BSA) at 4°C overnight. The
nextday, theprimaryantibodywasremoved,andthefixedmonolayers
were washed three times with PBS-0.1% Tween/1% BSA (the GSTT1
antibodywaswashed in PBS-0.1% Tween/2%BSA). After this, the cells
were incubatedwiththeappropriatesecondaryantibodydiluted inPBS
for1houratroomtemperatureandwashedthreetimeswithPBS.After
washing, the Hoechst 33342 (NucBlue Live Cell Stain ReadyProbes;
Thermo Fisher Scientific Life Sciences) diluted in PBS (according to
the manufacturer’s instructions) was added to the fixed monolayer
and incubated for 20minutes at roomtemperature.After removal, cell
cultures were mounted with Mountant Perma-Fluor (Thermo Fisher
Scientific LifeSciences). StainedmonolayerswereanalyzedbyanOlym-
pus TH4-200 microscope (Olympus Corp., Tokyo, Japan, http://www.
olympus.co.jp) and Volocity 4 software (PerkinElmer, Waltham, MA,
http://www.perkinelmer.com). The percentage of positive cells and
standard deviation were estimated from at least four random
fields of view. The list of antibodies and dilutions are provided
in supplemental online Table 4.

Paracetamol Dosing and Toxicity Studies

Paracetamol (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) was diluted in ethanol (Sigma-Aldrich) and
prepared at 0.5 M stock concentration. Different paracetamol
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concentrations (0, 1, 2, 5, 10, 20, and 50 mM) were prepared in
HepatoZYME supplemented with factors (10 ng/ml hepatocyte
growth factor [HGF]; 20 ng/ml oncostatin M [OSM]. At day 17,
cells were treated with specific drug concentration and left for
24 hours in the incubator at 37°C. At day 18, adenosine triphos-
phate (ATP) productionwasmeasuredby theCellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega). For primary human
hepatocytes, the cellswere treatedwith the same range of para-
cetamol concentrations as described above at 48 hours after
replating. The concentrations were prepared by diluting the
stock solution in specific volumes of incubation medium
(CM4000) and 2% bovine serum albumin (Sigma-Aldrich). Cells
were incubated with the drug for 24 hours at 37°C. Subsequently,
ATP production was measured by the CellTiter-Glo Luminescent
Cell Viability Assay (Promega).

In Vitro Modulation of Paracetamol Toxicity
Using MicroRNAs

At day 17, cells were transfected with scrambled controls, miRs,
or antagomirs to miR-24, miR-324 for 24 hours at 37°C. At day
18, hESC-derived hepatocytes were exposed to the concentra-
tion of paracetamol resulting in a 50% depletion in ATP (IC50
2 12.85 mM). Twenty-four hours later (day 19), the toxic effect

of the drug was measured using the CellTiter – Glo Luminescent
Cell Viability Assay (Promega) and the GSH/GSSG-Glo Assay
(Promega).

In Vitro Modulation of Paracetamol Toxicity Using
N-Acetylcysteine

N-Acetylcysteine (NAC; Sigma-Aldrich) was prepared at 1M stock
concentration. At day 17 of differentiation, hESC-derived hepato-
cytes were treated with 1 mM NAC diluted in HepatoZYME sup-
plemented with 10 ng/ml HGF and 20 ng/ml OSM. At day 18 of
differentiation, hESC-derived hepatocytes were exposed to the
concentration of paracetamol resulting in 50% death (IC50 =
12.85mM) for another 24 hours. At day 19, ATP levels weremea-
sured using CellTiter – Glo Luminescent Cell Viability Assay
(Promega).

Cell Viability Assay

CellularATP levelsweremeasuredbyusingCellTiter-GloLuminescent
Cell Viability Assay (Promega) according to the manufacturer’s in-
structions, and the luminescence signalwas detected by the lumin-
ometer (Promega). The IC50 of paracetamol (acetaminophen
[APAP]) was estimated from the function f(x) = ax + b.

Figure 1. Stagewise human embryonic stem cell (hESC) differentiation to the hepatocyte lineage. (A): Phase-contrast imaging demonstrated
that cells underwent sequential morphological changes during transit from stem cell (day 0), to definitive endoderm (day 3), to hepatoblast
(day 10), to hepatocyte (day 18). (B): Immunocytochemistry demonstrating upregulation of HNF4a and albumin during hepatic specification
at day 18. Negative controls performed with corresponding immunoglobulin G. The percentage of positive cells is provided in the top right of
each panel. This was calculated from four random fields of view and is shown as6 SD. (C), Cyp3A and Cyp1A2metabolismwere assessed in day
18hepatocyte-like cells using the PromegapGlo system. Experimentswereperformed in triplicate andmeasured ona luminometer. Theunits of
activity quoted are relative light units permilliliter of supernatant permilligramof protein. Scale bars = 100mm. Abbreviations: ALB, albumin; d,
day; DAPI, 49,6-diamidino-2-phenylindole; HNF4a, hepatocyte nuclear factor 4a; IgG, immunoglobulin G RLU, relative light units.
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Reduced Glutathione Assay

Theamountof reducedglutathioneproduced in thehESC-derived
hepatocytes was measured by the GSH/GSSG-Glo Assay from
Promega and carried out according to the manufacturer’s
instructions.

Patient Information, Sample Collection, and Processing

Ethical approval for the study was provided by the Scotland “A”
Research and Ethics Committee, and written informed consent
was obtained. Three female donors or their nominated next of kin
consented to blood sampling. Paracetamol hepatotoxicity was pro-
spectively defined as previously described [18]. Peripheral blood
sampleswere obtained on the day of admission to the Scottish Liver
Transplantation Unit. Serum was collected after centrifuging blood
samplesat1,000g for15minutesat4°Cwithin1houraftercollection.
Serumwas then immediately aliquotted, and storedand280°Cuntil
thawing for the experiments. Importantly, no paracetamol was
detectable in the serum samples used in the study. Patient blood
biochemistry and normal ranges are provided in supplemental
online Table 5.

RESULTS

Defining Metabolic Gene Expression and Function in
Stem Cell-Derived Hepatocytes

hESC-derived hepatocytes were produced in vitro by using
establishedmethodology [5, 16] and demonstrated appropriate
cell morphology, gene expression, and appreciable levels of
metabolic function (Fig. 1A–1C). Cyp3A activity in stem cell-
derived hepatocytes was estimated at 8.4% of the female and
22% of male adult hepatocytes (Fig. 1C; supplemental online
Fig. 1), whereas Cyp1A2 activity was estimated to be 0.009%

and 0.06% of female and male hepatocytes, respectively (Fig.
1C; supplemental online Fig. 1). After validation, stem cell-
derived hepatocytes were characterized for drug-metabolizing
gene expression using microarray technology. Throughout
these studies, stem cell-derived hepatocytes were compared
with adult human hepatocytes. From these studies, we demon-
strated that stem cell-derived hepatocytes expressed tran-
scripts for phase I, II, and III drug metabolism, some of which
were at reduced levels in comparison with primary hepatocytes
(Fig. 2; supplemental online Table 1).

Detailed Study of Paracetamol Metabolism in Stem
Cell-Derived Hepatocytes

In order to ascertain which metabolic pathways were intact, in
stem cell-derived hepatocytes, the data from the array experi-
mentswere analyzedusingPharmGKB software (StanfordUniver-
sity, Stanford, CA, http://www.pharmgkb.org). From the analysis,
wedetermined that anumberofmetabolicpathwayswere intact in
our stem cell-derived system, including paracetamol metabolism
(supplemental online Fig. 2). When paracetamol is taken within
the therapeutic range, it is metabolized and excreted normally by
phase II and III enzymes (supplemental online Fig. 2). However, if
the drug is taken at higher doses than recommended, phase I en-
zymes generate NAPQI, which is toxic and leads to glutathione de-
pletion and, ultimately, cell death (supplemental online Fig. 2).
The results generated from the array experiments were validated
by immunostaining, focusing on key phase II and III proteins. Phase
II enzymes from the nontoxic pathway, SULT2A1, and toxic path-
way, GSTT1, were expressed in 59% and ∼98% cells, respectively
(Fig. 3A; supplemental online Table 1). Importantly, stem cell-
derived hepatocytes also expressed phase III drug transporters im-
portant in each pathway. Approximately 52% and 77% of cells
expressed ABCG2 and ABCC1, respectively (Fig. 3A; supplemental

Figure 2. Stem cell-derived (day 18) and primary human hepatocyte gene expression. The scatter plots represent expression of the major
metabolic genes involved in phase I, II, and III drug metabolism. Gene expression was performed by using the Human Drug Metabolism RT2

Profiler PCR Array (Qiagen) according to themanufacturer’s instructions. The scatter plot represents the changes in gene expression. The graph
plots the log10of normalized geneexpression levels in a control condition, primary humanhepatocytes (xaxis) versus anexperimental condition,
human embryonic stem cell (hESC)-derived hepatocytes (y axis). Symbols outside the boundary area indicate fold differences larger than
threefold.
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online Table 1). We therefore hypothesized that stem cell-derived
hepatocytes had the correctmachinery toprocessparacetamol ina
nontoxic and toxic manner (Fig. 3B). To test this, we exposed stem
cell-derived hepatocytes to a range of concentrations of paraceta-
mol, ranging from 0 to 50 mM. After exposure, cell viability was
monitored by ATP production. From these studies, we demon-
strated that stem cell-derived hepatocyte cell death increased in
a dose-dependent fashion with an IC50 value of 12.85 mM. Al-
though differences in cytochrome P450 metabolic capacity were
identified between stem cell-derived hepatocytes and primary
hepatocytes, the paracetamol IC50 values obtained in vitrowere
comparable to both female and male hepatocytes, at 10.51 and
12.6 mM, respectively (supplemental online Fig. 3).

MicroRNA Profiling of Stem Cell-Derived and
Primary Hepatocytes

Once we had established that stem cell-derived hepatocytes
responded to paracetamol appropriately, we wished to study
microRNA expression within stem cell-derived hepatocytes. miRs
are known to be potent regulators of gene expression, and our hy-
pothesis was thatmiRs could play an important role inmodulating
paracetamolmetabolism and, therefore, drug overdose in hepato-
cytes. To screen for miRs that regulate this process, day-18 hESC-
derived hepatocytes were harvested and compared to adult
hepatocytesusing theAgilentmiRNAplatform.Fromthesestudies,
we determined that stem cell-derived hepatocytes and primary

humanhepatocytesexpressed367miRs in common,with220miRs
being expressed at similar levels and 147 miRs differentially
expressed (Fig. 4A, 4B; supplemental online Table 2). Of note,
the major miR expressed in the liver, miR-122, was expressed at
similar levels between primary and hESC-derived hepatocytes
(Fig. 4C). Next, we evaluated similarly expressed miRs using Tar-
getScanHuman6.2 (Whitehead Institute for Biomedical Research,
Cambridge,MA, http://www.targetscan.org) to predict novelmiRs
that may regulate phase II enzymes important in paracetamol me-
tabolism. The “hits” from our screen were ranked by their context
scores [19, 20]. Our analysis predicted that miR-24 and -324 could
potentially regulate GSTT1 and SULT2A1, respectively, and those
miRs served as the focus of further experimentation (supplemental
online Table 3).

MicroRNA 324 Regulation of Paracetamol-Induced
Toxicity in Stem Cell-Derived Hepatocytes

In order to test our hypothesis that stem cell-derived hepatocyte
susceptibility to paracetamol overdose could be regulated by
miRs, we transfected synthetic noncoding RNAs. Stem cell-
derived hepatocyte transfectionwasoptimized,with synthetic RNAs
used at a concentration of 50 nM for 24 hours before incubation
with a toxic dose of paracetamol. To examine the effects of anta-
gomir transfection on phase II enzyme expression, we performed
qPCR and immunostaining. hESC-derived hepatocytes trans-
fected with the scrambled control served as our baseline

SULT2A1                  59% ± 2.85

BA
GSTT1                  98% ± 0.25 

ABCG2                     52%  ± 1.55 ABCC1                   77% ± 1.10

IgG (mouse)                       0% IgG (rabbit)                          0%

Figure 3. The expression of enzymes and transporters involved in paracetamol (APAP) metabolism. (A): Representation of protein expression
of phase II enzymes (GSTT1 and SULT2A1) and phase III transporters (ABCC1 and ABCG2) in stem cell-derived hepatocytes. The percentage of
positive cells is provided in the top rightof eachpanel. Thiswas calculated from four randomfieldsof viewand is shownas6SD.The imageswere
taken at320magnification. Scale bar = 100mm. (B): Phase II enzymes andphase III transporters playmajor role in a toxic andnontoxic pathways
ofparacetamolmetabolism. In thenontoxic pathway, paracetamol ismetabolizedbySULT2A1enzymes toproduceAPAP sulfatemetabolite that
is effluxed from the cell by ABCG2 transporter. In a toxic pathway, paracetamol is metabolized by GSTT1 enzyme to produce APAP cysteine
(mercapturic acid) metabolite that is effluxed from the cell by ABCC1 transporter. Abbreviations: ABCC1, adenosine triphosphate-Binding Cas-
sette Transporter Subfamily C member 1; ABCG2, adenosine triphosphate-Binding Cassette Transporter Subfamily G member 2; APAP, acet-
aminophen; GSTT1, glutathione-S-transferase u 1; SULT2A1, sulfotransferase 2A1.
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throughout. In response to transfection with the antagomir for
miR-324, stem cell-derived hepatocytes expressed greater levels
of SULT2A1 (Fig. 5A, 5B). In contrast, transfectionwithmiR-324 or
the noncoding RNAs for miR-24 did not result in gene expres-
sion changes for SULT2A1 or GSTT1 (supplemental online
Figs. 4, 5). Once we had established that SULT2A1 expression
could be modulated successfully, we measured cell viability
in response to a toxic dose of paracetamol. Cell viability was im-
proved following antagomir 324 transfection in hESC-derived hepa-
tocytes. The improvement in cell viabilitywas comparable to that of
cells treated with the current clinical practice, NAC administration
(Fig. 5C).Notably, increased cell viabilitywasparalleledbya twofold
increase in reduced glutathione levels (Fig. 5D).

Inhibition of MicroRNA-324 Reduces Cell Necrosis in
Response to Plasma From Patients With Fulminant
Liver Failure

Following on from acute paracetamol-induced hepatocyte injury,
we studied the toxic nature of patient’s derived plasma on stem
cell-derived hepatocytes. As described before, stem cell-derived
hepatocytes were differentiated and transfected with either the
scrambled control or the antagomir for miR-324. At 24 hours post-
transfection, stem cell-derived hepatocytes were incubated with
human plasma from three female donors (anonymized patient de-
tails and blood biochemistry are supplied in supplemental online

Table 5). After exposure to plasma, stem cell-derived hepatocyte
ATP levels were measured. Notably, stem cell-derived hepatocytes
transfected with antagomir 324 displayed greater levels of ATP,
which was significantly increased over scrambled controls in two
of the three patients (Fig. 6A). In parallel, we measured caspase 3
and 7 activity in stem cell-derived hepatocytes. As for ATP, we also
observed a significant increase in caspase activity after transfection
with antagomir 324 in two of the three patients (Fig. 6B). Taken to-
gether, these data suggest that increasing the levels of SULT2A1
gene expression in stem cell-derived hepatocytes redirects cell ne-
crosis to apoptosis, following challenge with plasma from liver fail-
ure patients.

DISCUSSION

Despite major progress in the knowledge and management of
human liver injury, there are approximately 2,000 cases per year
of acute liver failure (ALF) in the U.S. [21–23]. Paracetamol over-
dose is a major cause of ALF, with critical damage done to the
hepatocyte compartment of the liver, and accounts for approxi-
mately50%ofcases [24,25].Althoughhepatocytecelldeathoccurs
in large numbers, themanner bywhich the cells die after overdose
remains complicated [26].

The hepatotoxic dose of paracetamol is considered to be
greater than 75 mg/kg. This translates into toxic blood concentra-
tions that range between 25 and 150 mg/l [27, 28]. Currently,

Figure 4. hESC-derived hepatocytes (hESC-heps) and primary human hepatocytes (PHH) microRNA expression profile. (A): Principal compo-
nent analysis overviewplot demonstrates strong clustering by cell type. (B): Statistical analysis of themicroRNA array demonstrates 367 reliably
detectedmicroRNAs in both hESC-heps and PHH; 220microRNAs have a similar expression in both systems and 147microRNAs are differentially
expressed. (C):microRNA122 is expressed inhESC-heps at the same level as in PHH. ThemicroRNAarraywas carriedout by Sistemic Limited. The
RNA samples (four replicates of PHH and four experimental samples of hESC-derived hepatocytes) were run on the Agilent miRNA platform.
Abbreviations: hESC, human embryonic stem cell; miR,microRNA; PC1, principal component 1; PC2, principal component 2; PCA, principal com-
ponent analysis.
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treatmentwithN-acetylcysteine (NAC) is themosteffectivestrategy
in treating paracetamol-induced liver injury. Patients who have
ingested75–150mg/kg in24hours canbeconsidered forNACtreat-
ment, with NAC usually prescribed if more than 150 mg/kg was
ingestedwithin 24 hours (based on the guidelines issued by theNa-
tional Poisons Information Service U.K.; http://www.npis.org). Al-
though successful, oral and intravenous NAC treatment may elicit
serious side effects [29–32], and therefore new approaches to
treatacute intoxicationarenecessary. Inorder tostudythe important
nature of microRNAs in human drug toxicity, reliable and renewable
livermodels are required. In this vein,wehaveusedpluripotent stem
cells togeneratehumanhepatocyte-likecells. The invitromodelused
in these studies is serum-freeandhasalreadydemonstratedpromise
in modeling human drug metabolism and toxicity [5, 16, 33, 34].
Moreover, in these studies, we support those observations because
stem cell-derived hepatocytes display similar IC50 values tomale and
female primary hepatocytes (supplemental online Fig. 3).

microRNAs are potent noncodingRNAs that can altermamma-
liangeneexpressionand therefore representpromising candidates
formodulating enzymatic pathways [7–12, 35] and treating human
disease. Several studies have shown that regulation of differ-
ent microRNAs may potentially serve as effective therapeutics
[36–38]. In recent years, there has been a focus onmiR regulation
of phase I enzymes involved in human drug metabolism. Studies
have demonstrated that miR-27b regulates CYP3A4 and CYP1B1,
andmiR-126* controls CYP2A3 expression [7, 8, 39]. Other studies

have also focused on microRNA regulation of drug transporters
such as P-glycoprotein and breast cancer-resistant protein [11,
12, 40–42]. Although phase I and III of drugmetabolism have been
studied, indetail, there is still littleknownaboutregulationofphase
II enzymes bymicroRNAs. Phase II enzymes, such as glutathione-S-
transferases (GSTs) and sulfotransferases (SULTs), are essential to
detoxify multiple prescription medicines. Therefore, these enzymes
serve as important clinical targets. To testwhethermicroRNAs could
regulate phase II enzymes (SULT2A1 and GSTT1) that play an impor-
tant role in paracetamolmetabolism,we used TargetScan Human
software to identify novel noncoding RNAs. Inhibition of miR-
324-5p in hESC-derived hepatocytes resulted in increased SULT2A1
expression (Fig. 5A, 5B). This led to improved cell survival following
exposure to toxic levels of paracetamol and was comparable with
current clinical practice (Fig. 5C). Notably, the inhibition of miR-
324-5p was paralleled by an increase in reduced glutathione pro-
duction (Fig. 5D). In contrast,modulation ofmiR-24-3pdidnot have
any effect on GSTT1 expression, cell viability, and reduced glutathi-
one production in the paracetamol studies. Although TargetScan is
considered to be the most effective tool for predicting miR-target
binding sites [43, 44], algorithm-prone errors may have led to this
false prediction.

Given the promising effects of the antagomir 324with para-
cetamol, we were keen to assess its efficacy after exposure to
liver failure serum fromparacetamol-poisoned female patients.
Importantly, paracetamol was not present in patient sera, and,

Figure 5. Antagomir of microRNA 324 upregulated SULT2A1 gene and protein expression and increased cell survival after exposure to para-
cetamol. At day 17, human embryonic stem cell-derived hepatocytes (hESC-heps) were transfected with the antagomir of the corresponding
microRNA at 50 nM for 24 hours. (A, B): Transfection with the Ant-324-5p upregulated SULT2A1 gene expression by twofold (A) and protein
expression by 20% (B) in comparisonwith the scrambled control. At day 17, hESC-hepatocyteswere either transfectedwith antagomirs or treat-
ed with 1mMN-acetylcysteine (NAC) concentration for 24 hours. At day 18, the antagomir-transfected or NAC pre-exposed hESC-hepatocytes
were exposed to paracetamol concentration that causes 50%of the cell death (IC50 = 12.85mM) for another 24 hours. At day 19, the cell viability
wasmeasured using CellTiter Assay (Promega) andGlutathione Depletion Assay (Promega). (C, D): The antagomir ofmicroRNA 324 significantly
increased ATP to the levels comparable with NAC (fold increase was calculated in comparison with control; the values for Ant ctrl = 2.173 108;
Ant 324= 3.123 108; H2O (vehicle) = 2.383 108; NAC = 3.863 108 (C) and enhanced reduced glutathione levels (D). Levels of significance were
measured by Student’s t test. p, p, .05. The percentage of positive cells is provided in the top right of each panel. This was calculated from four
random fields of view and is quoted as 6 SE. Scale bar = 100 mm. Abbreviations: Ant 324, antagomir 324-5p; Ant ctrl; scrambled antagomir
control; ATP, adenosine triphosphate; SULT2A1, sulfotransferase 2A1.
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therefore,wewerestudyingthesupportiveeffectsofantagomir324
in the context of patient recovery. The inhibition of miR-324-5p by
antagomir 324 resulted in increased cell viability and caspase activity
in twopatients (Fig. 6), suggesting apotential switch fromcell necro-
sis to apoptosis. Contrary to these two patients, antagomir 324 did
not have any rescue effect after exposure to the third patient’s se-
rum.Theexact reason for this is unknown;however, this patientpos-
sessed the lowest concentration of serum alanine transaminase
(ALT), which may have reflected a lesser liver injury and therefore
lower toxic load to the cells (supplemental online Table 5).

CONCLUSION

We demonstrate that a novel miR inhibitor, antagomir 324,
plays a major role in the regulation of SULT2A1, improving cell
survival in the context of acute injury and patient recovery after
paracetamol overdose. We believe that these studies are novel

and offer serious promise to reduce the toxic effects of parace-
tamol overdose.
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