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ABSTRACT
Although binge alcohol-induced gut leakage has been studied extensively in the context of reactive oxygen spe
cies−mediated signaling, it was recently revealed that post-transcriptional regulation plays an essential role as well. 
Ethanol (EtOH)-inducible cytochrome P450-2E1 (CYP2E1), a key enzyme in EtOH metabolism, promotes alcohol-induced 
hepatic steatosis and inflammatory liver disease, at least in part by mediating changes in intestinal permeability. For 
instance, gut leakage and elevated intestinal permeability to endotoxins have been shown to be regulated by enhancing 
CYP2E1 mRNA and CYP2E1 protein levels. Although it is understood that EtOH promotes CYP2E1 induction and activation, 
the mechanisms that regulate CYP2E1 expression in the context of intestinal damage remain poorly defined. Specific 
miRNAs, including miR-132, miR-212, miR-378, and miR-552, have been shown to repress the expression of CYP2E1, 
suggesting that these miRNAs contribute to EtOH-induced intestinal injury. Here, we have shown that CYP2E1 expression 
is regulated post-transcriptionally through miRNA-mediated degradation, as follows: (1) the RNA-binding protein AU- 
binding factor 1 (AUF1) binds mature miRNAs, including CYP2E1-targeting miRNAs, and this binding modulates the de
gradation of corresponding target mRNAs upon EtOH treatment; (2) the serine/threonine kinase mammalian Ste20-like 
kinase 1 (MST1) mediates oxidative stress-induced phosphorylation of AUF1. Those findings suggest that reactive oxygen 
species−mediated signaling modulates AUF1/miRNA interaction through MST1-mediated phosphorylation. Thus, our study 
demonstrates the critical functions of AUF1 phosphorylation by MST1 in the decay of miRNAs targeting CYP2E1, the 
stabilization of CYP2E1 mRNA in the presence of EtOH, and the relationship of this pathway to subsequent intestinal injury.
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INTRODUCTION

Alcohol use disorder (AUD) occurs in 20 million Americans and 
costs our nation $225 billion a year (Sacks et al., 2015). From 
2006-2010, excessive drinking was responsible for 1 in 10 
deaths among working adults aged 20-64 years. During that 
same period, excessive alcohol use in the United States led to 
approximately 88,000 deaths, shortening the lives of those who 
died by an average of 30 years for a total of 2.5 million years of 
potential life lost (Stahre et al., 2014; Yoon, 2010). The most 
severe and costly medical problems associated with AUD are 
intestinal and liver disease, and a high percentage of chronic 
heavy alcohol users develop various digestive disorders. It is 
generally accepted that the negative impacts of alcohol are 
produced by components of the normal flora that act as pa
thogens when they invade nongut tissue from the intestine, 
traveling through the venous portal system to the liver where 
they either act on the organ directly or indirectly by inducing 
hepatic inflammation (Reuben, 2008; Sheron, 2016)

The mechanisms by which alcohol disrupts the intestinal 
barrier and increases gut permeability, subsequently allowing 
penetration of pathogens (“alcohol-induced gut leakage”) have 
been well-characterized. One of the most critical proteins in this 
process is cytochrome P450-2E1 (CYP2E1), a metabolic en
zyme that converts ethanol (EtOH) to acetaldehyde, generates 
reactive oxygen species (ROS), and promotes intestinal cell 
death via the c-Jun N-terminal kinases signaling pathway 
(Abdelmegeed et al., 2013). Global knockout of CYP2E1 in 
mice suppresses alcohol-induced multiorgan injury, including in 
the gut, liver, kidney, and brain. Although chronic exposure to 
alcohol decreases CYP2E1 levels in the intestine, CYP2E1 le
vels can be immediately raised through acute alcohol exposure 
in the form of binge drinking, a pattern of drinking that brings a 
blood alcohol concentration to 0.08 g percent or above. The 
alcohol-related regulation of CYP2E1 occurs at multiple levels 
that include rapid degradation pathways, release from the in
testine, and post-transcriptional silencing (Cho et al., 2017). 
While specific miRNAs that repress expression of CYP2E1 
transcripts have previously been described (Miao et al., 2016; 
Mohri et al., 2010; Shukla et al., 2013), the involvement of these 
miRNAs in binge alcohol-induced gut leakage has not been 
investigated (Natarajan et al., 2015).

We discovered that CYP2E1-targeting miRNAs are down
regulated in response to binge alcohol-induced phosphorylation 
of AU-binding factor 1 (AUF1) and that AUF1 phosphorylation is 
mediated by the mammalian Ste20-like kinase 1 (MST1) Ser/ 
Thr kinase. These observations are both novel and of potential 
significance because they support the idea that the MST1- 
AUF1-miRNA-CYP2E1 pathway plays an integral role in reg
ulating the gastrointestinal response to binge alcohol exposure 
(Newton et al., 1995).

MATERIALS AND METHODS

Mice
The MST1 knockout mice were generated by crossing MST1−/ 

−Mst2−/− mice from Jackson Laboratory (Stock No: 017635). 
MST1+/+ and −/− mice were utilized for a model of binge EtOH- 

induced gut injury approved by the National Institutes of Health/ 
National Institute on Aging (Bertola et al., 2013). The mice were 
fed a control diet (Lieber-DeCarli diet ad libitum) for 5 days to 
acclimate them to a liquid diet and tube feeding. After 5 days, 
EtOH-fed groups were allowed ad libitum access to the Lieber- 
DeCarli diet containing 5% EtOH (vol/vol) for 10 days. Control 
groups were pair-fed with an isocaloric control diet. On the 
morning of day 11, the mice were provided a single dose of 
EtOH (5 g/kg body weight) or isocaloric maltose dextrin by oral 
gavage. After 9 h, the mice were sacrificed for RNA, protein, 
and tissue from the intestine, liver, and brain. For a model of 
binge EtOH-induced gut injury in rat, we followed a protocol as 
published previously (Banerjee et al., 2015). All animal experi
ments were approved by, and adhered to the guidelines of, the 
Medical University of South Carolina Animal Care and Use 
Committee.

Intestine Crypt Organoid Culture
Intestine crypt organoids were cultured as described previously 
(Devall et al., 2020; Forsyth et al., 2010; Lu et al., 2017; Suh et al., 
2017). Briefly, intestine crypts were digested with Accumax (Stem 
cell technology) for 5 min and separated through cell strainers 
(70 µm and then 40 µm) for single-cell collection. The resulting cells 
were suspended in Matrigel with a reduced amount of growth factor 
(Corning 356231) for polymerization. The culture media were ap
plied with 50% conditioned medium from L-WRN cells (ATCC CRL- 
3276) and 50% Advanced DMDM/F12 containing 1 mM N-acetyl 
cysteine, B27 supplement, N2 supplement, 50 ng/mL mouse EGF, 
and 10 μM Y-27632.

Human Intestinal Cell Culture and Transfection
T84 cell lines were obtained from ATCC and HIEC-6 (ATCC CCL- 
248 and CRL-3266) and cultured in Dulbecco’s Modified Eagle 
Medium supplemented with 10% fetal bovine serum and penicillin/ 
streptomycin. Mouse MST1 cDNA plasmid was provided by Dr Eui- 
Ju Choi of Korea University, Korea (Yun et al., 2011) and trans
fected into T84, HIEC-6 using lipofectamine. Synthetic miRNAs 
mimicking miR-132, 212, 378, and 552 were purchased from 
ThermoFisher Scientific (mirVana miRNA mimics). We have used 3 
to 10 nM concentration for transfection to T84, HIEC-6 cells by 
using Lipofectamine RNAiMAX for 48 h.

Sodium Dodecyl Sulfate Gel Electrophoresis and Western 
Blot Analysis
Whole-cell lysates, prepared in radioimmunoprecipitation assay 
buffer, were separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred onto nitrocellulose membranes 
(Invitrogen iBlot Stack). Immunoblots were performed using anti
bodies against CYP2E1 (1:1000, Abcam ab28146), TUBA (1:5000, 
SCBT sc-5286), MST1 (1:1000, CST #3682), p-MST1 (1:500, CST 
#49332), AUF1 (1:2000, Millipore 07-260), HuR (1:2000, SCBT sc- 
5261), QKI (1:1000, Abcam ab126742), HA (1:5000, Sigma 
11867423001), and Actin (1:5000, SCBT sc-47778). Horseradish- 
peroxidase–conjugated secondary antibodies were purchased from 
GE Healthcare. A rabbit polyclonal phosphor-threonine 127 AUF1 
antibody was produced by injection of a synthetic peptide 
(CEVVDCT(p)LKLDPIT) and affinity purification (Applied Biological 
Materials Inc.).
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Immunohistochemistry and Immunofluorescence Assay
Immunostaining was performed as described previously (Lee 
et al., 2018). Briefly, formalin-fixed paraffin-embedded tissue 
sections were subjected to deparaffinizing, rehydrating, and 
antigen retrieval. For chromogenic immunohistochemistry, 
sections were stained per the manufacturer’s protocol (VECT
ASTAIN Elite ABC-Horseradish Peroxidase Kit, Peroxidase, 
PK-6106, Vector Laboratories), and hematoxylin was used for 
nuclear counterstain. For immunofluorescence, 4′,6-diamidino- 
2-phenylindole was used for nuclear counterstain. Antibodies: 
AUF1 (1:500 for immunohistochemistry, 1:1000 for immuno
fluorescence, 07-260 Millipore); epithelial markers epithelial cell 
adhesion molecule (EPCAM) (1:50, ab71916 Abcam); hepato
cyte nuclear factor 4 alpha (1:100, PP-H1415-00 R&D); LGR5 
(1:500, ab273092 Abcam).

RNA Immunoprecipitation
RNA immunoprecipitation (RIP) analysis from whole-cell extracts 
was performed as described previously (Min et al., 2017a, 2017b) 
Briefly, cells were lyzed in a buffer containing 20 mM Tris-HCl (pH 
7.5), 100 mM KCl, 5 mM MgCl2, and 0.5% NP-40, then cleared by 
centrifugation. The lysates were incubated with protein A-Se
pharose beads coated with antibodies against AUF1 (Millipore 07- 
260) with control IgG (SCBT) at 4°C for 1 h. After the beads were 
washed 4 times with NT2 buffer [50 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1 mM MgCl2, 0.05% NP-40], the im
munoprecipitates were treated with 20 units of RNase-free DNase 
I at 37°C for 15 min and proteinase K (0.5 mg/mL) in 0.1% sodium 
dodecyl sulfate at 55°C for 15 min to remove DNAs and proteins, 
respectively. The RNAs isolated from the immunoprecipitations by 
acidic phenol extraction were then subjected to RT-qPCR using 
the primers listed in Supplementary Table 1. The RIP results were 
normalized to Gapdh mRNA or U6 RNA.

Real-Time RT-qPCR
Total RNA was isolated with Trizol reagent (Invitrogen) and reverse 
transcribed with the Maxima reverse transcriptase (Fermentas). 
Expression of specific mRNAs was determined with iCycler (Bio- 
Rad) using the KAPA SYBR FAST qPCR kit (Kapa Biosystems). 
MicroRNA quantification was performed after RNA extraction from 
immunoprecipitated samples (with anti-AUF1 or control IgG), poly
adenylation (System Biosciences QuantiMiR kit), and hybridization 
with oligo-dT adaptors. After reverse transcription, cDNAs were 
quantified by qPCR with microRNA-specific primers or with primers 
to detect the control transcript U6 along with a universal primer. All 
the sources of qPCR primers used in the study are listed in 
Supplementary Table 1.

Cumulative Distribution Fraction Analysis
Cumulative distribution analysis of mRNA log2 fold changes 
expression was performed in R. For each group of interest, the 
empirical cumulative distribution functions of log2 fold mRNA 
expression values were computed using the ecdf function, and 
pairs of curves to be compared were displayed with plot.cdf. A 
significant difference between the cumulative distribution curves 
was determined using the Kolmogorov-Smirnov test, and the 
corresponding P values were included in the plot.

Total RNA Sequencing Analysis
Total RNA was isolated using TRIzol according to the manu
facturer’s instructions. For high throughput RNA sequencing, 
we followed the standard protocol of Illumina sequencing, using 
the TruSeq Stranded Total RNA kit with Ribo-Zero 
(Part#15031048 Rev. E) and NovaSeq6000 S4 (150 bp PE). 
Analyses were performed on 2 paired-ends samples. Trimmed 
reads are mapped to reference genome for MM9 with HISAT2. 
After the read mapping, Stringtie was utilized for transcript as
sembly. The expression profile was calculated for each sample 
and transcript/gene as a read count and Fragment per Kilobase 
of transcript per Million mapped reads (Supplementary Table 2). 
The raw data have been deposited to GEO GSE206348.

miRNA Sequencing Analysis
Briefly, in a total reaction volume of 20 μL, 2 μg of total RNA were 
ligated to 100 pmol adenylated 3′ adapter containing a unique 
pentamer barcode (App (Barcode) TCGTATGCCGTCTTCTGCT 
TGT), and 1 μg of Rnl2 (1-249) K227Q (the plasmid for expression 
of recombinant ligase is available at www.addgene.org) in 50 mM 
Tris-HCl, pH 7.6, 10 mM MgCl2, 10 mM 2-mercaptoethanol, 0.1 mg/ 
mL acetylated bovine serum albumin (Sigma), and 15% dimethyl 
sulfoxide for 16 h on ice. Following 3′ adapter ligation, the barcoded 
samples were pooled, and products were purified on a 15% de
naturing polyacrylamide gel. Small RNAs measuring 45 to 50 nt in 
length were excised from the gel, then eluted and ligated to 
100 pmol 5′ oligoribonucleotide adapter (GUUCAGAGUUCUACA 
GUCCGACGAUC) in a 20 μL reaction volume using 1 μg of T4 
RNA ligase 1 (ThermoFisher) in 50 mM Tris-HCl, pH 7.6, 10 mM 
MgCl2, 10 mM 2-mercaptoethanol, 0.1 mg/mL acetylated bovine 
serum albumin, 0.2 mM adenosine triphosphate, and 15% dimethyl 
sulfoxide for 1 h at 37°C. Ligated small RNAs were purified on a 
12% polyacrylamide gel, reverse transcribed using SuperScript III 
Reverse Transcriptase (Life Technologies), and amplified by PCR 
using appropriate primers (forward primer: AATGATACGGCGACC 
ACCGACAGGTTCAGAGTTCTACAGTCCGA; reverse primer: 
CAAGCAGAAGACGGCATACGA). cDNA libraries were se
quenced on an Illumina HiSeq 2000 instrument at the Rockefeller 
University Genomics Resource Center.

Circular RNA Analysis
Profiling of mouse circular RNA junctions (GSE206348) was 
performed as described previously (Kim, 2019). The raw data of 
total RNA-seq were filtered using the Trimmomatic trimmer tool 
to eliminate the 5′ and 3′ adaptor sequences (Bolger et al., 
2014). The resulting sequences were aligned to the mouse 
Reference Sequence (mm10) using the STAR aligner. FKPM of 
the junction sequences was calculated using the DCC algorithm 
(Cheng et al., 2016).

Single-Cell RNA Sequencing Matrix Data Analysis
The single-cell RNA sequencing data generated from the colon of a 
female C57BL/6J mouse was downloaded from the NCBI Gene 
Expression Omnibus database (Parigi et al., 2022) (GEO; acces
sion number GSE163638) as a count matrix. The barcodes, fea
tures, and matrix dataset were processed, explored, and visualized 
using the Cellenics community instance (https://scp.biomage.net/) 
hosted by Biomage (https://biomage.net/). In brief, the matrix 
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dataset, dextran sodium sulfate–treated group, was excluded from 
the raw data. Cells that did not meet certain quality criteria, including 
the use of the classifier filter, checking cell size distribution (less 
than 200 unique molecular identifiers), assessing mitochondrial 
content (over 15%), evaluating the number of genes vs unique 
molecular identifiers and doublet filter within cells. Next, the filtered 
dataset was embedded into a Uniform Manifold Approximation and 
Projection graph. Clusters were identified using Louvain graph- 
based clustering, and the cell type annotation for each cluster was 
determined using scType function in Cellenics. The cell clusters 
were annotated base on the known marker gene expression. 
Concretely, we utilized the following marker genes for cell type 
annotation: EPCAM for intestinal epithelial cells; Thy1, Vim, and 
Col1a2 for fibroblast; Hand2 and Tubb2b for neural/glial cells; Tagln, 
Foxf1, and vim for myofibroblast; Kcnj8 and Abcc9 for pericyte; 
Ptprc for myeloid cells (Kwon et al., 2021). Also, we utilized for 
subset analysis in intestinal epithelial cells: Lgr5, Ascl2, Alcam, and 
Lrig1 for intestinal stem cells; Vil1, and Anpep for enterocytes; Lyz 
for Paneth cells; Chga for goblet cells (Yeung et al., 2011). The 
average mRNA expression value was exported from Cellenics and 
generated using GraphPad Prism 8 (Prism 8, GraphPad).

Mass Spectrometry
The active MST1 (0.5 μg, Merk Millipore) was incubated for 30 min 
at 37°C with recombinant human AUF1 p37 (2 μg) and 0.25 mM 
ATP in 20 μL of a kinase reaction buffer, the reaction mixtures were 
processed with the filter assisted sample preparation method (Wepf 
et al., 2009). In brief, the protein samples were dissolved in 9 M urea 
and subjected to reduction with 5 mM tris(2-carboxyethyl) phosphine 
(Sigma) at 60°C for 45 min and to alkylation with 20 mM C2H4INO 
(Sigma) at 25°C for 15 min. The samples were then cleaned 3 times 
with a 30-kDa Amicon Filter (UFC503096, Millipore), with 9 M urea 
and twice with 30 mM NH4HCO3. After proteolysis with trypsin 
(Promega) and chymotrypsin (Roche) at a 1:20 ratio for 12 h at 
37°C, the digested peptides were desalted and eluted with 0.1% 
trifluoroacetic acid in 60% acetonitrile. The extracted peptides were 
dried and then resuspended in 7 μL of 0.1% formic acid for liquid 
Chromatography with tandem mass spectrometry, performed with 
an LTQ-Orbitrap Velos instrument (ThermoFisher Scientific) inter
faced with a nanoLC-2D and nanoACQUITY UltraPerformance LC 
system (Waters). Precursor and fragment ions were analyzed at a 
resolution of 30,000 and 7,500, respectively. Peptide sequences 
were identified from isotopically resolved masses in MS and MS/MS 
spectra extracted with and without deconvolution with the use of 
Thermo Scientific Xtract software. The data were analyzed with 
Proteome Discoverer 1.3 software (Thermo Scientific) configured 
with Mascot and Sequest search nodes and were searched against 
Refseq version 46 human entries with oxidation on Met, deamidation 
of Asn and Gln, and phosphorylation of Ser, Thr, or Tyr as variable 
modifications and carbamidomethylation of Cys as a fixed mod
ification. Tolerances for precursor and fragment masses were set to 
15 ppm and 0.03 Da, respectively. A peptide validator node was 
used for peptide confirmation, and a 1% false discovery rate cutoff 
was used to filter the data.

Human RNA-Binding Domain Array Analysis
This assay was performed according to modifications of a pre
viously described method (Chen et al., 2020). Glutathione 

S-transferase (GST) recombinant proteins were designed to include 
reported and suspected RNA-binding domains and synthesized 
with Biomatik Corporation in the pGEX-4T1 vector. Recombinant 
proteins were expressed and purified using GST-fusion system. 
GST proteins were then arrayed, in duplicate, using an Aushon 
2470 Microarrayer (Quanterix) onto nitrocellulose-coated glass 
slides (Grace Bio-Labs). The RNA-Binding Domains Array contains 
approximately 354 GST recombinant proteins, which include SAF- 
A/B, Acinus and PIAS, RNA recognition motif (RRM), K homology, 
Double-stranded RNA binding motif, and YT521-B homology do
mains. Full-length GST and Histidine fusion proteins were printed, in 
duplicate, onto nitrocellulose-coated glass slides.

To screen for potential RNA-protein interactions, the RNA- 
Binding Domains Array was probed with biotinylated-miRNA oligo
nucleotides. miRNA oligonucleotides were designed with 5′ biotiny
lation and 3′ Cy5 fluorophore and synthesized by Integrated DNA 
Technologies. Microarrays were blocked for 1 h with RNA-binding 
buffer (20 mM Tris-HCl at pH 7.4, 200 mM KCl, 0.2 mM ethylene
diaminetetraacetic acid, 0.05% NP-40, 2 μg/μL heparin). miRNA 
oligonucleotides were prepared for microarray probing by incubating 
miRNA at 1 μM with streptavidin-Cy3 in RNA-binding buffer in the 
presence of 0.4 U RNase inhibitor. Primed miRNA oligonucleotides 
were then incubated with microarrays overnight at 4°C in RNA- 
binding buffer with RNase inhibitor. Microarrays were dried and 
scanned using the InnoScan 1100 AL Fluorescence Scanner 
(Innopsys) and intensities were quantified using Mapix software.

Structure Modeling of AUF1 and miRNA Fragments
To prepare an AUF1 model containing RRM1 and RRM2, the 
crystal structure of AUF1-RRM1 (Pdb code, 5IM0) and the nuclear 
magnetic resonance structure of AUF1-RRM2-Telomeric DNA 
(TAGG) complex (Pdb code, 1WTB) were combined based on the 
crystal structure of HuR (RRM1+RRM2) in complex with c-fos 
mRNA (Pdb code, 4ED5) (Choi et al., 2016; Enokizono et al., 2005; 
Wang et al., 2013). Separate molecular dockings with the AUF1 
model and each of miR-132, miR-212, and miR-378 were carried 
out by PyRx Virtual Screening Tool Autodock Vina Version 0.9.7, at 
every 6 bp-RNA fragment 5 times per model, followed by a de
termination of the minimum binding energy reflected among 15 
calculated values (Trott and Olson, 2010). For running the software, 
the Protein Data Bank (PDB) file was converted to PDBQT format 
via OpenBabelGUI program (O’Boyle et al., 2011). The docking 
models were presented by PyMOL software (The PyMOL Mole
cular Graphics System, Version 2.0 Schrödinger, LLC.).

Quantification and Statistical Analysis
Data are expressed as the mean  ±  SD of the values from at least 3 
independent experiments performed, as indicated in the corre
sponding figure legends. The numbers of biological replicates, and 
what they represent, are indicated in each figure legend. Two-tailed 
Student’s t tests were used for single comparison, and P values 
below .05 were considered statistically significant.

RESULTS

CYP2E1 Is Essential for EtOH-Induced Intestine Injury
To test our hypothesis, we initially established cell culture and in 
vivo models of intestinal injury. First, we isolated crypts from the 
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small intestine of mice and dissociated them into single cells. 
We generated organoids from the isolated crypt cells in either 
the presence or absence of EtOH (50 mM) in a medium con
taining Wnt, R-spondin, and noggin (WNR) (Miyoshi and 
Stappenbeck, 2013). We also treated the organoids with a 

CYP2E1 inhibitor, chlormethiazole (Chen et al., 2014; Gebhardt 
et al., 1997; Stresser et al., 2016), to determine whether 
CYP2E1 was critical for the formation of intestinal organoids. As 
shown in Figure 1, intestinal organoids form within 5 to 8 days 
under these growth conditions, and their formation is 

Fig. 1. CYP2E1 mediates ethanol-induced repression of intestinal crypt cell organoid formation. (a) Measurements of intestinal crypt organoid size, 
with or without EtOH treatment, and in the presence or absence of a CYP2E1 inhibitor, chlormethiazole. (b) Quantitation of crypt organoid size in the 
presence or absence of ethanol or CYP2E1 inhibitor. The graphs are the average of 3 independent experiments with standard deviation.

CYP2E1 regulation of miRNAs in intestine 
H. Mun et al. 

www.sciencedirect.com/journal/molecules-and-cells Mol. Cells 2024; 47(7): 100074 5 



suppressed upon EtOH treatment. Moreover, cotreatment with 
the CYP2E1 inhibitor suppresses the inhibitory effect of EtOH 
on organoid formation (Fig. 1a and b). These results support the 
idea that EtOH’s inhibitory effects on intestinal organoid for
mation are mediated by CYP2E1.

Steady-State Levels of miRNAs and mRNAs Fluctuate in 
Intestine From EtOH-Fed Mice
Next, we established a mouse model approved by the National 
Institutes of Health/National Institute on Aging (Bertola et al., 
2013) to study binge alcohol-induced gut injury in vivo (Fig. 2a). 
In this model, mice are initially fed a control diet (Lieber-DeCarli 
diet ad libitum) for 5 days to acclimate them to a liquid diet and 
tube feeding. After 5 days, EtOH-fed groups are allowed ad li
bitum access to the Lieber-DeCarli diet containing 5% EtOH 
(vol/vol) for 10 days, while control groups are pair-fed with an 
isocaloric control diet. In the early morning of day 11, EtOH-fed 
and pair-fed control mice are provided a single dose of EtOH 
(5 g/kg body weight) or isocaloric maltose dextrin by gavage. 
Mice are sacrificed 9 h later, and RNA, protein, and tissue are 
collected for analysis. This model can be extended for longer 
periods of chronic feeding (up to 8 weeks) with inclusion of 
single or multiple EtOH binges. Importantly, in this model, pa
thogenesis of the intestine and liver are similar to the alternative 
3-day binge model (Abdelmegeed et al., 2013), except that the 
level of CYP2E1 mRNA in the liver was unchanged.

Using the in vivo model described above, we prepared 
whole-cell lysates from whole intestine (included small intestine 
and colon), liver, and brain isolated from EtOH-fed and pair-fed 
mice, and we profiled miRNAs and mRNAs differentially ex
pressed in each tissue (Supplementary Tables 2-5). Our 
miRNA-seq data revealed that 63 mature miRNAs were upre
gulated more than 2-fold exclusively in the mouse intestine, 
while 259 miRNAs were downregulated upon EtOH feeding 
(Fig. 2b and c), which is significantly different from miRNA 
profiling in rat (Supplementary Fig. 1, Supplementary Tables 6 
and 7). Among many miRNAs downregulated in the intestine, 
we focused on miR-132, miR-212, and miR-378, which are 
known to target CYP2E1 (Miao et al., 2016; Mohri et al., 2010; 
Shukla et al., 2013). Cumulative fraction analysis of mRNAs 
differentially expressed in EtOH-fed intestine revealed that 
mRNAs targeted by miR-132 and miR-212 are more abundant 
than the rest of mRNAs (Fig. 2d and Supplementary Table 2), 
which is unique in the intestine compared to the liver and brain 
(Supplementary Figs. 2 and 3 and Supplementary Table 2). 
Levels of other regulatory RNAs, such as circular RNAs, did not 
fluctuate significantly (Supplementary Figs. 1-3 and 
Supplementary Table 8). These results demonstrate that there 
is a correlation between the levels of mRNAs and the miRNAs 
targeting those mRNAs in the mouse intestine after exposure 
to EtOH.

A Subset of miRNAs Silences CYP2E1 in T84 and HIEC-6 
Human Cell Line
Next, we compared the level of CYP2E1 (immunoblot analysis) 
and miR-132 (a miRNA known to target CYP2E1; RT-qPCR) in 
intestine cells isolated from our in vivo mouse model (Fig. 3a) 
and HIEC-6 human cells. Immunoblot analyses showed that 

CYP2E1 is transiently induced 1 h following the last EtOH ga
vage (Fig. 3a, top panel), and the CYP2E1-targeting miRNA 
miR-132 is downregulated immediately after the last EtOH dose 
(Fig. 3a, bottom panel and Supplementary Fig. 4a). The relative 
kinetics of up-regulation of CYP2E1 and downregulation of miR- 
132 support our hypothesis that miRNAs targeting CYP2E1, 
such as miR-132, regulate CYP2E1 expression in response to 
EtOH treatment.

Published studies demonstrate that miR-132, miR-212, miR- 
378, and miR-552 suppress CYP2E1 expression (Miao et al., 
2016; Mohri et al., 2010; Shukla et al., 2013). To test this in a 
cellular model, we overexpressed these miRNAs in human cell 
lines (T84 and HIEC-6) and compared the relative abundance 
of CYP2E1 protein and its corresponding mRNA transcripts. 
Our results demonstrated that the CYP2E1 protein level 
(Fig. 3b, top panel) is decreased upon overexpression of miR- 
132, miR-212, or miR-378 (Fig. 3b, bottom panel and 
Supplementary Fig. 4b), followed by a decrease of CYP2E1 
mRNA (Fig. 3c and Supplementary Fig. 4c). Also, miR-552 
overexpression decreased CYP2E1 protein but not transcript 
levels, suggesting inhibition of CYP2E1 mRNA translation. 
Stability of CYP2E1 mRNA increased upon treatment of EtOH 
or declined upon overexpression of miR-132 in T84 cells 
(Fig. 3d). These results revealed that a subset of miRNAs 
suppress the expression of CYP2E1 in T84 and HIEC-6 human 
cell line.

MST1 Accelerates Downregulation of Target miRNAs in 
Intestinal Cells
Our previous studies in yeast demonstrated that Ste20 med
iates phosphorylation of the decapping enzyme 2 (DCP2) in 
response to oxidative stress (Yoon et al., 2010). We also 
showed that the ROS-activated human homolog of Ste20, 
MST1, phosphorylates the eukaryotic mRNA translation initia
tion factor 4E (eIF4E) (Min et al., 2017). MST1 has been shown 
to interact with the ROS-sensing protein thioredoxin (Chae 
et al., 2012), and MST1 is activated by ROS signaling. To de
termine whether MST1 couples EtOH-induced ROS signaling 
and miRNA-induced CYP2E1 degradation in T84 human cell 
line, we examined MST1 activation (as measured by MST1 
autophosphorylation at T183, or p-MST1) in whole-cell lysates 
prepared from isolated intestinal crypt cells from EtOH-fed and 
pair-fed control mice after gavage (Fig. 4a). We found that, 
following EtOH treatment, MST1 kinase activity was elevated 
(p-MST1), concomitant with elevated levels of CYP2E1 
(Fig. 4a). Our findings support the proposition that MST1 is in
volved in signaling pathways regulating the expression of 
CYP2E1 via tight control of miRNA expression.

Next, we followed the protocol from our binge alcohol mouse 
model in MST1-deficient (MST1−/−) mice (Jackson Laboratory) 
to determine whether MST1 is responsible for EtOH-induced 
downregulation of miRNAs that target CYP2E1 in the mouse 
intestine. We first compared the level of miRNAs that target 
CYP2E1 mRNA in intestinal crypt cells from EtOH or control-fed 
MST1+/+ mice. As expected, these miRNAs were reduced upon 
binge EtOH treatment (Fig. 4b). However, binge EtOH treatment 
did not affect the level of these miRNAs in intestinal crypt cells 
isolated from MST1−/− animals (Fig. 4b). The observation that 
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Fig. 2. Profiling of miRNAs and mRNAs in intestine, liver, and brain using a binge alcohol mouse model. (a) Mice were acclimated using a 
liquid diet (5 days) followed by either EtOH or isocaloric control diets (10 days). Delivery of an EtOH gavage (5 g/kg) on day 11 drives 
intestinal injury compared to control (maltose dextrin), as determined by RNA, protein, and tissue analysis. (b and c) Number of mature 
miRNAs overexpressed (2-fold, B) or underexpressed (2-fold, C) in intestine, liver, or brain upon binge alcohol exposure. (d) Cumulative 
fraction of mRNA level changes (EtOH/control) in the intestine using a group of mRNAs targeted by miR-132, miR-212, or miR-378 a/b/c/d. 
Data of miRNA-seq and mRNA-seq are the average of at least 2 independent samples. For statistics of cumulative fraction data, we applied 
the Kolmogorov-Smirnov test.
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MST1 is required for the reduction of miRNAs that influence 
CYP2E1 levels after binge EtOH treatment implies that MST1 
has an important regulatory role in controlling EtOH induction of 
CYP2E1. Immunoblot analyses confirmed that CYP2E1 is up
regulated upon EtOH treatment in control mice and, importantly, 
that this induction of CYP2E1 is dependent on MST1 (Fig. 4c). 
Stability of miR-132, miR-212, and miR-378a declined after 
treatment of EtOH in T84 cells (Fig. 4d). Taken together, these 
results suggest (1) that MST1 is an integral regulator of 
CYP2E1 expression in response to binge EtOH treatment and 
(2) that MST1 acts by promoting degradation of miRNAs that 
control CYP2E1 levels.

RNA-Binding Protein AUF1 Mediates Downregulation of 
Target miRNAs in Intestinal Cells
As we previously demonstrated, MST1 is a Ser/Thr kinase that 
can phosphorylate DCP2 (Yoon et al., 2010) and eIF4E (Min 
et al., 2017). Moreover, our preliminary data suggested that 
MST1 modulates the level of miRNAs that target CYP2E1 (Miao 
et al., 2016; Mohri et al., 2010; Shukla et al., 2013). The RNA- 
binding protein AUF1, which is known to affect RNA stability, 
binds these CYP2E1-targeting miRNAs (Yoon et al., 2014, 
2015). We therefore reasoned that AUF1 may be a substrate of 
MST1, and phosphorylation of AUF1 might affect the stability of 
miRNAs that target CYP2E1. Direct interaction of AUF1 with 
miR-132 was confirmed by using human RNA-binding domain 
array. To identify their direct interaction, we utilized a protein 
array chip immobilized with 354 RNA-binding domains (Chen 
et al., 2020) for probing with mature miR-132 with 5′-biotin label 
(Fig. 5a). We isolated 49 RNA-binding proteins (RBPs) directly 
binding with miR-132 (Fig. 5b, Supplementary Fig. 5, and 
Supplementary Table 9) and narrowed down heterogeneous 
nuclear ribonucleoproteins (hnRNP) family proteins, including 
AUF1 (also called hnRNPD) (Fig. 5c). Reanalysis of the pub
lished photoactivatable ribonucleoside-enhanced crosslinking 
and immunoprecipitation (CLIP) data (GSE21578 and 
GSE37401) also revealed that AUF1 and the other 9 RBPs 
directly binds with miR-132 in mammalian cells (Supplementary 
Fig. 6 and Supplementary Table 10). Direct binding of RBP and 
mRNA can also influence mRNA translation (Min et al., 2017; 
Mo et al., 2022). To investigate this possibility, we searched for 
POSTAR3 to identify RBP-RNA interaction networks containing 
1,499 CLIP datasets for 348 RBPs from 10 CLIP-seq techni
ques (http://111.198.139.65/) (Zhao et al., 2022). Binding site 
annotations for human CYP2E1 mRNA identified RBPs, such 
as AGO2, HuR, hnRNPC, CELF2, DIS3L2, NUDT21, and 
ZC3H7B, interacting with CYP2E1 mRNA. These results show 
that no AUF1 binding sites were found in CYP2E1 mRNA, 
suggesting that AUF1 might regulate CYP2E1 mRNA de
gradation indirectly.

To investigate the connection between AUF1 and MST1, we 
employed recombinant MST1 and AUF1 proteins and performed an 
in vitro phosphorylation reaction between AUF1 and MST1. Mass 
spectrometry analysis demonstrated that the MST1-targeted site of 
phosphorylation on AUF1 resides at Thr127 (Fig. 6a). Importantly, 
our structural analysis revealed that the Thr127 residue lies within 
the RNA-binding pocket of AUF1 (Fig. 6b) (Choi et al., 2016). Based 
on these data, we generated a Thr127 phospho-specific antibody to 

AUF1 and tested whether AUF1 is phosphorylated in lysates of 
intestinal crypt cells isolated from control and EtOH-treated MST1+/+ 

and MST1−/− mice. Our immunoblot analysis revealed that phos
phorylation of AUF1 at Thr127 (p-AUF1) increased upon EtOH 
feeding of MST1+/+ mice (Fig. 6c). Strikingly, the induction of AUF1 
phosphorylation was not detected in intestinal cells isolated from 
MST1−/− mice. Additionally, knockdown of MST1 in HIEC-6 cells 
significantly reduced phosphorylation of AUF1 to the same level as 
inactive AUF1 phosphorylation (Supplementary Fig. 4d). Taken to
gether, these results suggested that, in the intestine, MST1 is the 
major regulator of AUF1 phosphorylation at Thr127 in response to 
EtOH treatment.

We next tested the possibility that MST1-mediated phosphor
ylation affects AUF1 interactions with CYP2E1-targeting miRNAs. 
We examined the binding of AUF1 to miRNAs that target CYP2E1 
in T84 human intestinal cells following overexpression of MST1. 
Complexes between AUF1 and target miRNAs were identified by 
immunoprecipitating cell extracts with AUF1 antibodies, followed by 
RT-qPCR analysis to detect coprecipitated miRNAs. Our analyses 
revealed that MST1 overexpression significantly reduced the inter
action of AUF1 with miR-132, miR-212, and miR-378 (Fig. 6d-f). 
Immunoblot analysis confirmed that overexpression of HA-tagged 
MST1 did not affect AUF1 protein levels (Fig. 6g). Furthermore, 
structural modeling of 3 types of miRNA fragments bound to AUF1 
revealed that they fit into the cleft between the 2 RRMs similar to c- 
fos mRNA, which is one of the targets of HuR (Fig. 6h) (Wang et al., 
2013). In addition, the binding modes are like those for miRNA let- 
7b, a known mature miRNA physically binding to AUF1 (Fig. 6i). 
These results demonstrated that MST1-mediated AUF1 phos
phorylation is critical for the expression of mature miRNAs in human 
intestinal cells after binge alcohol feeding (Fig. 7).

Intestinal Epithelial Cells Express Nuclear AUF1 and MST1
Since we revealed that the MST1-AUF1-miRNA-CYP2E1 
pathway is critical for alcohol-induced intestine injury in our in 
vivo mouse model and our in vitro cell model, we asked whether 
these proteins colocalize in the mouse intestine. To address this 
question, we collected sections of the intestine from EtOH-fed 
or pair-fed mice for immunohistochemistry and immunostaining 
against AUF1. Our immunohistochemistry data showed that 
AUF1 is expressed in the mouse intestine with intense staining 
in the crypt area (Supplementary Fig. 7). Immunostaining data 
identified that AUF1 is predominantly in the nucleus of intestinal 
cells and colocalize with EPCAM and hepatocyte nuclear factor 
4 alpha (Supplementary Figs. 7 and 8). In addition, AUF1 ag
gregates into granules in a subset of intestinal cells as observed 
in mammalian cells infected by Coxsackievirus B3 (Wu et al., 
2014). EtOH feeding or Cyp2e1 deletion did not affect the ex
pression and localization of AUF1 either (Supplementary 
Fig. 7). These findings indicated that intestinal AUF1 is ex
pressed in almost crypt area cells and could be involved in in
testine injury independent of CYP2E1.

Intestinal Epithelial Stem Cells Are Key Regulators of 
CYP2E1 Mediated Intestinal Damage
To further investigate mRNA expression of MST1, AUF1, and 
CYP2E1 in intestinal epithelial cells, we utilized the public single-cell 
RNA sequencing data generated from C57BL/6J background 
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Fig. 3. CYP2E1 is targeted by a subset of miRNAs in mouse and human intestinal cells. (a) Relative expression levels of CYP2E1 (top) and 
miR-132 (bottom) in isolated mouse intestinal cells at the indicated times post-EtOH treatment. (b) Relative expression level of CYP2E1 
protein (top) after overexpression of miR-132, 212, 378, or 552 (bottom) in T84 human intestinal cells. (c) Relative expression level of 
CYP2E1 mRNA after overexpression of miRNAs. (d) Stability of CYP2E1 mRNA calculated from RT-qPCR using RNAs purified from control- 
or EtOH-treated T84 cells as well as control- or miR-132-transfected cells after exposure to actinomycin D in a given time point. The western 
blots are representatives of 3 independent experiments. The graphs are the average of 3 independent experiments with standard deviation.
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mouse colon. Initial analysis clustered and annotated 7 major cell 
types within the 24 clusters (Supplementary Fig. 9). In accordance 
with a previous report (Kwon et al., 2021), we initially identified a 
subset of highly expressed EPCAM, a known marker for intestinal 
epithelial cells (clusters 0, 1, 5, 6, 7, 9, 10, 12, 13, 14, 16, 17, 18, 
and 21). Subsequently, we conducted a secondary cluster analysis, 
resulting in the clustering of intestinal epithelial cells into 16 new 
clusters (Supplementary Fig. 10a). Among these clusters, we 
identified intestinal epithelial stem cells expressing high levels of 
stem cell markers such as Lgr5, Ascl2, and Lrig1 (Supplementary 
Fig. 10b). Additionally, we manually grouped clusters into 4 addi
tional cell types: clusters 0, 1, 2, and 4 as enterocytes; cluster 8 as 
Paneth cells; clusters 12 and 13 as goblet cells; and clusters 14 and 
15 as enteroendocrine cells, based on known markers for intestinal 
crypt area cell types (Supplementary Fig. 10c) (Yeung et al., 2011).

Transcriptomics studies in human colon organoid models 
showed a reduction in the stem cell marker LGR5 in intestinal 
epithelial stem cell types, with a delay or decrease in the cell 

cycle (Devall et al., 2021). Based on these reports, the ex
pression of AUF1 was concentrated in the intestinal crypt area 
from the immunofluorescence data of this study 
(Supplementary Fig. 8), we hypothesized that intestinal epi
thelinal stem cell express AUF1. To test this hypothesis, we 
plotted the mean expression values of Hnrnpd (AUF1), Stk4 
(MST1), and Cyp2e1 mRNA of intestinal epithelial cell sub
clusters. Remarkably, it was observed that the expression levels 
of Hnrnpd and Elavl1 were significantly elevated in clusters 3 
and 5, corresponding to the intestinal epithelial stem cell po
pulations. Moreover, Stk4 exhibited relatively higher expression 
levels in these same clusters (clusters 3 and 5). In contrast, 
expression of CYP2E1 was found to be very low in almost all 
clusters (Supplementary Fig. 10d). Additionally, we found that 
the expression of LGR5 in EtOH-exposed mouse livers was 
significantly reduced compared to controls (Supplementary 
Fig. 11). Collectively, these results strongly suggest that the 
high expression of AUF1 and MST1 in intestinal epithelial stem 

Fig. 4. MST1 in the intestine induces CYP2E1 by AUF1-mediated miRNA downregulation. (a) Western blot analysis of CYP2E1, p-MST1, 
and MST1 in mouse intestines with or without EtOH feeding. (b) Protein levels of CYP2E1, MST1, and tubulin in intestinal cell lysates from 
MST1+/+ and MST1−/− mice. (c) Relative expression levels of miR-132, 212, and 378a in intestines of binge EtOH-treated and control MST1+/ 

+ and MST1−/− mice. (d) Stability of miR-132, miR-212, and miR-378a calculated from RT-qPCR using RNAs purified from control- or EtOH- 
treated T84 cells after exposure to actinomycin D in a given time point. The western blots are representatives of 3 independent experiments. 
The graphs are the average of 3 independent experiments with standard deviation. MST1, mammalian Ste20-like kinase 1.
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cells may represent key mechanisms underlying EtOH-medi
ated intestinal injury.

DISCUSSION

Gut leakage and elevated intestinal permeability to endotoxins 
have been shown to be regulated by increasing CYP2E1 mRNA 
and enhancing CYP2E1 protein levels (Abdelmegeed et al., 
2010; Roberts et al., 1994). It has also been shown that 

miRNAs, including miR-132, miR-212, miR-378, and miR-552, 
repress the expression of CYP2E1 (Miao et al., 2016; Mohri 
et al., 2010; Shukla et al., 2013), suggesting these miRNAs 
contribute to EtOH-induced intestinal injury. In this study, we 
made 2 key observations that contribute to the molecular me
chanisms of how CYP2E1 expression is regulated post-tran
scriptionally through miRNA-mediated degradation: (1) we 
demonstrated that the RNA-binding protein AUF1 binds mature 
miRNAs, and this binding modulates the degradation of target 

Fig. 5. RNA-binding domain (RBD) array profiled RBPs directly binding with mature miR-132. (a) Fluorescence images of miR-132-3p 
binding with proteins spotted on the microarray slides. (b and c) Quantification of RBD array intensity of miR-132-3p-5Bio3Cy5 with all RNA- 
binding domains (B) or hnRNPs (C).
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mRNAs and (2) we revealed that the yeast homolog of the 
mammalian MST1 kinase (Ste20) mediates oxidative stress- 
induced phosphorylation of AUF1. These findings suggest that 
ROS-mediated signaling modulates AUF1/miRNA interaction 
through phosphorylation.

MST1/Hippo Pathway in Modulation of Post-Transcriptional 
Gene Regulation
Our initial analysis revealed that many unique miRNAs were 
either upregulated or downregulated in tissues from EtOH-fed 
mice compared to pair-fed mice (Fig. 2). The change in the 
regulation of miRNAs with the depletion of MST1 suggests that 
MST1 regulates the expression of these miRNAs and the 
mRNAs they target. These results support the idea that MST1 
regulates mRNA metabolisms through the change in expression 
of miRNAs as it does for the stabilization of ribosomal mRNAs in 
yeast (Yoon et al., 2010) and the translation of a long noncoding 
RNA in human cells (Min et al., 2017). Previously, we identified 
that MST1 and its homolog regulate the metabolism of mRNAs 
via direct phosphorylation of DCP2 (Yoon et al., 2010) or eIF4E 
(Min et al., 2017). Our findings that MST1 phosphorylates a 
RNA-binding protein, AUF1, for the modulation of miRNA 

stability and CYP2E1 expression broaden our consensus that 
MST1 is a critical component of both transcriptional and post- 
transcriptional gene regulation.

miRNA-Binding Protein AUF1 in Regulation of miRNA and 
mRNA Stability
Previously, we found that AUF1 binds to the mature miRNA let-7b 
and promotes let-7b-targeted mRNA decay (Yoon et al., 2014, 
2015). In this study, RIP-qPCR analyses revealed that the CYP2E1- 
targeting miRNAs, miR-132, miR-212, and miR-378, also bind to 
AUF1 (Fig. 6d-g), suggesting that AUF1 regulates CYP2E1 ex
pression through miRNA silencing. Because no structural model is 
available of AUF1 containing both RRM1 and RRM2, we referred 
herein to the crystal structure of HuR (RRM1 + RRM2) in a complex 
with 9-bp fragmented c-fos mRNA (Wang et al., 2013). Based on 
the outputs from molecular docking among AUF1 and the 6-bp 
fragmented miRNAs of miR-132, miR-212, and miR-378, we the
orized that the miRNAs binding modes of AUF1 could be com
parable to those of HuR and c-fos mRNA, as well as to the 
structural model of AUF1-let-7b miRNA. Furthermore, due to the 
flexibility of the connecting loop between RRM1 and RRM2, we 
speculated that conformational changes with certain types of RNA 
binding could generate enhanced or modulated binding affinities 
depending on the RNA sequences or secondary structures (Choi 
et al., 2016).

We also analyzed how EtOH treatment affects the transcripts 
that are targeted by miR-132, miR-212, and miR-378 using 
cumulative fraction plots to represent the results (Fig. 2d). We 
found that EtOH feeding in mice increased the abundance of 
mRNAs targeted by the miRNAs, since those miRNAs are 
highly downregulated in intestinal cells isolated from EtOH-fed 
mice. These results suggested that EtOH-dependent miRNAs 
play a significant role in the abundance of mRNAs targeted by 
the miRNAs, possibly through an increase in miRNA stability. 
Additionally, because the target mRNAs are controlled by the 
action of miRNAs, we concluded that RNA-biding proteins di
rectly interacting with these miRNAs are likely to control miRNA 
stability in intestinal cells (Min et al., 2017; Yoon et al., 2015; 
Zealy et al., 2017).

RBP and Noncoding RNA Interaction in mRNA Translation 
Regulation
Our RNA-binding domain arrays have identified various RBP do
mains that directly bind to miR-132 (Fig. 5a-c). This is noteworthy, 
as a single miRNA can potentially target approximately 200 

Fig. 6. AUF1-mediated miRNA downregulation regulated by phosphorylation of AUF1 by MST1. (a) After performing in vitro phosphorylation 
reaction of MST1 and AUF1, mass spectrometric analysis was performed. Product b- and y-ions are indicated in the peptide sequence 
(inset) and mass spectrum. (b) Structural model of AUF1 (RRM1 + RRM2) with fragments of 4-bp telomeric DNA (green) and 9 bp c-fos 
mRNA (magenta). The RRM1 and RRM2 of AUF1 are colored in yellow and cyan, respectively. Five Thr residues (space-filling structures in 
red) phosphorylated by MST1 were identified by MS analysis. (c) Levels of p-AUF1, AUF1, and MST1 in intestinal cell lysates from binge 
EtOH-treated MST1+/+ and MST1−/− mice. (d-f) RT-qPCR levels of miR-132, 212, and 378 in AUF1 immunoprecipitates isolated from T84 
human intestinal cells in the presence or absence of MST1 overexpression. (g) Levels of AUF1, HuR, QKI, and actin in T84 cells over
expressing HA-MST1 or transfected with the empty vector. The western blots are representatives of 3 independent experiments. The graphs 
are the average of 3 independent experiments with standard deviation, SD. (h) Binding energy of 6-bp fragments of each miRNA with AUF1 
(RRM1 + RRM2). Fragments of each miRNA showing the best binding energy are highlighted in red color. (i) Structure models of AUF1 in 
complexes with suited fragments of miR-132, 212, and 378. RRM1 and RRM2 of AUF1 are colored yellow and cyan, respectively. Crystal 
structure of HuR (gray) in complex with 9-bp fragment of c-fos mRNA is also provided (Pdb code, 4ED5). MST1, mammalian Ste20-like 
kinase 1.

Fig. 7. Proposed model. Molecular mechanisms of how the MST1- 
AUF1-miRNA-CYP2E1 pathway contributes to alcohol-induced in
testinal injury.

CYP2E1 regulation of miRNAs in intestine 
H. Mun et al. 

www.sciencedirect.com/journal/molecules-and-cells Mol. Cells 2024; 47(7): 100074 13 



transcripts due to its simple structure and short structural char
acteristics (Krek et al., 2005). The implications of this multitarget 
effect have the potential to significantly increase the complexity of 
the noncoding RNAs’ roles, which encompasses interactions.

The mechanisms that may affect AUF1/miRNA-mediated 
mRNA regulation could be influenced by several factors, in
cluding the presence of miRNA binding by other RNA-binding 
proteins following miRNA maturation, the presence of ar
throbacter luteus repeats and binding sites in long noncoding 
RNAs, as well as the sponge effects through competing en
dogenous RNAs (include lncRNA). Previous results have shown 
that RBP HuR destabilizes lincRNA-p21 and improves mRNA 
translation by binding to Ago2/let7-b (Yoon et al., 2012) and 
AUF1 facilitated microRNA transfer to AGO2 (Yoon et al., 2015). 
In conjunction with these findings, the miRNA reverse tran
scription quantitative PCR (RT-qPCR) results (Fig. 3b and c, 
Supplementary Fig. 4b and c) demonstrated that direct binding of 
AUF1 was not observed in the POSTAR3 database, demon
strated that its regulation likely occurs indirectly via stabilization 
of miRNA.

In the case of lncRNAs, recent research has indicated that 
the downregulation of lncRNA Linc00844, following acet
aminophen treatment, plays a crucial role in regulating the ex
pression of the drug-metabolizing enzyme CYP2E1 mRNA and 
protein in human cells (Li et al., 2020). In addition, the presence 
of lncRNA partial complementary sequences for human and 
mouse CYP2E1 indicates the potential contribution of non
coding RNAs to the regulation mRNA stability and/or translation 
(Supplementary Tables 11 and 12). Taken together, at least a 
few noncoding RNAs regulated by RBP and the translational 
regulation and decay kinetics of the target mRNAs they regulate 
may be involved in alcohol-induced intestinal injury and re
covery mechanisms (Xiao et al., 2019; Zou et al., 2016). How
ever, follow-up studies are necessary to confirm other miRNAs 
and lncRNAs interacting with AUF1, especially in the context of 
alcohol binge drinking.

MST1-Auf1-miRNA-Cyp2e1 Signaling Cascade Controlling 
Alcohol-Induced Gut Injury
Because our experiments revealed that MST1 influences the 
expression of CYP2E1 and miRNAs in response to alcohol 
consumption, our results suggested that an MST1 or CYP2E1 
inhibitor (Anand et al., 2009; Fan et al., 2016; Gebhardt et al., 
1997; Ron and Messing, 2013) could be used to treat patients 
with AUD. There are various ways we can expand on the results 
of our findings. First, more CYP2E1 genes could be similarly 
screened for miR-132, miR-212, and miR-378, whose regula
tion controls alcohol-induced gut injury. Second, the miRNAs we 
examined in the study could be used to screen for alcohol-in
duced injury of gut, liver, and brain, in which miRNAs may play a 
critical role. Third, trials in the mice model are needed to verify 
the importance of the pathway, MST1-AUF1-miRNA-Cyp2e1, in 
cell models (Fig. 7). Fourth, to verify the findings in our ex
periments, more miRNAs could be screened for their impact on 
miRNA expression and on target mRNA regulation. Altogether, 
findings from our current study have experimental and clinical 
significance in the post-transcriptional regulation of alcohol-in
duced gut injury.
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