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Zinc finger protein 36 like 1 (ZFP36L1) enhances the turnover of mRNAs containing AU-rich elements
(AREs) in their 3’-untranslated regions (30UTR). The physiological and pathological functions of ZFP36L1
in liver, however, remain largely unknown. Liver-specific ZFP36L1-deficient (Zfp36l1flox/flox/Creþ; L1LKO)
mice were generated to investigate the role of ZFP36L1 in liver physiology and pathology. Under normal
conditions, the L1LKO mice and their littermate controls (Zfp36l1flox/flox/Cre�; L1FLX) appeared normal.
When fed a Lieber-DeCarli liquid diet containing alcohol, L1LKO mice were significantly protected from
developing alcohol-induced hepatic steatosis, injury, and inflammation compared with L1FLX mice. Most
importantly, fibroblast growth factor 21 (Fgf21) mRNA was significantly increased in the livers of
alcohol dietefed L1LKO mice compared with the alcohol dietefed L1FLX group. The Fgf21 mRNA contains
three AREs in its 30UTR, and Fgf21 30UTR was directly regulated by ZFP36L1 in luciferase reporter assays.
Steady-state levels of Fgf21 mRNA were significantly decreased by wild-type ZFP36L1, but not by a non-
binding zinc finger ZFP36L1 mutant. Finally, wild-type ZFP36L1, but not the ZFP36L1 mutant, bound to
the Fgf21 30UTR ARE RNA probe. These results demonstrate that ZFP36L1 inactivation protects against
alcohol-induced hepatic steatosis and liver injury and inflammation, possibly by stabilizing Fgf21
mRNA. These findings suggest that the modulation of ZFP36L1 may be beneficial in the prevention or
treatment of human alcoholic liver disease. (Am J Pathol 2022, 192: 208e225; https://doi.org/
10.1016/j.ajpath.2021.10.017)
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The mouse zinc finger protein 36 (ZFP36) family consists of
four RNA binding proteins: zinc finger protein 36, alias
tristetraprolin (TTP), zinc finger protein 36 like 1
(ZFP36L1), zinc finger protein 36 like 2 (ZFP36L2), and
zinc finger protein 36 like 3 (ZFP36L3). All four of these
proteins regulate mRNA stability by binding to AU-rich
elements (AREs) within the 30-untranslated regions
(30UTRs) of target mRNAs, resulting in ARE-mediated
mRNA degradation.1,2 Despite their common mode of
biochemical action, the ZFP36 family members appear to
play roles in different physiological processes. This is
apparent from the fact that germline deletion of all four
ZFP36 family members in mice has resulted in varied
phenotypes.3e6 ZFP36, or TTP, is the best-studied family
member and plays an essential role in controlling inflam-
mation.7,8 However, the roles of the other three members of
the ZFP36 family remain poorly understood.
stigative Pathology. Published by Elsevier Inc
Recent studies have found that ZFP36L1 is involved in
the regulation of mRNAs associated with metabolic
functions. For example, ZFP36L1 has been shown to post-
transcriptionally regulate the levels of the low-density
lipoprotein receptor, a protein that is highly expressed in
the liver and is a major determinant of circulating levels of
low-density lipoprotein, linking ZFP36L1 to cholesterol
metabolism.9 ZFP36L1 has also been shown to post-
transcriptionally regulate uncoupling protein 1 (UCP1),
which plays an important role in thermogenesis.10 Simi-
larly, ZFP36L1 was recently shown to regulate liver bile
. All rights reserved.
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acid metabolism.11 These findings indicate that ZFP36L1
may play critical roles in regulating liver metabolic ho-
meostasis. However, the detailed physiological functions
of ZFP36L1 remain particularly elusive, partly due to the
embryonic lethal phenotype that is observed following
germline deletion of ZFP36L1 in mice.4

This study sought to understand the physiological roles of
ZFP36L1 in the liver. It was hypothesized that the removal
of ZFP36L1 could alter certain pathological processes
associated with liver. To test this, Cre-Lox technology was
employed to delete Zfp36l1 in hepatocytes and chol-
angiocytes.12 Liver-specific ZFP36L1-deficient (L1LKO)
mice and their littermate control mice (L1FLX) were then
subjected to a model of alcoholic steatohepatitis.13 The mice
were analyzed for histologic, biochemical, and transcrip-
tional alterations associated with the development of alco-
holic steatosis, liver injury, and inflammation. The results
show a novel protective effect of liver-specific ablation of
ZFP36L1 against alcohol-induced steatosis and liver
inflammation, and identified Fgf21 mRNA as a likely target
of ZFP36L1.

Materials and Methods

Mice

The floxed mice carrying loxP-flanked exon 2 of Zfp36l1
alleles were generated by gene targeting in C57BL/6 em-
bryonic stem cells at Xenogen Biosciences (Cranbury, NJ).
Liver-specific Zfp36l1 knockout (Zfp36l1flox/flox/Creþ;
L1LKO) mice were generated by crossing the homozygous
floxed mice (Zfp36lflox/flox) with albumin-Cre (Alb-Cre)14

mice (Jackson Laboratory, Bar Harbor, ME). Genotype
status of the progeny was determined by PCR using primer
1 (P1), 50-CTCTTGCTGGTCACTACCGTCGCT-30 and
primer 2 (P2), 50-TCAATGTAAGCCAGCAAGTGCAGC-
30, which amplified a 484-bp endogenous Zfp36l1 wild-type
(WT) allele and a 618-bp mutant Zfp36l1 floxed allele. PCR
conditions were 93�C for 3 minutes followed by 30 cycles
of 93�C for 30 seconds, 58�C for 30 seconds, and 72�C for
1 minute, with a final extension of 72�C for 10 minutes.
Eight- to 12-weekeold female L1LKO and littermate control
(Zfp36l1flox/flox/Cre�; L1FLX) mice were used in all studies.
All the animal experiments were performed in accordance
with principles and procedures outlined in the NIH Guide
for the Care and Use of Laboratory Animals15 and were
approved by the Louisiana State University Animal Care
and Use Committee.

Lieber-DeCarli Liquid Diet Model of Chronic-Plus-Binge
Model of Alcoholic Liver Disease

Eight- to 12-weekeold female L1LKO or L1FLX mice were
subjected to alcoholic liver disease as described by Bertola
et al.13 Briefly, mice were first acclimatized for 5 days to
tube feeding and liquid diet ad libitum. Following
The American Journal of Pathology - ajp.amjpathol.org
acclimatization, mice were maintained for 10 days on a
fresh liquid diet (free access) containing 5% ethanol (v/v)
(Lieber-DeCarli ‘82 Shake and Pour ethanol liquid diet;
product number F1258SP; Bio-Serv, Flemington, NJ) or
pair-fed with a control isocaloric diet (Lieber-DeCarli ’82,
Shake and Pour control liquid diet; product number
F1259SP; Bio-Serv) in which the same number of calories
was obtained from dextrin maltose. The freshly constituted
liquid diet was stored in the refrigerator and used within 3
days. The refrigerated diet was brought to room tempera-
ture, and a calculated volume of fresh ethanol was added
daily. On day 11, a single intragastric (oral gavage)
administration of ethanol (5-g ethanol/kg body weight;
31.5% ethanol) or an isocaloric dose of maltose-dextrin
(control group) was administered between 8 AM and 9
AM. Mice were humanely euthanized 9 hours after gavage
feeding, and serum and liver were collected.

Necropsy and Tissue Collection

Mice were humanely euthanized, midline laparotomy was
performed, and blood was then collected by cardiac punc-
ture for serum. The livers were removed and weighed, and
the left lateral lobe was dissected into three parts, of which
the first part was stored in RNAlater (Life Technologies,
Carlsbad, CA), the second part was snap-frozen and stored
at �80�C, and the third part was fixed in 10% neutral
buffered formalin. The remaining liver lobes were fixed in
10% neutral buffered formalin.

Histology

The 5-mm sections of liver were stained with hematoxylin
and eosin for routine histologic analyses. Quantification of
steatosis was performed by stereological point counting.16

Briefly, the histologic microscopic images were overlaid
by a regular grid of points. The grid contained approxi-
mately 300 intersections within the tissue boundary that
were counted as either fat deposits or no fat deposits
depending on whether they covered the fat droplets or not.
The fractional area of fat droplets was determined by
dividing the number of points covering fat droplets to the
total number of points.

Oil Red O Staining

Oil Red O staining was used to confirm hepatic steatosis.
Briefly, freshly collected liver tissue was embedded in
optimal cutting temperature compound (Sakura Finetek,
Torrance, CA), frozen on dry ice, and then stored at �80�C.
Later, 10 mm sections were obtained with a cryostat and
fixed with 10% neutral buffered formalin, washed thor-
oughly with running tap water for 5 minutes, and then
stained in Oil Red O solution (Electron Microscopy Sci-
ences, Hatfield, PA) for 8 minutes followed by rinsing in
60% isopropanol and counterstaining with Harris
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hematoxylin for 1 minute. Sections were then mounted with
glycerol jelly medium.

Immunohistochemistry

Immunohistochemical stainings for myeloperoxidase (MPO)
and F4/80 were performed on formalin-fixed, paraffin-
embedded liver sections. Briefly, liver sections were first
deparaffinized with Citrisolv (Decon Labs Inc., King of
Prussia, PA) (2� 5 minutes each) and were rehydrated
through descending grades of ethanol (100%, 95%, 70%,
30%, distilled water; 3 minutes each). Antigen retrieval was
performed using a proteinase Kemediated antigen retrieval
method. Endogenous peroxides were quenched with 3%
hydrogen peroxide solution for 10 minutes at room temper-
ature. Sections were blocked for 20 minutes with bocking
serum followed by incubation in the primary antibodies
[rabbit anti-mouse myeloperoxidase monoclonal antibody
(ab208670; Abcam,Waltham, MA) and rat anti-mouse F4/80
antibody (MCA497G; Bio-Rad, Hercules, CA)] at room
temperature for 1 hour. Sections were washed and incubated
with respective biotinylated secondary antibodies for 1 hour
at room temperature. The sections were then rinsed in
deionized water (2� 5 minutes each) and processed using
VECTASTAIN Elite ABCHRPKits (PK-6101/6104; Vector
Laboratories, Burlingame, CA), followed by chromogenic
substrate conversion using ImmPACT NovaRED HRP Sub-
strate Kit (SK-4800; Vector Laboratories). Sections were
counterstained with Gill’s Hematoxylin-I (EMD Millipore
Corporation, Burlington, MA) for 30 seconds, rinsed in
deionized water, dehydrated with ascending grades of
ethanol, and coverslipped with VectaMount mounting media
(H-5000; Vector Laboratories).

Liver Triglyceride Assay

Liver triglyceride levels were measured using Triglyceride
Assay Kit (ab65336; Abcam) per the manufacturer’s recom-
mendations. Briefly, 30mg liver tissue sampleswere heated in
400 mL of 5% NP-40 solution (VWR chemicals, Solon, OH)
at 90�C for 5 minutes to dissolve triglycerides. The heating
cycles were repeated until a clear lysate was obtained by
centrifugation. The triglyceride levels were then determined
in liver lysates in duplicates and quantified at 570 nm using
Spark Multimode Microplate Reader (Tecan Trading AG,
Mannedorf, Switzerland). Liver triglyceride values were
calculated and expressed as mg/g of the liver tissue.

Serum Enzymes and Lipids Analyses

Analyses for alanine transaminase (ALT), aspartate trans-
aminase (AST), cholesterol, and triglycerides were per-
formed on a Beckman Coulter AU680 chemistry analyzer
using Beckman Coulter reagents (Beckman-Coulter, Irving,
TX) at the clinical pathology core at Louisiana State
University.
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Enzyme-Linked Immunosorbent Assay

Serum levels of fibroblast growth factor (FGF21) were
determined using an enzyme-linked immunosorbent assay
kit (R&D systems, Minneapolis, MN) according to the
manufacturer’s instructions. The optical density was
measured at 450 nm and 570 nm using Spark Multimode
Microplate Reader (Tecan Trading AG, Mannedorf,
Switzerland). The optical density readings at 570 nm were
subtracted from those at 450 nm to correct for optical im-
perfections in the plate.

RNA Extraction

Total RNA was extracted using the GE Healthcare Illustra
RNAspin MiniRNA isolation kit, according to the manu-
facturer’s instructions (GE Healthcare, Little Chalfont, UK).
The RNA content and purity were determined by measuring
absorbance at 260 nm and 260/280 ratio, respectively, on a
NanoDrop 8000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA). The quality of the RNA was deter-
mined using an Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA).

Quantitative PCR

RT-qPCR for the quantification of Tnf, Mcp1, Il10, and Cd36
transcripts was performed using the SYBR Green method.
Briefly, 1 mg of total RNA was used for cDNA synthesis
using an iScript cDNA synthesis kit (Bio-Rad). Quantitative
real-time RT-PCR was performed on the ABI Prism 7900
Sequence Detection System (Applied Biosystems, Waltham,
MA). Primer sequences were: Tnf, forward 50-
CTTCTGTCTACTGAACTTCGGG-30, reverse 50-
CAGGCTTGTCACTCGAATTTTG-3; Mcp1, forward 50-
GTCCCTGTCATGCTTCTGG-30, reverse 50-GC
TCTCCAGCCTACTCATTG-30; Il10, forward 50-AGCCGG
GAAGACAATAACTG-30, reverse 50-GGAGTCGGTTAG-
CAGTATGTTG-30; Cd36, forward 50-GCGACATGAT
TAATGGCACAG-30, reverse 50-GATCCGAACACAGC
GTAGATAG-30.
The CT values were normalized to Gapdh internal con-

trols. The expression levels were calculated according to the
2�DDCT method. Quantitative PCR for Fgf21 and Zfp36l1
was performed using Taqman assays (Fgf21:hs00173927;
Zfp36l1: hs00245183).

Library Preparation and RNA Deep Sequencing

Library preparation and RNA sequencing was performed at
Novogene Corporation Inc. (Sacramento, CA). Briefly, 1 mg
of RNA was used for cDNA library construction using an
NEBNext Ultra II RNA Library Prep Kit for Illumina (New
England Biolabs, Ipswich, MA) according to the manufac-
turer’s protocol. mRNA was enriched using oligo (dT)
beads followed by two rounds of purification and random
ajp.amjpathol.org - The American Journal of Pathology
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fragmentation. The first-strand cDNA was synthesized using
random hexamers followed by generation of the second
strand. After a series of terminal repair, polyadenylation,
and sequencing adaptor ligation, the double-stranded cDNA
library was completed following size selection and PCR
enrichment. The resulting 250- to 350-bp insert libraries
were quantified using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific) and quantitative PCR. Size distribution
was analyzed using an Agilent 2100 Bioanalyzer (Agilent
Technologies). Qualified libraries were sequenced on an
Illumina NovaSeq 6000 Platform (Illumina, Inc., San Diego,
CA) using a paired-end 150 run (2 � 150 bases). Approx-
imately 20 M raw reads were generated from each library.

Immunoblotting

Cells/tissues were lysed using Pierce RIPA buffer (Thermo
Fisher Scientific) supplemented with Pierce protease inhib-
itor mixture (Thermo Fisher Scientific) and phosphatase
inhibitors (10 mM sodium fluoride and 1 mM sodium
orthovanadate). Tissues were mechanically homogenized
using a homogenizer (Fisherbrand 150 handheld homoge-
nizer; Thermo Fisher Scientific). Tissue lysates were
centrifuged (13,000 � g, 10 minutes, 4�C) to remove
insoluble material, and protein concentrations of the super-
natants were measured using the Bradford assay (Bio-Rad
Laboratories). Denatured proteins were separated on a 4% to
12% Bis-Tris plus gel (Invitrogen, Carlsbad, CA), trans-
ferred onto polyvinylidene difluoride membranes
(Invitrogen), and probed with a 1:1000 dilution of BRF1/2
primary antibody (Cell Signaling Technology, Danvers,
MA), followed by a 1:3000 dilution of horseradish
peroxidaseeconjugated goat anti-rabbit IgG. Signals
were determined either on a ChemiDoc Imaging System
(Bio-Rad Laboratories) or on X-ray film.

Luciferase Reporter Assay

HEK293 cells were procured from ATCC (Manassas, VA).
Cells were cultured in EMEM with 10% FBS. pcDNA
3.1þ/C-(K)-DYK Zfp36l1, pcDNA 3.1þ/C-(K)-DYK
Zfp36l1-zinc finger mutant C135R, C173R (two amino-acid
mutations within the two zinc fingers at positions 135
and 173), and pcDNA 3.1þ/C-(K)-DYK empty vector were
obtained from GenScript Biotech (Piscataway, NJ). Ambion
pMIR-REPORT Luciferase expression reporter vector was
obtained from Thermo Fisher Scientific, and the 30UTR of
Ffg21 mRNA was cloned into a pMIR-REPORT luciferase
reporter vector. Transfections were done with Lipofect-
amine reagent (Invitrogen). Luminescence was determined
using a Promega Luciferase Reporter Assay Kit (Promega,
Madison, WI), according to the manufacturer’s instructions,
on a Spark multimode microplate reader (Tecan Trading
AG, Mannedorf, Switzerland). Briefly, cells were seeded
onto 6-well plates and transfected with the respective
The American Journal of Pathology - ajp.amjpathol.org
constructs (0.5 mg) when they reached a confluency of
approximately 60% to 65%. At 48 hours after transfection,
the growth medium was removed, and cells were gently
rinsed with phosphate-buffered saline, followed by addition
of 1� reporter lysis buffer to lyse the cells. To ensure
complete lysis, cells were subjected to a single freezeethaw
cycle. Lysed cells were scraped, transferred into micro-
centrifuge tubes, and then centrifuged at 12,000 � g for 15
seconds at room temperature. The supernatants were trans-
ferred into new microcentrifuge tubes. A total of 20 mL of
cell lysate was used per well of a 96-well plate for luciferase
assays. The Spark multimode microplate reader was pro-
gramed to add 100 mL of luciferase assay reagent per well
with the injector. Luminescence was determined immedi-
ately (10 seconds). Luminescence was normalized to beta-
galactosidase measurements.

Cotransfection Assay

For cotransfection assays, HEK293 cells were cotransfected
with pcDNA 3.1þ/C-(K)-DYK empty vector alone, the
pcDNA 3.1þ/C-(K)-DYK Zfp36l1-WT plasmid or the zinc
finger mutant, pcDNA 3.1þ/C-(K)-DYK Zfp36l1-C135R,
C173R, and the full-length pcDNA 3.1þ/C-(K)-DYK-
Fgf21plasmid, which contained an intact 30UTR (GenScript
Biotech). Two concentrations of Zfp36l1 (WT and mutant)
plasmids were used, 0.25 mg and 0.50 mg, whereas 0.5 mg of
the Fgf21 plasmid was transfected in all. The amount of
total transfected plasmid was kept constant for all the plates,
and normalized by the addition of vector control plasmid.
The cells were harvested after 48 hours, RNA was isolated,
cDNA was prepared using iScript Reverse Transcription
Supermix (Bio-Rad Laboratories), and then the levels of
Fgf21 and Zfp36l1 mRNAs were assessed by quantitative
real-time PCR.

Electrophoretic Mobility Shift Assays

RNA-ARE probes were designed from the Fgf21-30UTR
ARE sequence and synthesized with 50-biotineend labelling
(Integrated DNA Technologies, Coralville, IA). HEK293
cells were transfected with the ZFP36L1 expression plasmid
(pcDNA 3.1þ/C-(K)-DYK Zfp36l1) or its zinc finger
mutant (pcDNA 3.1þ/C-(K)-DYK Zfp36l1-C135R,
C173R), and cytosolic cell extracts were prepared. Briefly,
the transfection mixture was removed, and cells were rinsed
with ice-cold Ca2þ- and Mg2þ-free Dulbecco’s phosphate-
buffered saline. The cells were then scraped and centri-
fuged at 600 � g for 3 minutes at 4�C. The supernatants
were removed, and the pellets were rinsed with ice-cold
diethyl-pyrocarbonateetreated water containing 8 mg/mL
leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, and 1 mg/
mL pepstatin A. The cells were then lysed in a hypotonic
cell lysis buffer containing 10 mM HEPES (pH 7.6), 5 mM
KCl, 5% (v/v) glycerol, 0.25% (v/v) Nonidet P-40, 1 mg/mL
211
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pepstatin A, 0.1 mM phenylmethylsulfonyl fluoride, and 8
mg/mL leupeptin. Lysates were centrifuged for 15 minutes at
15,000 � g at 4�C. The supernatant was transferred to a
fresh tube, and potassium chloride and glycerol were added
to final concentrations of 40 mM and 15% (v/v), respec-
tively. Cell extracts were aliquoted and stored at �80�C
until ready to use. For the electrophoretic mobility shift
assay, approximately 8 mg of cytosolic extracts prepared
from HEK293 cells transfected with either the vector alone,
or with the WT or mutant ZFP36L1 expression constructs,
were incubated with 300 mM 50-biotineend-labelled ARE
probes at room temperature for 30 minutes. The total reac-
tion volume was 20 mL and consisted of 10 mM HEPES
(pH 7.6), 40 mM KCl, 2.5% (v/v) glycerol, 3 mM MgCl2,
2.5 mg/mL heparin, and 50 ng/mL yeast tRNA. Following
incubation, the reaction mixture was loaded onto 6% to 8%
nondenaturing acrylamide gels and subjected to electro-
phoresis (120 V for 60 minutes in 0.5� Tris/borate/EDTA
buffer). Gels were transferred onto Biodyne B nylon
membranes (0.45 mm; Thermo Fisher Scientific) in 0.5�
Tris/borate/EDTA buffer (60 V for 30 minutes).
RNAeprotein complexes and the unbound RNA probe were
detected using the Chemiluminescent Nucleic Acid Detec-
tion Module (Thermo Fisher Scientific), following the
manufacturer’s instructions.
Statistical Analysis

Statistical significance between two groups was determined
by t-test assuming unequal variance. Significant differences
among groups were determined by one-way analysis of
variance followed by Tukey’s post hoc test for multiple
comparisons. All data are expressed as means � SEM.
P < 0.05 is considered statistically significant. Statistical
analyses were performed using GraphPad Prism software
version 7.0 (GraphPad Software, La Jolla, CA).
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Nucleotide Sequence Accession Number

The RNA-Seq data have been deposited in the NCBI Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.
gov/geo; accession number GSE163444).

Results

Generation and Characterization of ZFP36L1
Liver-Specific Knockout Mice

To investigate the role of ZFP36L1 in liver, liver-specific
Zfp36l1-deficient mice (L1LKO) were generated using the
Cre-LoxP recombination approach. RNA-Seq analysis of
liver RNA showed at least a fivefold reduction in the mRNA
levels of Zfp36l1 in L1LKO mice compared with littermate
control L1FLX mice (Figure 1A). Western blot analysis of
liver tissue lysates showed minimal to no detectable
expression of ZFP36L1 in L1LKO mice compared with
littermate control L1FLX mice (Figure 1B). Quantitatively,
the expression of ZFP36L1 was significantly reduced in
L1LKO mice compared with littermate control L1FLX mice
(Figure 1C). The L1LKO mice developed normally and did
not exhibit any growth defects or anatomic or histologic
abnormalities (data not shown).

Alcohol DieteFed L1LKO Mice Exhibit Significantly
Attenuated Hepatic Steatosis, Injury, and
Inflammation Compared with Alcohol DieteFed
Littermate Control L1FLX Mice

In order to determine the effect of ZFP36L1 deletion in
stressed liver cells, L1FLX and L1LKO mice were subjected
to alcohol-induced liver injury and steatosis by feeding them
the alcohol-containing Lieber-DeCarli diet (alcohol group).
The weights of both the L1FLX and L1LKO mice did not
change significantly after alcohol ingestion over a period of
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Figure 2 ZFP36L1 LKO mice are protected from alcohol-induced liver injury. A: Liver weight to body weight ratios of alcohol dietefed ZFP36L1-sufficient
(L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice and those that were pair-fed with control diet. B: Serum levels of alanine transaminase (ALT) in
alcohol dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice and the control dietefed ZFP36L1-sufficient (L1FLX) and liver-
specific ZFP36L1-deficient (L1LKO). C: Liver triglyceride levels in alcohol dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO)
mice and the control dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice. D: Quantification of hepatic steatosis of images
shown in E. E: Representative liver histology images from ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice that were fed with
alcohol diet versus those that were pair-fed with control diet are shown. F: Oil Red Oestained liver sections from ZFP36L1-sufficient (L1FLX) and liver-specific
ZFP36L1-deficient (L1LKO) mice that were fed with alcohol diet versus those that were pair-fed with control diet are shown. Representative images from three
independent experiments are shown. Boxed areas in E and F are shown at higher magnification below. Data are expressed as means � SEM. n Z 10 mice in
each group (A); n Z 5 mice in the alcohol-diet group (B); n Z 6 mice in the control diet group (B); n Z 5 mice (C); n Z 3e4 (D). *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 (one-way analysis of variance followed by Tukey’s correction for multiple comparisons). Scale bar Z 50 mm. Alc, alcohol;
Ctrl, control.
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11 days compared with their initial body weights
(Supplemental Figure S1A). Alcohol significantly increased
the liver weight to body weight ratio after alcohol-diet
The American Journal of Pathology - ajp.amjpathol.org
feeding in both L1FLX and L1LKO mice, but the difference
was not significant between the alcohol dietefed L1FLX and
L1LKO groups (Figure 2A).
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Figure 3 ZFP36L1 LKO mice were protected from alcohol-induced liver inflammation. Relative quantification of Tnf (A), Mcp1 (B), Il10 (C), and Cd36 (D)
mRNA expression in the liver homogenates from alcohol dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice, and those that
were pair-fed with control diet. Representative photomicrographs of myeloperoxidase (MPO) (E) and F4/80 (F) stained liver sections from alcohol dietefed
ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice and those that were pair-fed with control diet. Arrows depict cells that stained
positive for MPO. Data are expressed as means � SEM. n Z 3 to 4 mice. *P < 0.05 (one-way analysis of variance followed by Tukey’s correction for multiple
comparisons). Scale bar Z 50 mm. Alc, alcohol; Cd36, cluster of differentiation 36; Ctrl, control; Il10, interleukin-10; Mcp1, monocyte chemoattractant
protein-1; Tnf, tumor necrosis factor.

Bathula et al
Alcohol results in hepatic lesions, particularly steatosis,
hepatic injury, and hepatic inflammation.17 Serum levels of
ALT, a marker of liver injury, were significantly increased
in alcohol dietefed L1FLX mice compared with control
dietefed (pair-fed) L1FLX mice. However, alcohol ingestion
did not increase the levels of ALT in L1LKO mice
(Figure 2B). The levels of AST were also increased in
alcohol dietefed mice, but the difference was not statisti-
cally significant between the L1FLX and L1LKO groups
(Supplemental Figure S1B). Liver triglycerides were
significantly increased in alcohol dietefed L1FLX and
L1LKO mice compared with their respective control dietefed
(pair-fed) counterparts. However, the levels of liver tri-
glycerides were significantly less in alcohol dietefed L1LKO

compared with alcohol dietefed L1FLX mice (Figure 2C).
The serum levels of triglycerides and cholesterol were not
significantly increased after alcohol diet feeding compared
with control diet feeding in either of the two genotype
groups (Supplemental Figure S1, C and D).

Steatosis is the earliest response of the liver to alcohol
ingestion and is characterized by the accumulation of lipid
droplets within the hepatocytes, starting at the centrilobular
214
areas and progressing toward the mid-lobular and periportal
regions in later stages.17,18 Consistent with these reports, the
alcohol diet significantly increased microvesicular and
macrovesicular steatosis in L1FLX mice compared with
control dietefed L1FLX mice. Remarkably, alcohol dietefed
L1LKO mice exhibited markedly diminished hepatic stea-
tosis compared with the alcohol dietefed L1FLX mice
(Figure 2, DeF).
Alcohol-induced steatosis is usually accompanied by

hepatic inflammation.17 Certain proinflammatory mediators,
particularly tumor necrosis factor (TNF) and MCP1, have
been implicated in alcoholic liver inflammation.19,20 Simi-
larly, IL-10 and CD36, a fatty acid translocase, have also
been shown to play a role in alcoholic liver disease.21,22

Therefore, mRNA expression levels for these proin-
flammatory cytokines and mediators were assessed in
alcohol dietefed L1FLX and L1LKO mice. The mRNA
expression levels of both Tnf and Mcp1 were significantly
increased in alcohol dietefed L1FLX mice compared with
control dietefed L1FLX mice (Figure 3, A and B). However,
the increase in expression of Tnf and Mcp1 was significantly
attenuated in alcohol dietefed L1LKO mice compared with
ajp.amjpathol.org - The American Journal of Pathology
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Fgf21 mRNA is Regulated by ZFP36L1
alcohol dietefed L1FLX mice (Figure 3, A and B). The
mRNA expression levels of Il10 and Cd36 also showed
similar trends, but the differences were not statistically
significant between alcohol dietefed L1LKO and alcohol
dietefed L1FLX mice (Figure 3, C and D). Increased
inflammation in alcohol dietefed L1FLX mice was also
evident from increased staining for neutrophils [MPO-pos-
itive] in this group compared with control dietefed L1FLX

mice. The alcohol dietefed L1LKO mice had fewer numbers
of neutrophils in tissue sections compared with alcohol
dietefed L1FLX mice (Figure 3E). There were no differ-
ences in the numbers of F4/80-positive macrophages within
the liver tissue sections (Figure 3F). Taken together, these
data demonstrate that liver-specific deletion of ZFP36L1
confers significant protection against hepatic steatosis,
The American Journal of Pathology - ajp.amjpathol.org
hepatic injury, and hepatic inflammation in alcohol dietefed
mice.

ZFP36L1 Deficiency Results in Reduced Numbers of
Differentially Expressed Transcripts in Alcohol
DieteFed Mice

In order to identify transcriptomic changes through which
ZFP36L1 modulates alcoholic hepatic steatosis, hepatic
injury, and hepatic inflammation, RNA-Seq analysis of total
liver RNA obtained from the four groups: control dietefed
and alcohol dietefed L1FLX and L1LKO mice was per-
formed. The RNA-Seq data are expressed as fragments per
kilobase per million mapped reads. The inclusion criteria for
increase or decrease were set as greater than or less than 1.5-
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Table 1 Inflammatory Genes

Gene symbol Gene name

L1FLX alcohol
diet vs ctrl diet
(log2FC)

L1FLX alcohol
diet vs ctrl diet
(padj)

L1LKO alcohol diet
vs ctrl diet (log2FC)

L1LKO alcohol diet
vs ctrl diet (padj)

TLR4 receptor
Cd14 CD14 antigen 3.0 6.53L10 1.1 NA

Macrophage receptor
Marco Macrophage receptor with

collagenous structure
1.6 1.81L05 0.1 0.89227

Interleukin receptor
Il3ra Interleukin 3 receptor alpha

chain
2.4 0.01761 -0.5 0.24085

Chemokines
Ccl2 Chemokine (C-C_motif)

ligand 2
3.0 1.76L05 0.6 NA

Ccr1 Chemokine (C-C_motif)
receptor 1

2.9 0.00231 0.6 0.38265

Cxcl2 Chemokine (C-X-C_motif)
ligand 2

1.9 0.04027 0.5 NA

Cxcl14 Chemokine (C-X-C_motif)
ligand 14

1.5 0.01405 0.6 0.33444

Ccrl2 Chemokine (C-C_motif)
receptor-like 2

1.5 0.00243 0.4 0.55244

Ccl9 Chemokine (C-C_motif)
ligand 9

1.4 0.00053 0.8 0.05965

TNF superfamily
Tnfrsf12a Tumor necrosis factor

receptor superfamily
member 12a

2.5 2.12L05 1.8 0.00100

Tnfrsf10b Tumor necrosis factor
receptor superfamily
member 10b

2.3 0.03836 0.8 0.25032

Tnfrsf23 Tumor necrosis factor
receptor superfamily
member 23

2.1 0.00451 1.2 0.03907

Tnfrsf21 Tumor necrosis factor
receptor superfamily
member 21

0.8 0.00636 0.2 0.76364

Tnfaip1 Tumor necrosis factor alpha-
induced protein 1
(endothelial)

0.8 8.79L06 0.6 0.08765

NFkB family
Relb Avian reticuloendotheliosis

viral (v-rel) oncogene
related B

1.4 0.00535 1.1 0.05787

Rell1 RELT-like 1 1.2 0.02623 1.1 0.00801
Ikbip IKBKB interacting protein 1.0 0.00159 0.7 0.18132
Nfkbib Nuclear factor of kappa light

polypeptide gene enhancer
in B cells inhibitor beta

0.6 0.04846 0.4 0.36545

MAP kinase family
Mapk4 Mitogen activated protein

kinase 4
2.2 0.01868 0.9 0.15484

Map3k6 Mitogen activated protein
kinase kinase kinase 6

1.9 0.04403 0.9 0.09448

Complement components
C5ar1 Complement component 5a

receptor 1
2.7 4.26L06 1.5 0.00133

(table continues)

Bathula et al
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Table 1 (continued )

Gene symbol Gene name

L1FLX alcohol
diet vs ctrl diet
(log2FC)

L1FLX alcohol
diet vs ctrl diet
(padj)

L1LKO alcohol diet
vs ctrl diet (log2FC)

L1LKO alcohol diet
vs ctrl diet (padj)

C3ar1 Complement component 3a
receptor 1

1.5 0.00041 0.7 0.24271

Cell-surface proteins
Cd63 CD63 antigen 2.9 1.10L06 1.4 0.00210
Cd34 CD34 antigen 1.3 0.03684 0.5 0.45291
Cd68 CD68 antigen 1.1 0.01152 -0.1 0.86209
Cd44 CD44 antigen 0.9 0.03224 0.2 0.67557

Protein kinase substrate protein
Marcksl1 MARCKS-like_1 0.7 0.00503 0.3 0.47187

Metalloelastases
Mmp12 Matrix metallopeptidase_12 3.4 2.95L08 1.1 NA
Timp1 Tissue inhibitor of

metalloproteinase 1
2.9 0.00165 0.6 0.44009

Differentially expressed inflammatory genes in alcohol-dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice and control
dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice are shown. Bold values depict significant differences.

Fgf21 mRNA is Regulated by ZFP36L1
fold (log2FC), with adjusted P < 0.05. Interestingly,
although 584 transcripts were significantly differentially
expressed (393 up-regulated; 191 down-regulated) in the
alcohol dietefed L1FLX mice compared with control
dietefed L1FLX mice, only 159 transcripts were differen-
tially expressed (92 up-regulated; 67 down-regulated) in the
alcohol dietefed L1LKO mice compared with control
dietefed L1LKO mice (Figure 4, A and B). Fifty transcripts
were differentially expressed (26 up-regulated; 24
down-regulated) between alcohol dietefed L1LKO and
alcohol dietefed L1FLX mice (Figure 4C), whereas only 10
transcripts were differentially expressed (7 up-regulated; 3
down-regulated) between control dietefed L1LKO and
control dietefed L1FLX mice (Figure 4D). Figure 4E shows
a heat map comparing differentially expressed transcripts in
the four groups. These data indicate that, in line with the
increased steatosis, liver injury, and inflammation seen in
the alcohol dietefed L1FLX mice, there were larger numbers
of transcriptomic changes, whereas minimal to no steatosis
and significantly attenuated liver injury and inflammation
were associated with comparatively lesser numbers of
transcriptomic changes in alcohol dietefed L1LKO mice.

Next, the expression levels of known proinflammatory
mRNAs between the two groups were compared to inves-
tigate whether the large numbers of gene expression
changes in the alcohol dietefed L1FLX versus alcohol
dietefed L1LKO group could be accounted for by proin-
flammatory mRNAs. A large proportion of the known in-
flammatory genes were significantly up-regulated in the
L1FLX group (alcohol dietefed L1FLX mice versus control
dietefed L1FLX mice), but not in the L1LKO group (alcohol
dietefed L1LKO mice versus control dietefed L1LKO mice)
(Table 1). Key inflammatory genes included toll-like 4-
receptor Cd14, macrophage scavenger receptor, Marco,
interleukin receptor, Il3ra, chemokines including Ccl2,
Ccr1, Cxcl2, Cxcl14, and Ccrl2, TNF receptor superfamily
The American Journal of Pathology - ajp.amjpathol.org
proteins, Tnfrsf10b and Tnfrsf21, NFKB family proteins
Ikbip and Nfkbib, MAP kinase 4 (Mapk4), complement
component, C3ar1, cell surface receptors, Cd34, Cd68, and
Cd44, protein kinase substrate protein, Marcksl1, and met-
alloelastases, Mmp12 and Timp. Interestingly, few of the
mRNAs that achieved statistical significance in the alcohol
dietefed L1LKO group were up-regulated by a compara-
tively lower-fold change when compared with the alcohol
dietefed L1FLX group. Feeding alcohol resulted in signifi-
cantly increased liver inflammation in L1FLX mice, but not
in L1LKO mice.

Comparison of Expression of Alcohol-Regulated
Metabolic mRNAs in Alcohol DieteFed L1LKO versus the
Alcohol DieteFed L1FLX Mice

Alcohol ingestion results in metabolic changes including
increased lipogenesis, decreased fatty acid oxidation,
mobilization of fat from various body deposits into the liver,
and impaired very low-density lipoprotein secretion, all
resulting in the development of hepatic steatosis.17 A large
number of metabolic genes are involved in this process. To
delineate the mechanisms for differential responses of the
L1FLX versus the L1LKO mice to alcohol feeding, the RNA-
Seq data set was queried for changes in known metabolic
transcripts. Sirtuin 1 (Sirt1), fatty acid synthase (Fasn),
stearoyl-coenzyme A desaturase 1 (Scd1), acyl-coenzyme A
dehydrogenase family member 8 (Acad8), and cytochrome
P450 family 2 subfamily e polypeptide 1 (Cyp2e1) were
significantly down-regulated in alcohol dietefed L1FLX

group but were unchanged in the alcohol dietefed L1LKO

group, whereas Lipin-3 and lipoprotein lipase (Lpl ) were
significantly up-regulated in alcohol dietefed L1FLX group
but were unchanged in the alcohol dietefed L1LKO group.
Peroxisome proliferator activated receptor alpha (Ppara)
and sterol regulatory element binding transcription factor 1
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Table 2 Metabolic Genes

Gene symbol Gene name
L1FLX alcohol diet vs
ctrl diet (log2FC)

L1FLX alcohol diet vs
ctrl diet (padj)

L1LKO alcohol diet vs
ctrl diet (log2FC)

L1LKO alcohol diet vs
ctrl diet (padj)

Metabolic regulator genes
Sirt1 Sirtuin 1 �0.93 0.01 �0.08 0.88
Sirt3 Sirtuin 3 �1.32 0.02 �0.90 0.001

Lipid metabolism
Lpin1 Lipin 1 �1.12 0.07 �1.28 0.01
Lpin2 Lipin 2 �0.31 0.75 �0.90 0.008
Lpin3 Lipin 3 1.33 0.02 0.25 0.67
Lpl Lipoprotein lipase 2.3 0.001 0.3 0.55

Lipogenesis
Srebf1 Sterol regulatory

element binding
transcription factor
1

�2.28 5.99L05 �1.68 6.15L07

Fasn Fatty acid synthase �1.78 0.05 �0.64 0.32
Scd1 Stearoyl coenzyme A

desaturase 1
�1.89 0.03 �0.54 0.48

Fatty acid oxidation
Ppara Peroxisome

proliferator
activated receptor
alpha

�1.19 0.01 �0.98 0.04

Acad8 Acyl-coenzyme A
dehydrogenase
family member 8

�0.65 0.03 �0.29 0.36

Cpt1a Carnitine
palmitoyltransferase
1a liver

�0.39 0.71 �0.94 0.01

Cd36 CD36 antigen �0.02 0.98 0.27 0.75
Fgf21 Fibroblast growth

factor 21
0.7 0.60 2.0 5.92L06

Alcohol metabolism
Aldh1a1 Aldehyde

dehydrogenase
family 1 subfamily
A1

�0.75 0.28 0.21 0.68

Cyp2e1 Cytochrome P450
family 2 subfamily e
polypeptide 1

�1.54 0.003 �0.74 0.14

Differentially expressed metabolic genes in alcohol-dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice and control
dietefed ZFP36L1-sufficient (L1FLX) and liver-specific ZFP36L1-deficient (L1LKO) mice are shown. Bold values depict significant differences.

Bathula et al
(Srebf1) were significantly down-regulated in both the
L1FLX and L1LKO groups following alcohol ingestion,
although the fold change was higher in the L1FLX group
(Table 2).

FGF21, a Peptide Metabolic Hormone, Is Significantly
Increased in the Alcohol DieteFed L1LKO Group
Compared with the Alcohol DieteFed L1FLX Group

FGF21 is known to be up-regulated following alcohol feeding
and has been reported to have a protective role in alcoholic
steatohepatitis, both in mice and humans.23,24 RNA-Seq ana-
lyses revealed thatFgf21was significantly up-regulatedby4.2-
fold (Log2FC Z 2.0; padj Z 5.92E06) in alcohol dietefed
218
L1LKO mice versus the control dietefed L1LKO mice but was
unchanged in alcohol dietefed L1FLX mice versus the control
dietefed L1FLX (padj Z 0.60) (Table 2). Consistent with the
RNA-Seq data, quantitative PCR also indicated significant up-
regulation of Fgf21 mRNA in the alcohol dietefed L1LKO

group (Figure 5A). Next, to test whether secretory levels of
FGF21 in the serum were affected in alcohol dietefed L1LKO

mice, an enzyme-linked immunosorbent assay was performed
on serum samples collected from alcohol dietefed and control
dietefed L1FLX and L1LKO mice. The results showed that
FGF21 was significantly increased in alcohol dietefed L1LKO

mice, but not in the alcohol dietefed L1FLX mice (Figure 5B).
These data indicated thatFgf21may be regulated by ZFP36L1
in this model.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 FGF21 is significantly increased in alcohol dietefed ZFP36L1 LKO mice. A: Relative expression of Fgf21 mRNA in the liver homogenate from
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Fgf21 mRNA is Regulated by ZFP36L1
ZFP36L1 Regulates Fgf21 mRNA Turnover through AREs
in Its 30UTR

Because ZFP36 family members regulate their target mRNAs
by binding to their 30UTR AREs,2 whether Fgf21 mRNA
contains AREs in its 30UTR and whether those could be po-
tential ZFP36L1 binding sites was investigated. As expected,
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the 30UTR of Fgf21 mRNA contains at least three highly
conserved potential ZFP36L1 binding sites (AREs) within its
30UTR (Figure 6A). Next, to test whether ZFP36L1 regulates
Fgf21 mRNA, the complete 30UTR of Fgf21 mRNA was
cloned (a total of 163 bp were cloned that also included 37 bp
of the protein coding region) into the pMIR-REPORT lucif-
erase reporter construct. Whether ZFP36L1 can regulate the
Figure 6 ZFP36L1 regulates the 30UTR of Fgf21
mRNA. A: At least three evolutionarily conserved AU-
rich elements (AREs) are present in the 30-untrans-
lated region (30UTR) of the Fgf21 transcript. The AREs
are highlighted in black. B: HEK293 cells were trans-
fected with empty vector (pcDNA 3.1), luciferase re-
porter (pMIR-REPORT), WT-human ZFP36L1 expression
plasmid (pcDNA 3.1-Zfp36l1), ZFP36L1 expression
plasmid with C135R, C173R zinc finger mutation
(pcDNA 3.1-Zfp36l1-mutant), and pMIR-REPORT vector
expressing the 30UTR of Fgf21 (pMIR-REPORT-Fgf21-
30UTR) in various combinations. Beta-galactosidase
(Beta gal) was transfected as an internal control,
and data are represented as relative luciferase activity
normalized to beta-galactosidase activity. Bar 1:
untransfected; bar 2: beta-galactosidase only; bar 3:
pcDNA 3.1 empty vector only; bar 4: pcDNA 3.1-
Zfp36l1-wt; bar 5; pMIR-REPORT empty vector only;
bar 6: pMIR-REPORT-Fgf21-30UTR-reporter; bar 7:
pMIR-REPORT empty vector þ pcDNA 3.1 Zfp36l1-wt;
bar 8: pcDNA 3.1 empty vector þ pMIR-REPORT Fgf21-
30UTR-reporter; bar 9: pcDNA 3.1 empty
vector þ pMIR-REPORT empty vector; bar 10: pcDNA
3.1 Zfp36l1-wt þ pMIR-REPORT-Fgf21-30UTR; bar 11:
pcDNA 3.1 Zfp36l1-mutant þ pMIR-REPORT Fgf21-
30UTR. Data are expressed as means � SEM. n Z 3.
*P < 0.05, **P < 0.01 (one-way analysis of variance
followed by Tukey’s correction for multiple
comparisons).
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***P < 0.001, and ****P < 0.0001 (one-way analysis of variance followed by Tukey’s correction for multiple comparisons). Mut, mutant; WT, wild-type.
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Figure 8 ZFP36L1 binds to the ARE from Fgf21 mRNA in electropho-
retic mobility shift assay. RNA electrophoretic gel-shift mobility assay
with ZFP36L1-WT, ZFP36L1-mutant, WT-Fgf21-ARE, and Mutant-Fgf21-ARE.
A: Sequences of 50-biotinelabelled RNA probes corresponding to the WT
Tnf ARE (https://www.ncbi.nlm.nih.gov/nuccore/X02611; accession number
X02611), WT Fgf21 ARE (https://www.ncbi.nlm.nih.gov/nuccore/NM_
019113.4; accession number NM_019113.4), and mutant human Fgf21
ARE in which six A residues were replaced by C residues. The ARE
binding sites (octamer and nonamers) are underlined. The hyphens
indicate the sequence identify at that position to the WT-Fgf21 ARE
probe. B: HEK293 cells were transfected with vector alone (pcDNA 3.1),
WT-human ZFP36L1 expression construct (pcDNA 3.1-Zfp36l1), or the
human ZFP36L1 expression construct with C135R, C173R zinc finger
mutation (pcDNA 3.1-Zfp36l1-mutant). Equal amounts of these cytosolic
extracts were combined with a probe derived from Tnf ARE (lanes 1 to
4), WT-Fgf21 ARE (lanes 5 to 8), and Mutant-Fgf21 ARE (lanes 9 to
12), and gel-shift assay was performed. Lanes 1 and 2 show the
position of the free Tnf probe when either free probe only (lane 1) was
used or the probe was combined with empty vector-expressing lysates
(lane 2). A large complex was formed with the WT-ZFP36L1 (lane 3),
but not with the mutant-ZFP36L1 (lane 4). Lanes 5 (probe alone) and
6 (probe with empty vector) show the position of the free Fgf21-WT
probe. The amount of probe and the migration position of the complex
formed were shifted with WT-ZFP36L1 (lane 7), but not with the
mutant-ZFP36L1 (lane 8). Lanes 9 (probe alone) and 10 (probe with
empty vector) show the position of the free Fgf21-mutant probe. The
amount of probe and the migration positions of the complex formed
were partially shifted with WT-ZFP36L1 (lane 11), but not with the
mutant-ZFP36L1 (lane 12). C: Immunoblot of the cytosolic extracts
from cells transfected with vector (pcDNA 3.1) alone, wild-type human
ZFP36L1, or the zinc finger mutant (C135R, C173R) form of ZFP36L1
that were used in the RNA electrophoretic mobility shift assay. The
position of ZFP36L1 is indicated to the right. The bottom gels show
the loading control, tubulin. ARE, AU-rich element; Mut, mutant;
WT, wild-type.
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stability of Fgf21mRNA 30UTR in luciferase reporter assays
was tested. As shown in Figure 6B, the untransfected control
(bar 1) or the transfection of beta-galactosidase alone (bar 2)
did not result in detectable luciferase activity/luminescence.
Similarly, transfection of an empty pcDNA3.1 vector alone
(bar 3) or a plasmid expressing WT ZFP36L1 (pcDNA3.1-
Zfp36l1) did not result in detectable luciferase activity.
Luciferase activity was reported from cells transfected with
the pMIR-REPORT (luciferase reporter expression vector)
(bar 5), the pMIR-REPORT containing Fgf21-30UTR (bar 6),
a combination of pMIR-REPORT and pcDNA3.1 plasmid
expressing WT ZFP36L1 (bar 7), a combination of pMIR-
REPORT expressing Fgf21-30UTR and pcDNA 3.1 empty
vector (bar 8), and a combination of two empty plasmids
(pMIR-REPORT þ pcDNA 3.1) (bar 9). Luciferase activity
was significantly inhibited (bar 10) when WT ZFP36L1 and
the pMIR-Fgf21-30UTRwere present together, indicating that
ZFP36L1 decreased the stability of Fgf21-30UTR. In com-
parison to this, the luciferase activity was significantly
rescued when the ZFP36L1 zinc finger mutant (C135R,
C173R) was present (bar 11), indicating that the two intact
zinc fingers are essentially required for this effect. These data
show that ZFP36L1 directly regulates Fgf21-30UTR and that
this effect is mediated through the two zinc finger domains of
ZFP36L1

ZFP36L1 Promotes the Decay of Full-Length Fgf21
mRNA via the Zinc Finger Motif

The ability of ZFP36L1 to destabilize a full-length transcript
of Fgf21 through cotransfection assays in HEK293 cells was
tested next. When a full-length Fgf21-mRNA was coex-
pressed with ZFP36L1-WT protein, the steady-state levels
of Fgf21 mRNA were decreased at both 0.25 mg and 0.5 mg
concentrations of ZFP36L1 (Figure 7, A, C, and E). This
effect was statistically significant at both 12 and 24 hours
for 0.5 and 0.25 mg (Figure 7, A and C) and at 48 hours for
0.5 mg (Figure 7E). However, when a full-length Fgf21-
mRNA was coexpressed with zinc finger ZFP36L1-mutant
(C135R, C173R), the levels of Fgf21 mRNA did not
decrease at either the low (0.25 mg) or the high (0.5 mg)
concentration of ZFP36L1-mutant plasmid (Figure 7, A, C,
and E). Figures 7, B, D, and F show the dose-dependent
increase in the expression of ZFP36L1-WT and ZFP36L1-
mutant in this experiment at 12 (Figure 7B), 24
(Figure 7D), and 48 (Figure 7F) hours, respectively. This
assay suggested that ZFP36L1 promotes the decay of Fgf21
mRNA and that the zinc finger motif of ZFP36L1 is
required for this effect.

ZFP36L1 Binds to Fgf21-mRNA 30UTR AU-Rich Region

Finally, whether ZFP36L1 expressed in HEK293 cells can
directly bind to AREs within the 30UTR of Fgf21 mRNA
was tested. Biotin 50-endelabelled RNA probes designed
from the 30UTR of Fgf21 mRNA were synthesized. The
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probes consisted of a WT Fgf21-ARE and a mutant Fgf21-
ARE in which all the six core A residues were mutated to C
residues (Figure 8A). Mutation of core A residues to C
residues has been previously shown to abrogate the binding
of TTP to its target mRNA probes.25 A Tnf 30UTR-ARE
probe was used as a positive control. Cell lysates expressing
WT ZFP36L1 or zinc finger mutant ZFP36L1 (C135R,
C173R) were incubated with WT Tnf, WT Fgf21, or
mutated-Fgf21 mRNA ARE probes, and RNA mobility shift
assays were performed. As shown in Figure 8B, cytosolic
extracts from cells expressing vector alone (lane 2) did not
bind Tnf-ARE. The migration position of the free probe is
depicted in lane 1. Tnf-ARE was able to bind to ZFP36L1,
as is evident from the slower migration of the probe (lane 3).
The Tnf-ARE probe was also able to bind to a small amount
of zinc finger mutant-ZFP36L1, but with greatly reduced
ability (lane 4) compared with WT ZFP36L1 (lane 3), as is
evident from the increased migration (downward shifting of
the band) in this case (lane 4). When the WT Fgf21-ARE
probe was used, significant binding was evident with the
WT ZFP36L1 protein (lane 7). The bound Fgf21-ZFP36L1
complex exhibited significantly reduced migration in the
gel, indicating good binding. The binding also appeared to
be much better than was observed with the Tnf-ARE, as is
evident from the larger size and increased intensity of the
band (lane 7). Again, the zinc finger mutant-ZFP36L1 was
still able to bind the WT Fgf21-ARE but with markedly
reduced ability (lane 8). The position of the WT Fgf21-ARE
free probe is shown in lane 5. Lane 6 shows the vector
control. Finally, as shown in lane 11, the mutant-Fgf21-
ARE probe was able to bind to the WT ZFP36L1 protein;
however, its ability to bind was much less than that of the
WT Fgf21-ARE probe (lane 7). This is clear from increased
migration (downward shifting of the band) and reduced
intensity and splitting of the band (lane 11). The mutant-
Fgf21-ARE probe was, however, not able to bind to the
mutant-ZFP36L1 (lane 12). The position of the mutant-
Fgf21-ARE free probe is shown in lane 9. Lane 10 shows
the vector control. Figure 8C shows equivalent expression
of WT and mutated ZFP36L1 in HEK293 cells.
Discussion

Excessive alcohol consumption is a global problem with
enormous clinical and economic consequences.26 Liver, the
primary site of alcohol metabolism, sustains the greatest
tissue injury following alcohol ingestion. However, the
pathogenic mechanisms involved in alcoholic hepatic stea-
tosis, injury, and inflammation remain incompletely under-
stood. The current study describes an interesting role of a
post-transcriptional regulator of gene expression, that is,
ZFP36L1, in the pathogenesis of alcohol-induced changes
in the liver.

Liver-specific ablation of ZFP36L1 (L1LKO mice) resul-
ted in significant reduction in hepatic steatosis, liver injury,
222
and inflammation in response to alcohol when compared
with mice that contained an intact Zfp36l1 gene (L1FLX

mice). These findings suggest that ZFP36L1 promotes
instability of mRNAs that confer protection against alcohol-
induced liver injury. Along similar lines, liver-specific loss
of ZFP36L1 was shown to confer protection against diet-
induced obesity and steatosis by altering bile acid meta-
bolism through regulation of cholesterol 7a�hydroxylase
(Cyp7a1) mRNA.11 Loss of ZFP36L1 was also shown to
protect against the development of experimental osteoar-
thritis through the post-transcriptional regulation of heat
shock protein 70 family members.27 Finally, a recent study
showed that ZFP36L1 is required for the maintenance of the
marginal zone B-cell compartment, and this effect is
dependent on its regulation of the transcription factors
KLF2 and IRF8.28 Together, these studies indicate that
ZFP36L1 regulates a variety of physiological and patho-
logical responses through its mRNA targets.
Alcoholic hepatitis is a serious consequence of alcoholic

liver disease and is accompanied by increased expression of
proinflammatory mediators that recruit inflammatory cells
into the liver. RNA-sequencing revealed that a large number
of inflammatory mRNAs were significantly up-regulated in
L1FLX mice, but not in the L1LKO mice, after alcohol
administration. For instance, TNFa levels are increased in
both human alcoholic liver and in animal models of liver
disease.29 Tnf mRNA was significantly up-regulated in
L1FLX, but not in the L1LKO group, after alcohol challenge.
MCP1, also known as CCL2, levels are increased in the
plasma of patients with alcoholic liver disease and have
been correlated with liver neutrophil infiltrates after
alcohol.30 Further, deficiency of MCP1 has been shown to
protect against alcoholic liver injury.19 Mcp1/Ccl2 was
significantly up-regulated in the L1FLX, but not in the L1LKO

mice, after alcohol administration. Cd14 (a coreceptor for
toll-like receptor 4) was specifically up-regulated in the
alcohol dietefed L1FLX group but was unchanged in the
alcohol dietefed L1LKO group. CD14-deficient mice have
been shown to exhibit reduced early alcohol-induced liver
injury.31 Liver macrophages and monocytes from alcoholic
hepatitis patients show increased activation of NFkB.32

Ikbip and Nfkbib, two members of NFkB family, were
significantly up-regulated in the alcohol dietefed L1FLX

group but were unchanged in the alcohol dietefed L1LKO

group. Similarly, Mapk4, a member of the MAP kinase
signaling family, is up-regulated following alcohol expo-
sure, both in vitro and in vivo.32 Although Mapk4 was
significantly up-regulated in the alcohol dietefed L1FLX

group, its expression levels remained unchanged in the
alcohol dietefed L1LKO group. Finally, Mmp12, a metal-
loprotease involved in extracellular remodeling,33 was
significantly up-regulated in the alcohol dietefed L1FLX

group, but not in the alcohol dietefed L1LKO group. Of
note, Mmp12 has been shown to be up-regulated in primary
murine macrophages following alcohol exposure.34 These
outcomes suggest that the ZFP36L1-deficient liver cells in
ajp.amjpathol.org - The American Journal of Pathology
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alcohol-challenged L1LKO mice exhibit mitigated cellular
injury that in turn prevents the pronounced inflammation, a
response evident in alcohol-challenged L1FLX mice. Second,
we speculate that other members of this protein family,
particularly ZFP36/TTP, can regulate inflammation,
whereas ZFP36L1 regulates metabolic genes within the
liver. These possibilities, however, need to be tested further.

FGF21, a liver-specific metabolic hormone, is known to
be elevated in the blood of both mice and humans after
acute or binge alcohol ingestion.23,35 Interestingly, FGF21
was significantly up-regulated in the alcohol dietefed
L1LKO group, but not in the alcohol dietefed L1FLX

group, suggesting that ZFP36L1 directly or indirectly reg-
ulates the expression of Fgf21. This was also indicated by
the finding that PPARa, the transcriptional regulator of
FGF21, was significantly down-regulated in both the
alcohol dietefed L1FLX and the L1LKO groups. Accord-
ingly, further experiments were conducted to determine
whether Fgf21 is a direct target of ZFP36L1. First, lucif-
erase activity assays were used to demonstrate that
ZFP36L1 can destabilize Fgf21-30UTR. Second, cotrans-
fection assays were used to demonstrate that ZFP36L1 can
destabilize the full-length Fgf21 mRNA. Third, electro-
phoretic mobility shift assays were used to demonstrate that
ZFP36L1 can directly bind to the 30UTR ARE region of
Fgf21 mRNA. Finally, this effect was shown to be mediated
by the two tandem zinc finger domains of ZFP36L1, as
indicated by the reappearance of the luciferase activity and
the stabilization of Fgf21 mRNA when a zinc finger mutant
of ZFP36L1 replaced the WT-ZFP36L1 in the luciferase
experiment and the co-expression assays, respectively.
These experiments demonstrated that Fgf21 mRNA can be a
target of ZFP36L1.

FGF21 has been previously shown to be a target of
ZFP36/TTP, another member of the ZFP36 family of RNA
binding proteins. For instance, Sawicki et al36 demonstrated
that Fgf21 mRNA is post-transcriptionally regulated by
ZFP36/TTP, and that liver-specific loss of ZFP36/TTP im-
proves systemic glucose tolerance and insulin sensitivity in
mice fed a high-fat diet by up-regulating FGF21. Another
study recently demonstrated that CCR4-NOT deadenylase-
ZFP36/TTP complex promotes degradation of Fgf21
mRNA, and that ablation of CCR4-NOT deadenylase ac-
tivity decreases the susceptibility of mice to metabolic dis-
orders, including obesity and steatosis, by increasing FGF21
levels.37 The current data provide evidence of redundancy
between ZFP36/TTP and ZFP36L1 in the post-
transcriptional regulation of Fgf21 mRNA. However, the
relative contribution of ZFP36/TTP versus ZFP36L1 in the
post-transcriptional regulation of Fgf21 mRNA remains
unexplored and warrants further investigation.

FGF21 has been shown to confer protection from alcohol-
induced hepatic steatosis and liver injury in previous
studies. In fact, chronic alcohol feeding in the absence of
FGF21 results in significant liver injury in mice.23 Mice
lacking FGF21 have been shown to exhibit exacerbated
The American Journal of Pathology - ajp.amjpathol.org
alcohol-induced liver steatosis and liver injury through
activation of genes involved in lipogenesis and repression of
genes involved in beta oxidation of fatty acids.24

Conversely, administration of recombinant FGF21 to WT
mice that were chronically fed alcohol was shown to
significantly attenuate hepatic steatosis and liver injury.24

Consistent with these reports, up-regulation of FGF21 was
shown to align with the hepatoprotective effect in ZFP36L1
liver-specific knockout mice. However, whether the hep-
atoprotective effect of ZFP36L1 deletion is mediated
through the up-regulated expression of FGF21 alone or
through the up-regulation and down-regulation of a battery
of anti-inflammatory and proinflammatory genes, respec-
tively, remains to be tested.

Previous studies with the ZFP36 RNA binding protein
family have suggested that a number of mRNA targets of
these proteins are cell-specific. For instance, Tnf has been
identified as a myeloid-cellespecific target of ZFP36/
TTP.38 Similarly, Notch 1 was identified as a thymocyte-
specific target of both ZFP36L1 and ZFP36L2.39 The cur-
rent study indicates that Fgf21 mRNA is a target of
ZFP36L1 in hepatocytes/cholangiocytes. However, it re-
mains unclear whether this relationship is specific to one or
both the cell types. Further, whether the deletion of
ZFP36L1 in other cell types such as immune cells and he-
patic stellate cells within the liver will also result in the up-
regulation of Fgf21 also warrants further investigation.

Previous studies with ZFP36 RNA binding protein family
have also indicated stimulus specificity for their mRNA
targets. For example, myeloid-specific loss of ZFP36/TTP
did not result in any abnormalities under basal conditions.40

However, these mice were hypersensitive to lipopolysac-
charide challenge that resulted from the stabilization and
several-fold up-regulation of the ZFP36/TTP target, Tnf.40

Similarly, TTP deletion in keratinocytes resulted in hyper-
sensitivity to imiquimod-induced skin inflammation in these
mice, and this effect was mediated by keratinocyte-specific
stabilization and up-regulation of Tnf.41 In a recent study,
genetic ablation or silencing of ZFP36L1 significantly pro-
tected mice from experimental osteoarthritis by stabilizing
members of the heat shock protein 70 family, again indi-
cating stimulus-specific targets and resulting in pathological
outcomes.27 Along these lines, Fgf21 also appears to be a
stimulus-specific physiologically relevant target of
ZFP36L1.

Collectively, the current study reveals a novel post-trans-
criptional mechanism of regulation of FGF21 production
during alcohol-induced hepatic disease. First, ZFP36L1
deletion in the liver resulted in significant reductions in
hepatic steatosis, liver injury, and inflammation in response
to alcohol. Second, biochemical studies demonstrated that
ZFP36L1 regulates the expression of FGF21, following
basic mechanism through which TTP family members
operate to regulate their target mRNAs. Of note, FGF21 is
considered as a potential treatment of metabolic disease;
therefore, various FGF21 analogs have been developed and
223
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are undergoing clinical trials for metabolic disorders,
including diabetes and obesity.42 The current study suggests
that the hepatic ZFP36L1-FGF21 axis is a major signaling
route in alcohol-induced hepatic steatosis in mice. This
opens up the possibility of silencing ZFP36L1 as a possible
method of protection against alcoholic-liver disease.
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