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Redundant Functions of ERK1 and ERK2
Maintain Mouse Liver Homeostasis

Through Down-Regulation of Bile Acid
Synthesis

Francesca Cingolani,1 Yunshan Liu,! Yang Shen,! Jing Wen,! Alton B. Farris,? and Mark J. Czaja 1

Activation of extracellular signal-regulated kinase (ERK) 1/2 promotes hepatocyte proliferation in response to growth
stimuli, but whether constitutive hepatocyte ERK1/2 signaling functions in liver physiology is unknown. To examine
the role of ERK1/2 in hepatic homeostasis, the effects of a knockout of ErkI and/or Erk2 in mouse liver were ex-
amined. The livers of mice with a global Ev%Z1 knockout or a tamoxifen-inducible, hepatocyte-specific Erk2 knockout
were normal. In contrast, Erk1/2 double-knockout mice developed hepatomegaly and hepatitis by serum transaminases,
histology, terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick end-labeling, and assays of he-
patic inflammation. Liver injury was associated with biochemical evidence of cholestasis with increased serum and he-
patic bile acids and led to hepatic fibrosis and mortality. RNA sequencing and polymerase chain reaction analysis of
double-knockout mouse livers revealed that the rate-limiting bile acid synthesis gene Cyp7al (cholesterol 7a-hydroxylase)
was up-regulated in concert with decreased expression of the transcriptional repressor short heterodimer partner. Elevated
bile acids were the mechanism of liver injury, as bile acid reduction by SC-435, an inhibitor of the ileal apical sodium—
dependent bile acid transporter, prevented liver injury. Conclusion: Constitutive ERK1 and ERK2 signaling has a redun-
dant but critical physiological function in the down-regulation of hepatic bile acid synthesis to maintain normal liver

homeostasis. (Hepatology Communications 2022;6:980-994).

ctivation of mitogen-activated protein kinases
(MAPKSs) is central to the liver’s pathophysi-
ological response to injury. Of the three prin-
cipal MAPKs, c-Jun N-terminal kinase (JNK) 1/2
extracellular signal-regulated kinase (ERK) 1/2, and
p38 MAPK, the functions of JNK1/2 in liver injury
have been most studied and are best understood.
ERK1/2 activation has been implicated in hepatocyte
proliferation and resistance to injury, but evidence

of ERK1/2 function has been derived largely from
studies using nonspecific pharmacological inhibitors
rather than genetic knockouts. In addition, little is
known about the functions of constitutive ERK1/2
expression or the differential roles of the two ERK
isoforms in the liver.

Activation of ERK1/2 through phosphorylation by
a kinase cascade converts extracellular stimulation of
cell surface receptors into changes in gene expression.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CA, cholic acid; CDCA, chenodeoxycholic acid; Con, control;
Cyp7al, cholesterol 7a-hydroxylase; EGE epidermal growth factor; ERK, extracellular signal-regulated kinase; FGE fibroblast growth factor;
GCDCA, glycochenodeoxycholic acid; IL, interleukin; JNK, c-Jun N-terminal kinase; KO, knockout; MAPK, mitogen-activated protein kinase;
mRNA, messenger RNA; gqRT-PCR, quantitative reverse-transcription polymerase chain reaction; Shp, short heterodimer partner; Tam, tamoxifen;
TCA, taurocholic acid; TUNEL, terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick end-labeling.
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Both isoforms are ubiquitously expressed and have
similar regulation, subcellular expression, and sub-

strate speciﬁcity.(l’z) Whether ERK1 and ERK2 have
unique or redundant functions is controversial."?
Global E7%1 knockouts are normal except for thymo-
cyte abnormalities,®) whereas E7£2 loss is an embry-
onic lethal,*” suggesting the existence of both unique
and redundant isoform functions.

Similar to nonhepatic cells, hepatocyte ERK1 and
ERK2 promote proliferation and cytoprotection.(5'7)
In addition, human hepatocyte studies have impli-
cated ERK1/2 as the downstream mediator of fibro-
blast growth factor (FGF) 15/19-induced inhibition
of bile acid synthesis through decreased expression
of the rate-limiting enzyme cholesterol 7a-hydroxylase
(Cyp7a1).® However, cultured hepatocytes undergo
MAPK up-regulation from the stress of perfusion
and culture,”’ and the findings relied on a pharmaco-
logical ERK1/2 inhibitor, which has off-target effects
on mitochondrial metabolism.” Although this study
showed no effect of a JNK inhibitor, recent investi-
gations in transgenic mice indicate that JNK down-
regulates bile acid synthesis.'? The effects of MAPKs
on bile acid homeostasis therefore remain unclear.

To delineate functions of ERK1 and ERK2 sig-
naling in normal liver, genetic knockouts of Er£1/2
were examined. With loss of both ERK1 and hepato-
cyte ERK2 (but neither isoform alone), spontaneous
hepatic injury, and inflammation develop, leading
to fibrosis and mortality. Loss of ERK1/2 increased
levels of serum and hepatic bile acids that triggered
liver injury. Cyp7al was increased in association with
decreased expression of its transcriptional repres-
sor short heterodimer partner (Shp). These findings
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demonstrate that critical redundant functions of con-
stitutive ERK1 and ERK2 signaling maintain normal
liver homeostasis through the down-regulation of bile
acid synthesis.

Materials and Methods

ANIMALS

Mice aged 9-14 weeks were housed under 12-hour
light/dark cycles in static cages with 1/4-inch corncob
bedding, cotton nestlets, automatic water feeding, and
unlimited food (PicoLab Rodent Diet 20 #5053; LabDiet,
St. Louis, MO). Data were similar for the two sexes and
combined in all studies. To decrease liver bile acid con-
tent, mice were fed a control diet (PicoLLab Rodent Diet
20 #5001; LabDiet) alone or containing the ileal apical
sodium—dependent bile acid transporter inhibitor SC-
435 (0.006% wt/wt; Shire Pharmaceuticals, Cambridge,
MA),"?  as previously used. ¥ Enk17" (Erk1-KO)
mice (B6.129[Cg]—Mapk3’thG"/”/], #019113; Jackson
Laboratory, Bar Harbor, ME) were generated from
crosses of ErkI”" mice, and littermate Erk1”* (Erk1-Con)
mice served as controls. Hepatocyte-specific £7£2 knock-
out (Erk2-KO) mice were generated by crossing Erk2"™"
mice  (B6.129-Mapk1™ /],  #019112;  Jackson
Laboratory) with ERt-albumin-Cre mice with a
tamoxifen-inducible, albumin promoter—driven Cre
recombinase."? Littermate Er2"™ (Erk2-Con) mice
lacking the Cre transgene were controls for this line.
Double knockout (Er%1/2-KO) mice were generated
by intercrossing the two lines with littermate mice
lacking Cre as controls (Erk1/2-Con). All mice were
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backcrossed to C57BL/6] mice. Cre expression was
induced by a subcutaneous injection of 3 mg of tamox-
ifen (MilliporeSigma, St. Louis, MO) in sunflower oil.
Control mice were identically injected with oil vehicle
or tamoxifen. C57BL/6] male mice (#000664; Jackson
Laboratory) were injected with D-galactosamine/lipo-
polysaccharide, as previously described.™ Animal studies
were approved by the Animal Care and Use Committee
of Emory University School of Medicine and followed
National Institutes of Health guidelines for animal care.

MOUSE HEPATOCYTE ISOLATION
AND CULTURE

Primary mouse hepatocytes were obtained by liver
perfusion and cultured as previously described.!®)
Cells were treated with 100 ng/mL epidermal growth
factor (EGF), 100 ng/mL interleukin (IL)-1p (R&D
Systems, Minneapolis, MN), or 100 pM cholic acid
(CA), taurocholic acid (TCA), chenodeoxycholic acid
(CDCA), or glycochenodeoxycholic acid (GCDCA)
(MilliporeSigma). Cell death was determined by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay, as previously described.1”

PROTEIN ISOLATION AND
WESTERN BLOTTING

Liver total, cytosolic, and mitochondrial proteins
were isolated, and western blotting was performed as
previously described.®1®1?) Antibodies are listed in
Supporting Table S1.

SERUM BIOCHEMISTRIES

Serum alanine aminotransferase (ALT) was assayed
by commercial kit (TECO Diagnostics, Anaheim,
CA). Serum aspartate aminotransferase (AST), alka-
line phosphatase, total bilirubin, and bile acids were
determined by an ACE Axcel Clinical Chemistry
System (Alfa Wassermann, West Caldwell, NJ).

LIVER STAINING

Liver sections were stained with hematoxylin and
eosin (MilliporeSigma) for histology. Colorimetric
terminal deoxynucleotide transferase-mediated deoxy-
uridine triphosphate nick end-labeling (TUNEL) was

performed by commercial kit (Roche, Indianapolis,
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IN). TUNEL-positive cells were counted under light
microscopy (x400 magnification) in 10 randomly
selected high-power fields. Sections were stained with
sirius red by commercial kit (Abcam, Cambridge, MA),
and brightfield images taken on a Leica microscope for
quantification by Image] software.

QUANTITATIVE REAL-TIME
REVERSE-TRANSCRIPTION
POLYMERASE CHAIN REACTION

RNA extraction, reverse transcription, and quanti-
tative reverse-transcription polymerase chain reaction
(qQRT-PCR) using the primers in Supporting Table
S2 (Integrated DNA Technologies, Coralville, 1A)

d.%% Data were

were performed as previously describe
analyzed by the 27T method for relative quantifi-
cation and normalized to glyceraldehyde 3-phosphate

dehydrogenase.

LIVER COLLAGEN CONTENT

Liver collagen content was determined by hydroxy-
proline quantification in 200-300-mg liver samples
after hydrolysis in 6N HCI for 16 hours at 110°C, as

previously described.??

BILE ACID ANALYSIS

Fifty milligrams of liver tissue were homogenized
in a 1:4 vol/vol water-to-methanol solution. After
shaking at 300 rpm at 4°C for 10 minutes, samples
were centrifuged at 10,000 rpm at 4°C for 5 minutes.
The extract was separated, methanol added, and the
samples shaken and centrifuged. This process was
repeated, and the samples dried under nitrogen and
reconstituted in methanol. Liquid chromatography—
tandem mass spectrometry with a multiple reaction
monitoring-based method was performed with a
SCIEX ExionLC AD UHPLC and SCIEX QTrap
5500 Mass Spectrometer (Framingham, MA). A
Thermo Scientific (Waltham, MA) Accucore C18
column with guard column was used for the analysis.
Bile acids were resolved using an 8.5-minute linear
gradient consisting of solvent A (0.1% formic acid
in water) and solvent B (0.1% formic acid in aceto-
nitrile). Analysis was completed in both positive and
negative mode. Data were acquired using Analyst 1.6

and processed by OS-MQ_(Sciex).
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RNA SEQUENCING

Messenger RNA (mRNA) from flash-frozen liver was
extracted with the miRNeasy mini kit (Qiagen, Valencia,
CA). mRNA were quantified using the Infinite M200
Pro (Tecan, Morrisville, NC) and quality determined
with the 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Novogene (Sacramento, CA) prepared the
sequencing libraries with the NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB, Ipswich, MA).
Libraries were validated with the 2100 Bioanalyzer and
quantified with a Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA) and by qRT-PCR (Applied Biosystems,
Foster City, CA). Sequencing was performed on a
NovaSeq 6000 (Illumina) with a 2 x 150 paired-end
configuration. Raw sequence data were converted into
fastq files and de-multiplexed using Illumina’s bcl-
2fastq software. Sequences were quality-checked using
FastQC and aligned to the HG38 reference genome
using STAR aligner. HT'Seq-count was used to gener-
ate raw counts per gene. Differentially expressed genes
between groups were determined using DESeq2. Genes
with adjusted P values, or false discovery rates, <0.05
were considered significantly differentially expressed.
The data have been deposited in NCBI's Gene
Expression Omnibus and are accessible through GEO
Series accession number GSE181803.

STATISTICAL ANALYSIS

Numerical data are reported as mean + SEM from
three or more independent experiments. Statistical sig-
nificance was determined by one-way analysis of vari-
ance with statistical significance defined as P < 0.05.

Results

VALIDATION OF ERK KNOCKOUT
MICE

To determine the hepatic functions of ERK1/2,
three transgenic mouse lines were used: ErkI-KO
mice with a global Erk1 knockout, Erk2-KO mice
with a tamoxifen-inducible, hepatocyte-specific Erk2
knockout, and Erk1/2-KO mice with a double knock-
out. Decreases in hepatic ERK1/2 were confirmed
by immunoblots of total liver protein. Mice received
either oil vehicle or tamoxifen to induce ER#-A/b-Cre
expression and knockout hepatocyte Erk2. Erk1-KO
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mice have a selective decrease in p44 ERK1, which
as expected is unaltered by tamoxifen (Fig. 1A).
Erk2-KO mice have normal ERK1 content and
decreased levels of p42 ERK2 with tamoxifen (Fig. 1A).
Tamoxifen-injected, but not oil-injected, Erk1/2-KO
mice have decreased levels of both isoforms (Fig. 1A).
To demonstrate that hepatocyte levels of active,
phosphorylated ERK are reduced in the respective
knockout mice, primary hepatocytes were isolated
from tamoxifen-injected control and knockout mice
and treated with the ERK1/2 activator EGF in culture.
Hepatocytes from Erk1-KO mice lacked ERK1 and
P-ERK1 at baseline and after EGF treatment, whereas
P-ERK2 induction by EGF was equivalent in control
and knockout cells (Fig. 1B). Conversely, tamoxifen-
injected E722-KO mice had a selective loss of ERK2
and EGF-induced P-ERK2 but intact P-ERK1 acti-
vation (Fig. 1C). Erk1/2-KO mice lacked both total
and phosphorylated ERK1/2 isoforms with tamoxifen
injection (Fig. 1D). Hepatocytes in the three transgenic
mouse lines therefore have the appropriate, specific

knockouts of total and active phosphorylated ERK1/2.

COMBINED KNOCKOUT OF ERK1
AND ERK2 TRIGGERS LIVER INJURY

To determine whether baseline ERK1/2 expression
functions in liver homeostasis, mice were examined
3 weeks after oil or tamoxifen injection. Body weights
were equivalent in the three lines and unaffected by
tamoxifen (Fig. 2A). Liver weights (Fig. 2B) and
liver-to—body weight ratios (Fig. 2C) were selectively
increased in tamoxifen-injected Er£1/2-KO mice. The
double knockout therefore led to hepatomegaly in the
absence of a change in total body mass.

Mice were screened for liver injury by serum ALT.
Erk1-KO mice failed to develop liver injury as indicated
by normal ALT levels (Fig. 2D), consistent with previ-
ous reports that these mice have a normal phenotype.(s)
Erk2-KO mice similarly had normal ALTs even with
tamoxifen injection (Fig. 2D). In contrast, Erk1/2-KO
mice developed markedly elevated ALT levels with
tamoxifen but not oil administration (Fig. 2D).
with ALT findings, hematoxylin
and eosin-stained livers from tamoxifen-injected
Erk1/2-KO mice exhibited hepatocellular injury
and inflammation (Fig. 3A). Histology was normal
in Erk1-KO and E7k2-KO mice (Supporting Fig.
S1). Injury led to hepatocyte death, as confirmed by

Consistent
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FIG. 1. Transgenic mouse livers and hepatocytes have ERK1-specific and/or ERK2-specific knockouts. (A) Immunoblots of total liver
protein from littermate controls and Er£1-KO, Erk2-KO, and Erk1/2-KO mice probed for total ERK1/2 and tubulin. Mice were oil-
injected or tamoxifen-injected as indicated. (B-D) Immunoblots of total protein from primary hepatocytes isolated from tamoxifen-
injected littermate control and Er%21-KO (B), Erk2-KO (C), and Er%1/2-KO (D) mice probed for total ERK1/2, phosphorylated ERK1/2
(P-ERK1/2), and tubulin. Hepatocytes were EGF-treated for the indicated number of minutes. Molecular weights in kilodaltons are shown
by arrows. All images are representative of three independent experiments. Abbreviations: Con, control; KO, knockout; Tam, tamoxifen.

increased TUNEL staining in tamoxifen-injected,
but not oil-injected, Erk1/2-KO mice (Fig. 3B,C) or
Erk1-KO and Erk2-KO mice (Fig. 3D,E; Supporting
Fig. S2). Hepatocyte death occurred in the absence
of mitochondrial cytochrome c release or caspase 3/7
cleavage as detected in apoptotic liver injury from galac-
tosamine/lipopolysaccharide, suggesting that death was
from necrosis rather than apoptosis (Fig. 3F). The loss
of both Erk1 and Erk2, but neither gene alone, leads to
spontaneous liver injury and hepatocyte death.

LIVER INJURY IN ERK1/2-KO
MICE HAS CHOLESTATIC
FEATURES AND ASSOCIATED
INFLAMMATION

To further characterize the hepatic injury in
Erk1/2-KO mice, additional
indices of liver injury were examined. Consistent
with elevated ALTs, AST levels were increased in
Erk1/2-KO mice with tamoxifen treatment (Fig.
4A). Indicative of cholestatic liver injury, tamoxifen-
treated Erk1/2-KO mice had a marked increase in
alkaline phosphatase, a moderate increase in total bil-

serum biochemical

irubin, and highly elevated serum bile acids (Fig. 4A).

984

Liver injury in double-knockout mice was asso-
ciated with an immune response and inflammation.
Tamoxifen-treated Er£1/2-KO mice had increased
liver infiltration with macrophages by C468 mRNA
levels (Fig. 4B), and neutrophils as reflected in
increased Ly6g (lymphocyte antigen 6 complex locus
G6D) expression (Fig. 4C). Indicative of an active
immune response, nitric oxide synthase 2 mRNA con-
tent was increased (Fig. 4D). Injured KO mice also
had increased gene expression for the proinflamma-
tory cytokines Tnf (tumor necrosis factor), 1115, 1/6 (Fig.
4E), and chemokines Cc/2 (C-C motif chemokine ligand
2) and Cxcl2 (C-X-C motif chemokine ligand 2) (Fig.
4F), which have been reported previously to be ele-

vated in cholestatic mouse and human liver injury.??

LIVER INJURY IN ERK1/2-KO MICE
LEADS TO HEPATIC FIBROSIS AND
MORTALITY

ALT levels at 5 weeks after tamoxifen treat-
ment revealed a continued absence of liver injury in
the single-knockout mice and even greater injury
in tamoxifen-treated double knockouts (Fig. 5A).
In light of the sustained liver injury, Er£1/2-KO
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FIG. 2. Double-knockout mice develop hepatomegaly and liver injury. Body weights (A), liver weights (B), liver-to—body weight ratios
(C), and serum ALTs (D) in littermate controls and Er%21-KO, Erk2-KO, and Erk1/2-KO (KO) mice treated with oil or tamoxifen
(*P < 0.001,™P < 0.000001 compared with control oil-injected or tamoxifen-injected mice; n = 10-15).

mice were examined at 5 weeks for hepatic fibrosis.
Tamoxifen-injected Er£1/2-KO mice had increased
hepatic mRNA expression for the fibrotic genes
a-smooth muscle actin, collagen 1al, transforming growth
Jactor-p1, and tissue inhibitor of metalloproteinase 1
(Fig. 5B). Fibrotic gene expression was unchanged in

Erk1-KO and Erk2-KO mice (Supporting Fig. S3).

Tamoxifen-injected E721/2-KO mice had increased
hepatic fibrosis as determined by sirius red-stained
liver images (Fig. 5C), quantification of the area of
sirius red staining (Fig. 5D), and hepatic hydroxypro-
line content (Fig. 5E).

Mouse survival was monitored for 5 weeks after
No deaths occurred in

oil/tamoxifen injection.
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FIG. 3. Hematoxylin and eosin and TUNEL staining confirm liver injury in Er%1/2-KO mice. Hematoxylin and eosin (A) and TUNEL
staining (B) of Er£1/2-Con and Erk1/2-KO mice after oil or tamoxifen treatment (x400). Arrows in (B) indicate TUNEL-positive cells.
Numbers of TUNEL-positive cells per high-powered field in Er21/2-KO (C), Erk1-KO (D), and Erk2-KO (E) mice (*P < 0.000001
compared with control oil-injected or tamoxifen-injected mice; n = 8-10). (F) Immunoblots of liver cytosolic and mitochondrial protein
from Erk1/2-Con and Erk1/2-KO mice after oil or tamoxifen treatment, and wild-type mice administered galactosamine/lipopolysaccharide
for 6 hours. Blots were probed for cytochrome ¢, BID, tBID, caspase 3, caspase 7, tubulin as a cytosolic protein loading and purity control,
and cytochrome oxidase as a mitochondrial protein loading and purity control. Molecular weights in kilodaltons are indicated by the
arrows. Immunoblots are representative of three independent experiments. Abbreviations: BID, BH3-interacting domain death agonist;
Casp 3, caspase 3; Casp 7, caspase 7; Cyto ¢, cytochrome c¢; Cyto ox, cytochrome oxidase; GalN/LPS, galactosamine/lipopolysaccharide;
HPEF, high-powered field; KO, knockout; tBID, truncated BID; W', wild-type.
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FIG. 4. Liver injury is cholestatic and associated with inflammation. (A) Serum levels in Er£1/2-Con and Erk1/2-KO mice after oil or
tamoxifen injection for AST, alkaline phosphatase, total bilirubin, and bile acids (*P < 0.0001, **P < 0.000001 compared with control
oil-injected or tamoxifen-injected mice; n = 10-15). (B-F) Hepatic mRNA levels in the same mice for the genes C468 (B); Ly6g (C);
Nos2 (D); Tnf, I/115, and 16 (E); and Cc/2 and Cxc/2 (F) (*P < 0.001, **P < 0.0001 compared with control oil-injected or tamoxifen-
injected mice; n = 11-13). Abbreviations: Cc/2, C-C motif chemokine ligand 2; Cxcl2, C-X-C motif chemokine ligand 2; Ly6g, lymphocyte
antigen 6 complex locus G6D; Nos2, nitric oxide synthase 2; Tnf, tumor necrosis factor.

tamoxifen-injected Erk1-KO and Erk2-KO mice or
in Erk1/2-Con or oil-treated Erk1/2-KO mice, but
tamoxifen-injected double-knockout mice had a 25%
mortality (Supporting Table S3). Erk21/2-KO mice
developed chronic liver injury, leading to hepatic fibro-
sis and mortality.

LIVER INJURY IN ERK1/2-KO MICE
IS SECONDARY TO INCREASED
HEPATIC BILE ACIDS

Hepatic bile acid quantification by liquid
chromatography—mass spectrometry revealed that
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FIG.5. Liver injury is increased 5 weeks following tamoxifen injection. (A) Serum ALT levels in the indicated control and knockout mice at 5
weeks after oil or tamoxifen administration (*P < 0.0001 compared with control oil-injected or tamoxifen-injected mice; n = 10-19). (B) Relative
mRNA levels for Acta2, Collal, Tgfb1,and Timpl (*P < 0.0001 compared with oil-injected control mice; n = 13-16). (C) Representative sirius
red—stained livers. (D) Quantification of sirius red-stained liver area (*P < 0.0001 compared with control oil-injected or tamoxifen-injected
mice; n = 6). (E) Hydroxyproline content (*P < 0.01 compared with control oil-injected or tamoxifen-injected mice; n = 5). Abbreviations:
Acta2, a-smooth muscle actiny Collal, collagen 1al; Tgfb1, transforming growth factor-B1; Timpl, tissue inhibitor of metalloproteinase 1.

tamoxifen-treated E7£1/2-KO mice had markedly
increased levels of the unconjugated and conjugated
primary bile acids CA (Fig. 6A), CDCA (Fig. 6B), and
mouse-specific a-muricholic acid (Fig. 6C). Levels of
the secondary bile acids deoxycholic acid and litho-
cholic acid were similarly increased (Fig. 6D,E).
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Elevated bile acids trigger hepatic injury and inflam-

@3 Biochemical features of cholestatic liver

mation.
injury, together with elevated bile acids, suggested that
liver disease in Erk1/2-KO mice resulted from increased
bile acids. Alternatively, ERK promotes hepatocyte resis-

tance to injury,(24) and liver injury in Er£1/2-KO mice



HEPATOLOGY COMMUNICATIONS, Vol. 6, No.

5, 2022

CINGOLANIET AL.

A 4 1 i =
0 00 4000 - .
—~ — K =
% 30+ 275 f © TR 2 3000
s E S
£ 20 E, 50 ¢ £ 2000
N
< < <
U 10 ® 25 & 1000
0 . 0.0 : 0 .
Oil Tam Oil Tam Oil Tam
B 15 7.5 4000 c 40
== (Con . ) [ == (Con R == (Con
N - KO on — )] - KO a0
) w3 KO =000 ol
S 10F ESOr g g
2 E E
= = ~ 2000 r ~ 20
< < < <
U 5t R 25t = o
= 3 5 1000 | = 10
O O = 3
0 . 0.0 - 0 - 0 .
Oil Tam Oil Tam il Tam Oil Tam
D 4 - 500 E 4 r 150
—= (Con == (Con == Con == (Con
— A ~ * — ~ kK
@3_ KO §°400_—KO @3_ KO ) — KO
= = = L
g £ 300 - 2 g 10
5 2 F = g 2 r 8
200
S S 5 S sof
A 1r @) 3 1r —
2 100t - =
0 - 0 - 0 ” 0 -
Oil Tam Oil Tam Oil Tam Oil Tam

FIG. 6. Erk1/2-KO mice have increased hepatic bile acids. Levels in oil-injected and tamoxifen-injected Er¢1/2-Con and Erk1/2-KO

mouse livers for the bile acids: CA, GCA, and TCA (A); CDCA,

GCDCA, and TCDCA (B); a-MCA (C); DCA and TDCA (D);

and LCA and TLCA (E) (*P < 0.05, **P < 0.01, and **P < 0.001 compared with oil-injected control mice; n = 6). Abbreviations: DCA,
deoxycholic acid; GCA, glycocholic acid; LCA, lithocholic acid; TCDCA, taurochenodeoxycolic acid; TDCA, taurodeoxycholic acid;

TLCA, taurolithocholic acid; a-MCA, a-muricholic acid.

could be secondary to loss of protective, or increased
death-promoting, ERK-dependent factors. If liver injury
in Erk1/2-KO mice is secondary to altered cell death
regulators, then Erk1/2-KO hepatocytes should be sen-
sitized to death from exogenous bile acids. Primary
hepatocytes isolated from tamoxifen-treated Er&1/2-Con
and Erk1/2-KO mice were equally susceptible to death
from primary bile acids (Fig. 7A), indicating that loss
of ERK1/2 did not alter hepatocyte death pathways but
rather led to hepatotoxicity by increasing bile acid levels.

To prove that bile acids were the mechanism of liver
injury, hepatic bile acids were reduced in Erk1/2-KO
mice by the ileal apical sodium-dependent bile acid
transporter inhibitor SC-435.1% SC-435 efficacy was
demonstrated by the ability of this agent to lower

serum bile acids by 86% (Fig. 7B). Bile acid reduction
led to a marked decrease in liver injury as demon-
strated by improved histology (Fig. 7C), decreased
ALT, AST, alkaline phosphatase and bilirubin levels
(Fig. 7D,E), and reduced TUNEL staining (Fig. 7F
and Supporting Fig. S4). Liver injury in Erk1/2-KO

mice resulted from increased hepatic bile acids.

BILE ACID SYNTHETIC ENZYMES
ARE UP-REGULATED IN DOUBLE-
KNOCKOUT MICE

To delineate the mechanism of increased bile
acids in the absence of ERK1/2, the hepatic ERK1/2
transcriptome was determined by RNA sequencing.
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FIG.7. Liver injury is secondary to increased bile acids. (A) Percentage cell death by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
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or GCDCA for 24 hours (n = 11-12). (B) Serum bile acid levels in oil-injected or tamoxifen-injected Erk1/2-Con, Erk1/2-KO, and
Erk1/2-KO mice administered SC-435 (KO/SC-435) (n = 10). (C) Representative hematoxylin and eosin—stained images. (D,E) Serum
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chenodeoxycholic acid; GCDC, glycochenodeoxycholic acid.

Transcriptome analysis revealed that 7,276 genes were
differentially expressed (3,793 increased and 3,483
decreased) in 3-week tamoxifen-injected Erk1/2-KO
versus Erk1/2-Con mice. In contrast, only 77 genes
were differentially expressed in tamoxifen-injected
Erk2-KO mice with intact ERK1 signaling versus
Erk1/2-Con mice. Changes in hepatic gene expression
are overwhelmingly the product of the dual knock-
out of ERK1 and ERK2, demonstrating that isoform
functions are largely redundant in liver.

Knockout of ERK1/2 altered expression of
numerous genes regulating bile acids (Fig. 8A).
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gRT-PCR confirmed changes in bile acid syn-
thetic enzymes, the most significant being a 20-fold
increase in Cyp7al mRNA levels (Fig. 8B). Minor
two-fold increases occurred for Cyp&b1 (sterol
12a-hydroxylase) and Cyp27al (sterol 27-hydroxylase)
as well as a decrease in Cyp741 (oxysterol 7a-hydrox-
ylase) (Fig. 8B). Expression was decreased for bile
acid uptake genes and increased for bile acid export
genes (Supporting Fig. S5). The major effect of
the loss of ERK1/2 was to increase expression of
Cyp7al, the rate-limiting enzyme in the classic bile
acid synthesis pathway.
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BILE ACIDS FAIL TO INDUCE SHP of hepatic §5p mRNA expression at 3 weeks (Fig. 8C).

IN ERK1/2-KO MOUSE LIVER AND Levels were suppressed within 1 week of tamoxifen

HEPATOCYTES injection and inversely paralleled increases in Cyp7al
over time (Fig. 8D). Decreased S84p and increased

Cyp7al is principally regulated by transcriptional Cyp7al levels were confirmed in knockout primary
repression from bile acid—induced SHP.® Tamoxifen- hepatocytes (Fig. 8E,F). Cyp7al expression was reduced
injected Er£1/2-KO mice had a virtual total inhibition to extremely low levels in control hepatocytes by TCA,
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FIG.8. Erk1/2-KO mouse hepatocytes have increased Cyp7al and decreased S5p expression. (A) Heatmap illustrates differential regulation
of bile acid pathway genes in Erk1/2-Con versus Erk1/2-KO mouse livers. (B) Relative mRNA levels in oil-treated or tamoxifen-treated
Erk1/2-Con and Erk1/2-KO mice (*P < 0.05, P < 0.01, and **P < 0.001 compared with oil-injected control mice; n = 11-15). (C) Shp
mRNA levels in the same mice (*P < 0.0000001 compared with control oil-injected or tamoxifen-injected mice; n = 11-15). (D) Relative
liver S4p and Cyp7a1 mRNA levels over weeks after tamoxifen injection (*P < 0.0001 compared with oil-injected control mice; n = 7-8). (E)
Cyp7a1 mRNA levels in mouse hepatocytes from Erk1/2-Con and Erk1/2-KO mice treated with TCA for the indicated number of hours in
culture (*P < 0.0003 compared with untreated control hepatocytes; n = 6). (F) §4p mRNA levels in the same cells (*P < 0.01 compared with
untreated control hepatocytes; #P<0.01 compared with untreated knockout cells; n = 6). (G) Cyp7al levels in hepatocytes treated with IL-
1P for the indicated times (*P < 0.002 compared with untreated control hepatocytes; *P < 0.001 compared with untreated knockout cells;
n = 4). Abbreviations: Abcb11, ATP binding cassette subfamily B member 115 Abch1a, ATP-binding cassette, sub-family B (MDR/TAP), member
14; Abec2, ATP binding cassette subfamily C member 2; Abccd, ATP binding cassette subfamily C member 4; Akr1c6, aldo-keto reductase family
1, member C6; Akrld1, aldo-keto reductase family 1 member D1; Amacr, alpha-methylacyl-CoA racemase; Baat, bile acid-CoA:amino acid N-
acyltransferase; Ch25h, cholesterol 25-hydroxylase; Cyp46al, cytochrome P450 family 46 subfamily A member 1; Hsd17b4, hydroxysteroid 17-beta
dehydrogenase 4; Hsd3b7, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7; Sle10al, solute carrier family 10 member 1;
8Ic27a1, solute carrier family 27 member 1; SIc27a2, solute carrier family 27 member 2; SIc515, solute carrier family 51 subunit beta; Sleolal, solute
carrier organic anion transporter family, member 1al; Skolad, solute carrier organic anion transporter family, member 1a4; Slco1b2, solute carrier
organic anion transporter family, member 1b2; Slco2b1, solute carrier organic anion transporter family, member 251, W, weeks.

but the high level of Cyp7a1 in knockout cells was unal-
tered by bile acid treatment (Fig. 8E). TCA increased
Shp levels markedly in control hepatocytes but minimally

Discussion

The findings that
ERK1/2 signaling is critical for liver homeostasis by

demonstrate constitutive

in knockout cells (Fig. 8F). Cyp7al expression was effec-
tively inhibited in both cell types by the cytokine IL-
1P, which regulates Cyp7al through a JNK-dependent
effect on hepatocyte nuclear factor 4a (Fig. 8G).?
ERK1/2 signaling is required for bile acid induction of
Shp in the liver, which down-regulates Cyp7al.

In addition to intracellular negative feedback path-
ways in hepatocytes, hepatic bile acid production is
down-regulated by bile acid-stimulated intestinal
FGF15/19 production, which has been reported to
be ERK-dependent.®) To exclude the possibility that
increased bile acids in double knockout mice were sec-
ondary to effects on intestinal FGF15, terminal ileum
Fgfl5 expression was examined in the mice. Fgfl5
mRNA levels were markedly elevated in tamoxifen-
injected E7k1/2-KO mice that have high bile acids
(Supporting Fig. S6A). In contrast to decreased Shp
expression in liver, intestinal $4p was highly induced in
tamoxifen-injected Er£1/2-KO mice (Supporting Fig.
S6B). The ileum of the hepatocyte-specific double-
knockout mice with intact intestinal ERK2 signaling
therefore exhibits normal Fgf75 induction in response
to the increase in bile acids. The increased bile acids in
these mice are secondary to the lack of §4p induction

and failure to down-regulate Cyp7al in the liver.
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down-regulating bile acid synthesis. Loss of ERK1/2
was sufficient to markedly increase hepatic and serum
bile acids, confirming a central role for this MAPK
in maintaining physiological levels. In the absence
of ERK1/2, elevated bile acids led to liver injury and
inflammation, which progressed to fibrosis and mor-
tality. In addition to demonstrating a central role for
ERK1/2 in bile acid regulation, our findings estab-
lish Er%£1/2-KO mice as a rodent model of bile acid—
induced hepatic injury, inflammation, and fibrosis.

Controversy exists over whether ERK1 and ERK2
perform unique or redundant functions. ™ Excessive
bile acids resulted only from a combined knockout of
ERK1 and ERK2, establishing bile acid synthesis as
a pathway with isoform redundancy. The study also
demonstrates a major overlap of isoform function in
the overall regulation of hepatic gene expression, as
evidenced by RNA-sequencing findings that loss of
Erk2 alone altered only 1% of the genes as a dual
Erk1/2 knockout.

In witro studies in human hepatocytes with a
pharmacological ERK inhibitor demonstrated that
FGF15/19 induction and activation of ERK signal-
ing down-regulate bile acid synthesis by decreasing
gene expression of the rate-limiting synthetic enzyme
Cyp7al ® Our findings establish a redundant role for
constitutive ERK1 and ERK2 signaling in murine bile
acid synthesis iz vivo with a specific genetic knock-

out. Loss of physiological levels of ERK1/2 signaling
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led to Cyp7al overexpression, resulting in excessive
hepatic bile acid synthesis and accumulation in the
liver and serum. ERK1/2 inhibited bile acid synthesis
independently of FGF15/19, as ERK1/2 was required
to down-regulate Cyp7al expression in cultured
hepatocytes in the absence of intestinal FGF15/19,
and Erk1/2-KO mice have normal Fgf15 induction in
the ileum. Together these findings indicate that ERK
signaling is central to FGF15/19-independent as well
as FGF15/19-dependent bile acid—mediated inhibi-
tion of hepatocyte synthesis.

Loss of ERK1/2 altered the gene expression of Shp,
the transcriptional repressor of Cyp7al. Prior studies of
an ERK pharmacological inhibitor in HepG2 hepatoma
cells suggested that the effect of ERK on FGF15/19-
mediated Cyp7al inhibition was SHP-independent.®
However, the present findings demonstrate that ERK1/2
is the major transcriptional regulator of S/p, as mRNA
levels were profoundly decreased in E7k1/2-KO mouse
livers and hepatocytes. In contrast, bile-acid induction
of §hp occurred in the ileum, which had intact ERK2,
but not ERK1, signaling. Loss of ERK1/2 resulted in a
greater than 20-fold increase in Cyp7al expression and
marked bile acid accumulation, whereas S4p knockout
mice exhibit only a two-fold increase in Cyp7aI and a
minor bile acid pool increase.?” These differences may
be the result of compensatory mechanisms activated in
mice with a global §4p knockout from birth, as opposed
to the conditional E7£1/2-KO mice in which hepato-
cyte Shp was decreased in adult mice in our study.
Alternatively, ERK1/2 may regulate Cyp7al through
additional Shp-independent mechanisms. The absence
of 8/p mRNA in double-knockout mice is likely due to
the loss of an ERK1/2-regulated transcription factor(s)
required for Shp gene expression. Shp transcription has
a complex regulation by multiple transcriptional fac-
tors,”® and further studies will be required to fully
address the transcriptional effects of ERK1/2 signaling
on Shp expression.

Bile acid homeostasis is essential to prevent exces-
sive lipid accumulation and injury in hepatocytes.*”)
However, the evidence linking changes in Cyp7al
expression and elevated bile acids to liver injury is com-
plex and the findings contradictory. Rather than promot-
ing liver injury, Cyp7al overexpression in mice protected
against high-fat diet-induced steatosis and inflamma-
tion despite increased bile acids.®” However, Cyp7al
knockout mice with reduced bile acids were protected
from hepatic injury when fed the identical diet.*Y Our

CINGOLANIET AL.

study clearly demonstrates that increased bile acids
resulted in hepatocyte injury and death. Hepatocyte
death from apoptosis secondary to the membrane per-
meability transition has been implicated in bile acid
toxicity.*? Mitochondrial cytochrome ¢ release and
caspase cleavage did not occur in our model, consistent
with the recent concept that bile acid-induced hepato-
cyte death is necrotic rather than apoptotic.**** Death
from the loss of ERK signaling was clearly secondary to
bile acid accumulation, and an ERK1/2 knockout did
not alter hepatocyte death from exogenous bile acids.
Loss of hepatocyte ERK1/2 led to significant fibro-
sis, likely secondary to liver injury and inflammation.
Alternatively, increased bile acids can directly trigger
fibrosis through hepatic stellate cell activation. 35)

Activity of another MAPK, JNK1/2, has been
implicated in the down-regulation of murine bile
acid synthesis. Findings from studies in Cyp2412 and
Cyp2c70 knockout mice were interpreted to suggest
a predominant role for JNK1/2 in the regulation of
murine bile acid levels.®*® In addition, a hepatocyte-
specific genetic deletion of JNK1/2 was demonstrated
to disrupt bile acid homeostasis in mice by leading
to increased serum bile acids.’” In comparison to
findings in ERK1/2 knockout mice, the elevations in
serum bile acids were much lower in JNK1/2 knock-
out mice, and on12/ mild liver injury developed by

W Loss of JNK1/2 had no effect
on levels of Cyp7al. In contrast to these two inves-
tigations of JNK1/2, our findings demonstrate that
ERK1/2 is the MAPK regulating Cyp7al, and there-
fore a more critical regulator of normal murine bile
acid homeostasis than JNK1/2.

The study confirms a major function for ERK1/2
in the regulation of hepatic gene expression. In par-
ticular, the findings demonstrate that basal ERK1/2
activity is critical to regulate hepatocyte bile homeo-
stasis by limiting the physiological expression of
Cyp7al. ERK1/2 signaling represents a unique poten-
tial therapeutic target for hepatic pathophysiological
states of excessive bile acid accumulation.

10 months of age.
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