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ARTICLE INFO ABSTRACT

Keywords: The RAS-MAPK signaling pathway is one of the most frequently dysregulated pathways in human cancer. Small
Bile acid metabolism molecule inhibitors directed against this pathway have clinical activity in patients with various cancer types and
Liver toxicity can improve patient outcomes. However, the use of these drugs is associated with adverse effects, which can

MEK inhibition
Cancer treatment
RAS-MAPK signaling

result in dose reduction or treatment interruption. A better molecular understanding of on-target, off-tumor
effects may improve toxicity management. In the present study, we aimed to identify early initiating biological
changes in the liver upon pharmacological inhibition of the RAS-MAPK signaling pathway. To this end, we tested
the effect of MEK inhibitor PD0325901 using mice and human hepatocyte cell lines. Male C57BL/6 mice were
treated with either vehicle or PD0325901 for six days, followed by transcriptome analysis of the liver and
phenotypic characterization. Pharmacological MEK inhibition altered the expression of 423 genes, of which 78
were upregulated and 345 were downregulated. We identified Shp, a transcriptional repressor, and Cyp7al, the
rate-limiting enzyme in converting cholesterol to bile acids, as the top differentially expressed genes. PD0325901
treatment also affected other genes involved in bile acid regulation, which was associated with changes in the
composition of plasma bile acids and composition and total levels of fecal bile acids and elevated predictive
biomarkers of early liver toxicity. In conclusion, short-term pharmacological MEK inhibition results in profound
changes in bile acid metabolism, which may explain some of the clinical adverse effects of pharmacological
inhibition of the RAS-MAPK pathway, including gastrointestinal complications and hepatotoxicity.

1. Introduction causes receptor dimerization, leading to autophosphorylation and sub-
sequent activation of downstream canonical signaling pathways [1,2].

Receptor tyrosine kinases (RTK) are membrane-spanning cell surface Receptor-specific ligands include growth factors, such as fibroblast
receptors involved in a broad range of basal cellular processes, including growth factors (FGFs), epidermal growth factor (EGF), platelet-derived
proliferation, differentiation, metabolism, and survival. Ligand binding growth factor (PDGF), insulin, and insulin-like growth factor (IGF).

Abbreviations: MEK, Mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated protein kinase; RTK, Receptor tyrosine kinase; FGF, fibroblast
growth factor; EGF, epidermal growth factor; PDGF, platelet-derived growth factor; IGF, insulin-like growth factor; FDA, Food and Drug Administration; NSCLC, non-
small cell lung cancer; ATC, anaplastic thyroid cancer; NF1, neurofibromatosis type 1; CYP7A1, cytochrome P450, family 7, subfamily a, polypeptide 1; SHP/NROB2,
small heterodimer partner; CYP8B1, cytochrome P450 family 8 subfamily B member 1; CYP27A1, cytochrome P450 family 27 subfamily A member 1; CYP7B1,
cytochrome P450 family 7 subfamily B member 1; NTCP/SLC10A1, sodium/bile acid cotransporter; OATP1/SLCO1A1, organic anion transporting polypeptide 1;
FXR/NR1H4, farnesoid x receptor; BSEP/ABCBL11, bile acid export pump; ASBT/SLC10A2, apical sodium dependent bile acid transporter; OSTB/SLC51B, organic
solute transporter beta; IBABP/FABP6, ileal bile acid-binding protein; CA, cholic acid; DCA, deoxycholic acid; MCA, muricholic acid; UDCA, ursodeoxycholic acid;
ALT, alanine transaminase; AST, aspartate transaminase; CRAT, carnintine-O-acetyltransferase; TKFC, triokinase/FMN cyclase; CAR3, carbonic anhydrase 3; PD-1,
programmed death 1.
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The RAS-MAPK pathway is one of the canonical pathways downstream
of RTKs that is tightly regulated to ensure fine-tuning of gene expression
programs and translational events. Activation of the RTK results in the
activation of RAS and the recruitment of RAF. Activated RAF mediates
the phosphorylation of mitogen-activated protein kinase kinases 1 and
— 2 (MEK1 and 2), which in turn phosphorylate extracellular sig-
nal-regulated protein kinases 1 and — 2 (ERK1 and ERK2) [3]. ERK can
then translocate to the nucleus to phosphorylate substrates, e.g., tran-
scription factors, or stay in the cytoplasm to phosphorylate other pro-
teins and kinases [4].

Components of the RAS-MAPK pathway are mutated or aberrantly
expressed in more than 40 % of human cancers [5]. Oncogenic activa-
tion of this pathway is mainly driven by mutationally activated Ras or
B-Raf. Irregularities can also occur upstream, at the level of the RTK,
leading to uncontrolled tumor cell proliferation and cell survival. B-Raf
inhibitors have a limited response duration because of ERK reactivation,
especially in tumors harboring BRAF V600E mutations [6,7]. To over-
come this limitation, selective MEK1/2 inhibitors have been developed
and evaluated in clinical studies to use as single agents or in combination
regimens. The MEK1/2 inhibitor Trametinib was the first to be approved
by the Food and Drug Administration (FDA) for the treatment of B-Raf
mutated melanoma, non-small cell lung cancer (NSCLC), and anaplastic
thyroid cancer (ATC), in combination with BRAF inhibitors (reviewed
by Subbiah et al, 2020). Currently, several MEK1/2 inhibitors,
including trametinib, binimetinib, and cobimetinib, are FDA-approved
for combination therapies or as single agents for various cancers. Selu-
metinib has recently been approved for the treatment of pediatric pa-
tients with neurofibromatosis type 1 (NF1) [8].

Because the RAS-MAPK signaling pathway plays a role in a broad
range of biological processes, pharmacological inhibition of this
pathway is also associated with adverse events. Common side effects,
which are drug- and target-dependent, include rash, diarrhea, vomiting,
and abdominal pain, cardiac toxicity, retinopathy, and liver toxicity
[8-10]. These side effects may result in dose reduction, interruption, or
discontinuation of treatment. However, surprisingly little is known
about the mechanisms underlying these on-target, off-tumor effects [9,
11-13]. Improved molecular understanding can improve toxicity man-
agement and thus increase the number of patients that can be safely
treated with these drugs. Because the liver plays a major role in drug
metabolism, we aimed to delineate the molecular origins of the toxicity
in this organ upon therapeutic inhibition of MEK1/2, a central hub in the
RAS-MAPK pathway [14]. We evaluated PD0325901 (mirdametinib), a
second-generation MEK inhibitor currently in phase 2 clinical trials as a
monotherapy or combination therapy for different types of cancer,
including NF1 and metastatic solid tumors [15-17]. For the present
study, we focused on the short-term effects of PD0325901 to identify the
initiating biological alterations upon MEK inhibition preceding potential
clinical adverse effects.

2. Methods
2.1. Animals

This study was performed in male C57BL/6 J mice fed a standard
chow diet (RM1; SDS Diets, Woerden, The Netherlands). Mice were
housed in a light- and temperature-controlled facility with a 12-h light/
dark cycle at 21 °C with free access to water and a chow diet. Animal
experiments were performed with the approval of the National Ethics
Committee for Animal Experiments of The Netherlands, following
relevant guidelines and regulations (including laboratory and biosafety
regulations).

2.2. Animal experiments

Male C57BL/6 J mice at ten weeks of age were individually housed.
Body weight, food intake, and random glucose levels were measured
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daily using a glucometer (Accu-Check Performa, Roche). For
PD0325901 (Selleckchem, #S1036) treatment, mice received a dose of
10 mg/kg/day PD0325901 in 1 % DMSO, 0.5 % cellulose, and 2 %
Tween 80 via oral gavage for six consecutive days. At the end of the
treatment period, mice were anesthetized by intraperitoneal injection of
hypnorm (1 mL/kg fentanyl-fluanisone) and diazepam (10 mg/kg) fol-
lowed by gall-bladder cannulation as described previously [18]. Bile was
collected for 30 min after which mice were terminated by cardiac
puncture under isoflurane anesthesia followed by cervical dislocation.
The liver and different sections of the intestine (jejunum, duodenum,
and ileum) were collected and snap-frozen in liquid nitrogen and stored
at — 80°C until further analysis. Blood was drawn by cardiac puncture
and plasma was collected after centrifugation at 1000 x g for 10 min at
4°C.

2.3. Quantitative real-time PCR

Frozen liver tissue was homogenized in QIAzol Lysis Reagent (Qia-
gen), and total RNA was isolated using the RNAeasy mini kit (Qiagen,
#74104). Two pg of total RNA was used for cDNA synthesis according to
the manufacturer protocol (Invitrogen, #28025013). Twenty ng of
cDNA was used for quantitative real-time PCR (qQRT-PCR) analysis using
SYBR Green Master Mix (Roche) and qRT-PCR primers. QRT-PCR data
were analyzed using QuantStudio™ Real-Time PCR software, and
expression was normalized to housekeeping genes and expressed as fold
change compared to vehicle-treated mice.

2.4. RNA sequencing

For RNA sequencing analysis total RNA was first analyzed for quality
using a nanodrop. Library preparation, sequencing, and basic analysis
were done by Novogene Co. Ltd. Europe. Differential expression analysis
between two groups (n = 6 per group) was performed using the DESeq2
R package. The resulting P-values were adjusted using the False Dis-
covery Rate (FDR). Heatmaps were constructed based on the z-score
calculated from the FPKM scores. Venny 2.1 [19] and Clustvis were used
for further data analysis.

2.5. Immunoblotting

Tissue and cell homogenates were obtained using NP40 buffer (0.1 %
Nonidet P-40 [NP-40], 0.4 M NaCl, 10 mM Tris-HCI [pH 8.0], 1 mM
EDTA) supplemented with protease and phosphatase inhibitors (Roche).
Protein concentration was determined using the Bradford assay (Bio-
Rad). A total of 15-20 pg of protein per sample was separated using SDS-
PAGE and transferred to PVDF Transfer Membrane (Amersham™
Hybond™ -P, GE Healthcare; RPN303F). Membranes were blocked in 5
% BSA in Tris-buffered saline with 0.01 % Tween 20 (Millipore Sigma)
and incubated with the indicated antibodies. Proteins were visualized
using a ChemiDoc XRS + System using Image Lab software version 5.2.1
(Bio-Rad).

2.6. Antibodies

The following primary antibodies were used for Western blotting:
rabbit-anti-p44/42 MAPK (Cell Signaling, #4695), rabbit-anti-phospho-
p44/42 MAPK (Cell Signaling, #4370), rabbit-anti-Hsp90 (Cell
Signaling, #4874), rabbit-anti-MEK1/2 (Cell Signaling, #9122), rabbit-
anti-phosho-MEK1/2 (Ser217/221) (Cell Signaling, #9154) and rabbit-
anti-EGR1 (Cell Signaling, #4153). The secondary antibody used for
western blotting was goat-anti-rabbit IgG-HRP conjugate (Bio-rad,
#1706515).

2.7. Targeted proteomics

To quantify proteins involved in hepatic bile acid metabolism,
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targeted proteomics was performed using isotopically labeled peptide
standards (containing !3C-labeled lysines or arginines) derived from
synthetic protein concatamers (QconCAT) (PolyQuant GmbH, Ger-
many), as described previously [20]. Peptide sequences that were used
for the peptide quantification are listed in Supplemental Table 9
(Table S9). For the detection of the low abundant protein CYP7A1,
protein samples were rerun on an SDS-PAGE gel for approximately 20
min followed by excision and in-gel digestion of the band corresponding
to the size between 35 kDa and just above 70 kDa.

2.8. Bile acid analysis

Bile acids in plasma and bile were analyzed by ultra high-
performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS), and fecal bile acids were analyzed by gas-liquid chro-
matography, as described previously [21].

2.9. Cell culture

For in vitro studies, human hepatocyte cell lines HepG2 (ATCC),
Hep3B (ATCC), and immortalized human hepatocytes (IHH) [22], and
the human colorectal cell line Caco-2 (ATCC) were used. HepG2, Hep3B,
and Caco-2 cells were maintained in high glucose Dulbecco’s Modified
Eagle Medium (DMEM) + GlutaMAX supplemented with 10 %
heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin, and 100
pg/mL streptomycin. IHH cells were maintained in Williams E medium
containing 11 mM glucose, supplemented with 10 % heat-inactivated
fetal calf serum (FCS), 100 U/mL penicillin and 100 pg/mL strepto-
mycin, 1 pM human insulin, and 1 pM dexamethasone. Differentiation of
Caco-2 cells into intestinal-like enterocytes was achieved by maintaining
the cells at 100 % confluence for three weeks.

2.10. Cell experiments

For inhibitor studies in cell lines, cells were starved for 4 h in Opti-
MEM followed by inhibitor treatments for indicated time points at
indicated doses. For experiments with BRAF inhibitors vemurafenib
(Selleckchem, #S1267) and dabrafenib (Selleckchem, #S2807) and
MEK inhibitors selumetinib (Selleckchem, #S1008), trametinib and
PD0325901 (Selleckchem, #S1036), cells were starved for 4 h in Opti-
MEM followed by 100 nM inhibitor treatment for 6 h after which cells
were collected for immunoblotting and qPCR. For experiments using
FGFR inhibitors erdafitinib (Selleckchem, #S8401), infigratinib (Sell-
eckchem, #S2183), and pemigatinib (Selleckchem, #S0088), mTOR
inhibitor everolimus (Selleckchem, #S1120), EGFR inhibitors gefitinib
(Axon Medchem, #1393), and osimertinib (Axon Medchem, #2342),
VEGFR inhibitor cediranib (Axon Medchem, #1461), PDGFR inhibitor
imatinib (Axon Medchem, #1394), IR inhibitors linsitinib (Axon Med-
chem, #1702) and ceritinib (Axon Medchem, #2224) and combination
inhibitors sorafenib (Axon Medchem, #3351) (inhibits VEGFR, PDGFR,
and RAF) and sunitinib (Axon Medchem, #1398) (inhibits PDGFR and
VEGFR), cells were starved for 4 h in Opti-MEM followed by 1 pM in-
hibitor treatment for 6 h after which cells were collected for immuno-
blotting and qPCR.

2.11. Statistics

Statistical analysis was performed using GraphPad Prism 9.0 soft-
ware package (GraphPad Software, San Diego, Ca, USA). Significance
was determined using an unpaired t-test when comparing two groups
after testing for normality using QQplot. All values are given as means
+ SEM or as boxplots with mean + min/max. A P-value of less than 0.05
was considered statistically significant. Significance was indicated as *P
< 0.05, * *P < 0.01, * **P < 0.001, * ** *P < 0.0001.
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3. Results
3.1. Effect of MEK inhibition on the hepatic transcriptome

To investigate the effect of MEK inhibitor treatment on hepatic
function, C57BL/6 J male mice were treated with PD0325901 (10 mg/
kg) or vehicle via daily oral gavage for six consecutive days. Inhibition of
MEK by PD0325901 was confirmed by western analysis, showing a
strong decrease of phosphorylated ERK compared to total ERK in the
liver (Fig. 1A, B). Next, we assessed the effects of MEK inhibition on the
hepatic transcriptome. RNA sequencing revealed that 423 genes were
differentially expressed (based on the adjusted P-value of 0.05 and FDR
< 10 %), of which the majority (345) were downregulated while 78
genes were upregulated (Fig. 1C, D). Genes involved in the RAS-MAPK
signaling pathway were mostly reduced in PD0325901-treated mice
versus vehicle-treated mice (Fig. 2A). In addition to RAS-MAPK
signaling, DAVID KEGG pathway analysis revealed a significant
enrichment in genes involved in multiple signaling pathways, such as
Rapl, PI3K-Akt, FoxO, and Ras signaling pathways (Fig. S1). Further-
more, we also observed an enrichment in genes involved in bile acid
homeostasis (Fig. S1). We identified cytochrome P450, family 7, sub-
family a, polypeptide 1 (Cyp7al) — the rate-limiting enzyme in the first
step of bile acid synthesis — as the top differentially expressed gene with
a log fold change of 3.06 (fold change of 8.3) in PD0325901-treated
mice versus vehicle-treated mice (adjusted P-value = 1.59E-21)
(Fig. 1D).

3.2. Effect of MEK inhibition on the expression of genes regulating bile
acid metabolism

Further stratification showed a bidirectional effect of PD0325901
treatment on bile acid metabolism related genes, including both up- and
downregulated genes (Fig. 2B). Apart from Cyp7al, other key genes
involved in bile acid synthesis, including cytochrome P450 family 8
subfamily B member 1 (Cyp8b1), cytochrome P450 family 27 subfamily
A member 1 (Cyp27al), and cytochrome P450 family 7 subfamily B
member 1 (Cyp7bl) were generally upregulated (Fig. 2B). Genes
involved in bile acid uptake were also differentially expressed upon
PD0325901 treatment, including upregulation of sodium/bile acid
cotransporter (Ntcp/Slc10al), and downregulation of organic anion
transporting polypeptide 1 (Oatp1/Slcolal), while genes involved in
bile acid efflux were not greatly affected (Fig. 2B). Disruption of bile acid
metabolism was also suggested by profound changes in bile acid regu-
lators. We observed a downregulation of the bile acid-regulated tran-
scriptional regulator small heterodimer partner (Shp/Nr0b2, log fold
change = —1.92, adjusted P-value = 1.64E-7), likely explaining the
upregulation of some Shp-regulated genes, including Cyp7al, Cyp8bl,
Ntcp, and transcription factor farnesoid x receptor (Fxr/Nr1h4) (Figs. 2B,
S2A, and S2B).

3.3. Effect of MEK inhibition on proteins involved in bile acid metabolism

Next, we evaluated whether the observed changes in the expression
of genes involved in bile acid metabolism also led to changes in protein
levels using a targeted proteomics approach. In line with its mRNA
levels, we found increased CYP7A1 protein levels (~21 %) (Fig. 3A).
Protein levels of other genes involved in bile acid metabolism (CYP8B1,
CYP27A1, ACOX2, AKR1D1, AMACR, BAAT, HSD17B4, MDR2, HNF4a,
and CHREBP) were not affected except for sodium/bile acid cotrans-
porter (NTCP) and the bile acid export pump (BSEP), which were
significantly reduced (Fig. 3B). Because the intestine also plays a central
role in bile acid homeostasis, we also measured the expression of genes
involved in bile acid homeostasis in the ileum, where bile acid reab-
sorption mainly takes place. PD0325901 treatment significantly
decreased the ileal expression of the apical sodium-dependent bile acid
transporter (Asbt/Slc10a2), which is responsible for the majority of
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Fig. 2. PD0325901 treatment results in changes in genes involved in MAPK signaling and bile acid regulation. Heatmap presenting the z-score normalized RNA
expression (FPKM values) as determined by RNA sequencing analysis of (A) MAPK signaling and (B) genes related to bile acid homeostasis (n = 6).

intestinal bile acid reabsorption as it transports conjugated bile acids
[23] (Fig. 3C). PD0325901 treatment also decreased mRNA expression
of the alternatively spliced form of Asbt (t-Asbt), which functions as a bile
acid efflux protein, and of organic solute transporter beta (Ostf3/Slc51b),
one of the primary bile acid efflux transporters at the basolateral side.
The mRNA expression of the common ileal bile acid regulators Shp and
ileal bile acid-binding protein (Ibabp/Fabp6), remained unchanged after
PD0325901 treatment (Fig. 3C).

3.4. Effect of MEK inhibition on bile acid composition and concentration

Next, we evaluated whether the observed PD0325901-driven
changes in gene and protein expression led to physiological effects on
bile acid metabolism. While there was no significant difference in bile
flow, the total biliary bile acid secretion into the bile was increased by on
average 50 umol/24 hr/100 g body weight in the PD0325901-treated

mice, but this did not reach statistical significance (Fig. 4A, B,
Table S1). To provide insight in the pathways involved in bile acid
synthesis and metabolism, we measured the various bile acids (both
taurine-conjugated and unconjugated) in bile and plasma. PD0325901
treatment altered the biliary bile acid composition, with an increased
abundance of the primary bile acid cholic acid (CA) and taurine-
conjugated CA (T-CA) and of the secondary bile acid taurodeoxycholic
acid (T-DCA) (Fig. 4C, Tables S1, S2, S3), indicating increased activity of
the classical pathway for bile acid synthesis. Furthermore, the abun-
dance of p-muricholic acid (BMCA) and its conjugated form T-pMCA
were significantly decreased in the bile (Fig. 4C, Tables S2 and S3).
These differences resulted in an increased heuman index for hydro-
phobicity of the biliary bile acids in the PD0325901-treated group
(Fig. 4D), indicating a more toxic bile acid composition. Total plasma
bile acid levels were not affected (Fig. 4E), and the plasma bile acid
composition remained largely unaltered except for an increased
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Fig. 4. Physiological and metabolic consequences due to PD0325901 treatment. (A) Bile flow, (B) total biliary bile acid secretion and (C) composition, and (D)
heuman index after PD0325901 treatment or vehicle (n = 9). (E) Total plasma bile acids and (F) composition, and (G) total fecal bile acids and (H) composition after
treatment with PD0325901 or vehicle (n = 9). Data shown as box and whisker with mean + min, max with * indicating p < 0.05, * * p < 0.01.
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abundance in T-aMCA and hepatotoxic T-DCA (Fig. 4F, Table S4, S5).
Finally, to determine the rate of hepatic bile acid synthesis we measured
fecal bile acid loss, which under steady state conditions is equal to
synthesis by the liver. PD0325901-treated mice presented with a
significantly increased total fecal bile acid excretion, mainly due to
increased levels of CA (Fig. 4G, H, Table S6, S7, S8). Taken together, in
steady state conditions, MEK inhibition increased fecal bile acid excre-
tion, which indicates increased hepatic bile acid synthesis.

3.5. MEK inhibition induces markers of early liver toxicity

Elevated bile acid levels, especially of T-DCA, are toxic to cells.
Therefore we investigated the effect of short-term PD0325901 treatment
on hepatotoxicity or other adverse effects. Short-term PD0325901
treatment did not affect body weight, food intake, liver weight, or liver-
to-body weight ratio compared to vehicle-treated mice (Fig. S3A-D).
Next, we evaluated gene biomarkers of early liver toxicity involved in
metabolism and detoxification, which have been shown to predict po-
tential liver toxicity [24]. Gene biomarkers
carnintine-O-acetyltransferase (Crat), triokinase/FMN cyclase (Tkfc),
and carbonic anhydrase 3 (Car3) were all increased in livers of
PD0325901-treated mice (Fig. S3I), indicating early hepatotoxicity
upon PD0325901 treatment. However, there was no difference in the
plasma markers of liver damage alanine transaminase (ALT) and plasma
aspartate transaminase (AST) levels or AST/ALT ratio (Fig. S3E-F). In
line, the expression of genes related to inflammation in the liver was also
not affected by PD0325901 treatment (Fig. S3H). Plasma citrulline level,
a marker of intestinal damage [25], was also not changed upon PD
treatment (Fig. S3G). In conclusion, short-term PD0325901 treatment
led to changes in predictive biomarkers of early liver toxicity, but this
was not accompanied by apparent liver or intestinal damage.

3.6. MEK inhibitors increase CYP7A1 expression in human hepatocyte
cell lines

Next, we evaluated if the regulation of CYP7A1 and SHP by MEK1/2
is conserved in humans by testing the effect of PD0325901 on three
different human hepatocyte cell lines, HepG2, Hep3B, and IHH. A sig-
nificant increase in CYP7A1 (Fig. 5A) and a decrease in SHP were
observed in all three cell lines (Fig. 5B). The effect of ERK inhibition on
these and other genes involved in bile acid homeostasis was studied in
more detail in IHH cells, a cell line derived from a healthy liver and
immortalized by transfection with an SV40 large T antigen-expressing
plasmid Schippers et al. [22]. The effects on CYP7A1 and SHP could
already be observed 30 min after PD0325901 treatment, and a
dose-response experiment revealed that a concentration of 1nM
PD0325901 was enough to affect phosphorylation of ERK and the
expression of CYP7A1 and SHP (Fig. 5C, D). Similarly, the effect of
PD0325901 that was observed on ASBT and OSTa in the mouse ileum
was tested in differentiated Caco-2 cells, a human intestinal-like enter-
ocyte model. Treatment with PD0325901 decreased phosphorylation of
ERK, and in line with what we observed in mice, PD0325901 treatment
decreased the expression of ASBT and OSTa (Fig. S4). However, while
PD0325901 treatment did not affect Shp expression in vivo, it did
decrease SHP expression in differentiated Caco-2 cells (Fig. S4).

Lastly, we tested the specificity of PD0325901 treatment by
exploring the effect of several other FDA-approved BRAF (vemurafenib
and dabrafenib) and MEK (selumetinib, trametinib, and PD0325901)
inhibitors on CYP7A1 and SHP gene expression in human hepatocyte
cell lines. Treatment of human hepatocytes with all tested BRAF and
MEK inhibitors, except for vemurafenib, resulted in a marked increase in
CYP7A1 and a decrease in SHP gene expression levels (Fig. 5E, F). In
contrast, inhibition of upstream RTKs using various RTK inhibitors did
not result in clear changes in the expression of CYP7A1 and SHP in IHH
and HepG2 cells (Fig. S5). Therefore, dysregulation of CYP7A1 and SHP
expression appears to be specific to pharmacological inhibition of the
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RAS-MAPK pathway.
4. Discussion

In the current study, we characterized the effect of pharmacological
RAS-MAPK inhibition on hepatic transcription and function. Treatment
of healthy C57BL/6 J mice with the MEK inhibitor PD0325901 affected
the expression of over 400 genes in the liver, including pronounced
changes in genes involved in bile acid homeostasis. We identified
Cyp7al as the top differentially affected gene, and its induction was
linked to increased bile acid synthesis and a more hydrophobic bile acid
composition. These findings highlight the importance of the RAS-MAPK
pathway in the feedback regulation of bile acid metabolism.

The liver is a key metabolic organ and the main site for drug meta-
bolism. Although preclinical studies have shown that pharmacological
inhibition of the RAS-MAPK pathway decreases ERK phosphorylation in
the liver, the molecular and functional consequences remain largely
unknown [26]. In our study, transcriptome analysis of
PD0325901-treated livers revealed that pharmacological MEK inhibi-
tion affects the expression of genes involved in various of signaling
pathways and cellular processes. However, the most notable change was
that decreased hepatic RAS-MAPK signaling led to a dramatic increase in
Cyp7al expression, while the expression of the transcriptional repressor
Shp was strongly reduced. SHP is an atypical nuclear receptor that does
not bind DNA but instead regulates the expression of genes via in-
teractions with other nuclear receptors such as FXR, LRH-1, LXR «, and
HNF4a [27,28]. Bile acid metabolism is tightly regulated by FXR, which
senses intracellular levels of bile acids and controls bile acid-induced
transcriptional programs, including feedback regulation via SHP.
Feedback regulation of bile acid synthesis is mediated by FXR-induced
expression of SHP, which in turn represses LRH-1 activity, thereby
inhibiting CYP7A1 expression [29]. In the present study, Fxr expression
was upregulated, probably as a compensatory response, while the
expression of Shp was nearly absent. The absence of Shp expression
suggests that interaction between SHP and LRH-1 cannot occur, and
Cyp7al can no longer be repressed by FXR. In line with the increased
Cyp7al expression, PD0325901 treatment also increased CYP7A1 pro-
tein levels, and this was associated with changes in bile acid synthesis
and composition. Supporting this finding, we observed an increase in the
fecal bile acid excretion, which indicates an increase in hepatic bile acid
synthesis. These findings are reminiscent of other mouse models with
increased CYP7A1 expression. First, transgenic Cyp7al overexpression
in mice increases in bile acid pool size [30,31]. Similar to our findings,
the fecal bile acid content was elevated, and the bile acid composition
shifted towards a more hydrophobic content [31]. Second, Shp knockout
mice, in which the negative feedback regulation of bile acid synthesis
was also impaired, are characterized by an increased bile acid pool size
[32,33]. Third, Erk1/2 double knockout mice are characterized by a
dramatic increase in Cyp7al gene expression levels, while Shp gene
expression is decreased [34]. Similar to PD0325901 treatment, Erk1/2
double knockout mice also displayed increased bile acid levels and
changes in bile acid composition with an increase in CA, T-CA, and
oMCA levels [34].

Next to Cyp7al and Shp, other genes involved in bile acid metabolism
were also affected by PD0325901 treatment. Ntcp and Bsep are the pri-
mary bile acid transporters in hepatocytes that mediate bile acid flux
from the portal blood into the bile. We found a reduction in hepatic
NTCP and BSEP protein levels upon PD0325901 treatment, similar to
what is observed in cholestatic liver diseases [35]. While NTCP mRNA
expression levels were upregulated upon MEK inhibition, NTCP protein
levels were reduced. Ntcp expression is controlled by bile acid-activated
FXR via induction of repressor SHP. Loss of its repression because of
decreased SHP levels likely explains the upregulation of NTCP mRNA
expression levels [36]. However, NTCP protein levels are tightly regu-
lated by post-translational modifications, and NTCP protein levels can
be reduced to protect hepatocytes from elevated bile acid levels,
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Fig. 5. Effect of PD0325901 in human hepatocyte cell lines. (A) Relative CYP7A1 and (B) SHP expression after 6 h of treatment with 100 nM PD0326901 in IHH,
HepG2, and Hep3B cell lines (n = 6). (C) Relative CYP7A1 and SHP expression after 0, 15, 30, 60, 120 and 180 min of treatment with 100 nM PD0326901 in IHH
cells (n = 3). (D) Western blot of phosphorylated ERK, total ERK and HSP90 and relative CYP7A1 and SHP expression after treatment with 0, 1, 5, 10, 50, 100, 500
and 1000 nM PD0325901 in IHH cells (n = 3). (E) Relative Cyp7al and (F) SHP expression in IHH cells after 6 h of treatment with 100 nM Vemurafenib, Dabrafenib,
Selumetinib, Trametinib, or PD0325901 (n = 3). Data shown as mean + SEM with * indicating p < 0.05, * * p < 0.01, * ** p < 0.001, and * ** * p < 0.0001.
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potentially explaining the reduced NTCP protein levels in our study
[37]. In line, the absence of Ntcp in mice has been shown to result in
reduced hepatic clearance of bile acids and elevated plasma bile acid
levels [36,38]. Decreased BSEP levels are in concordance with previous
studies, whereby TKI treatment of human hepatocytes also resulted in
the inhibition of BSEP, an important mechanism of drug-induced liver
injury caused by the hepatic accumulation of toxic bile acids [39-41].
The changes in bile acid metabolism due to PD0325901 treatment led to
a higher hydrophobicity index of bile, mainly caused by an increase in
CA and T-CA, which is generally associated with higher hepatic toxicity
[42]. PD0325901-treated mice also presented differences in bile
acid-related genes in the ileum, which are expected to contribute to the
changes in whole-body bile acid metabolism. We found decreased
mRNA expression of Asbt, which mediates the uptake of conjugated bile
acids at the apical (luminal) side of enterocytes, and of Ost-$, which is
present at the basolateral membrane mediating bile acid efflux from the
enterocytes towards the circulation [23,43]. Lower levels of these
transporters potentially explain the reduced intestinal reabsorption of
bile acids [44].

While short-term PD0325901 treatment did not result in overt hep-
atotoxicity as measured by plasma ALT and AST levels, another study
reported hepatotoxicity after chronic ERK deficiency [34]. Three weeks
after the induction of Erk1/2 double knockout by tamoxifen injection,
mice present with liver injury, cholestasis, and increased plasma and
hepatic bile acids. Five weeks after the knockout of Erk1/2 by tamoxifen
injection, mortality increased by 25 %. These observations indicate that
long-term PD0325901 treatment will likely result in more substantial
toxicity. In a clinical setting, changes in CYP7A1 enzyme activity and
bile acid synthesis in patients could be monitored by measuring plasma
7alpha-hydroxy-4-cholesten-3-one (C4) [45-47]. In addition, plasma
levels of FGF19 could be used as a biomarker of toxicity, as its levels are
inversely correlated with plasma C4 levels and bile acid synthesis [48,
49]. Although more clinical research is needed, we suggest that plasma
C4 and FGF19 levels during TKI treatment in patients may serve as
biomarkers to assess the early stages of bile acid-induced hepatotoxicity.

We found that the regulation of Cyp7al and Shp by MEK1/2 was
conserved in various human liver cells. In addition, we demonstrated
that the regulation of Cyp7al and Shp was not specific for PD0325901
but also occurred after exposure of cells to other FDA-approved BRAF
and MEK inhibitors. In line with these observations, Saran et al. recently
reported hepatotoxicity in response to various TKIs. They showed that
pharmacological use of dasatinib, pazopanib, and sorafenib - inhibitors
targeting multiple tyrosine kinases - elevated AST/ALT levels in 21-50
% of patients and increased CYP7A1 expression in human hepatocytes
[39]. In our study, we tested the effect of additional TKIs on SHP and
CYP7A1 gene expression. However, we found that the expression of
these genes was mainly affected by inhibitors targeting MEK and BRAF,
and to a much lesser extent by drugs targeting upstream receptor tyro-
sine kinases. These observations indicate that disruption of bile acid
metabolism is less common to TKI inhibition but specific to the
RAS-MAPK pathway.

Understanding the adverse effects of MEK inhibitors is also becoming
increasingly relevant in combination therapies. Combined BRAF and
MEK inhibitor therapies are now often used to overcome resistance
mechanisms in cancers with BRAF mutations with promising results. For
example, in phase 3 clinical trials, combination treatment with the BRAF
inhibitor dabrafenib and the MEK inhibitor trametinib improved the
overall response rate and survival in patients with metastatic melanoma
or unresectable advanced melanoma with VRAF V600E or V600K mu-
tations [50,51]. However, 26 % of patients in the combination therapy
group discontinued the trial drug, while 38 % and 66 % of patients had
an adverse event leading to dose reduction or interruption, respectively
[51]. In addition, combining BRAF and MEK inhibitors with checkpoint
inhibitor immunotherapies, such as inhibitors of programmed death 1
(PD-1), is an emerging therapy under investigation [52,53]. A phase 1/2
clinical trial assessed the safety and efficacy of the anti-PD-1 antibody
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pembrolizumab in combination with trametinib and dabrafenib in pa-
tients with advanced melanoma [54]. Although the triple-combination
treatment increased the long-lasting antitumor responses, 73 % (11
out of 15 patients) experienced grade 3/4 adverse effects, with elevated
liver function test levels and pyrexia as the most common effects, which
could be resolved by interruption of dabrafenib and trametinib [54].
These studies indicate that liver toxicity is a critical problem in prom-
ising combination therapies.

Our study investigated the molecular mechanisms underlying MEK
inhibitor-induced toxicity and identified changes in multiple regulators
of bile acid metabolism, including transcriptional regulators, trans-
porters, and cytochrome P450 enzymes. We propose that the observed
changes in bile acid metabolism upon pharmacological inhibition of the
RAS-MAPK pathway contribute to hepatotoxicity and gastrointestinal
complications later in the treatment. As bile acids also act as hormones
that activate multiple receptors (e.g., FXR, TGR5, VDR, and PXR), it is
conceivable that MEK inhibitor-induced changes in bile acid homeo-
stasis will also have pleiotropic effects on energy metabolism, inflam-
mation, glucose homeostasis, drug metabolism and intestinal function
(reviewed in Chavez-Talavera et al., 2017[55]). Future studies should
uncover whether restoring of bile acid metabolism, e.g., by ursodeox-
ycholic acid (UDCA) or bile acid sequestrants, can prevent or delay
hepatotoxicity in MEK combination treatments.
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