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dysregulation of many farnesoid X receptor (FXR) metabolic target genes
in WD, including the bile salt exporter pump, the major determinant of
bile flow.

Methods: We tested the hypothesis that the FXR-cistrome is decreased in
Atp7b™" mice in accord with dysregulated bile acid homeostasis.

Results: FXR binding within Afp7b™~ mouse livers displayed surprising
complexity: FXR binding was increased in distal intergenic regions but
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decreased in promoter regions in Atp7b™" versus wild-type mice. Decreased
FXR occupancy in Atp7b™" versus wild-type mice was observed in hepa-
tocyte metabolic and bile acid homeostasis pathways, while enrichment of
FXR binding was observed in pathways associated with cellular damage
outside of hepatocytes. Indeed, disparate FXR occupancy was identified in
parenchymal and non-parenchymal marker genes in a manner that suggests
decreased FXR activity in parenchymal cells, as expected, and increased
FXR activity in non-parenchymal cells. Consistent with altered FXR function,
serum and liver bile acid concentrations were higher in Atp7b™~ mice than in
wild-type mice. Comparison of bile acid profiles in the serum of WD patients

with “liver,” “neurological,” or “mixed” disease versus healthy controls also
revealed increases in specific bile acids in WD-liver versus healthy controls.
Conclusions: We identified novel FXR-occupancy across the genome that
varied in parenchymal and non-parenchymal cells, demonstrating complex
FXR regulation of metabolic and hepatocellular stress pathways in Atp7b™~
mice. Dynamic changes in FXR activity support our novel finding of altered

bile acid metabolism in Atp7b™~ mice and WD patients.

INTRODUCTION

Copper is an essential trace mineral acquired from the
diet. Copper homeostasis is maintained primarily in the
liver and requires the transmembrane copper-transport-
ing P-type ATPase ATP7b for either systemic secretion
(in complex with ceruloplasmin) or elimination from the
body via removal in bile. Mutations in ATP7B result in
Wilson disease (WD), an autosomal recessive disorder
with an occurrence of ~1:30,000.[ Although WD patients
may present with a variety of neurological symptoms,
such as tremors, dystonia, and psychiatric disorders,
most develop primarily hepatic symptoms, such as
steatosis, jaundice, hepatitis, and liver failure.d The
heterogeneity of symptoms complicates WD diagnosis,
highlighting the need for more mechanistic studies.
Excess copper has a negative impact on nuclear
receptors, a group of transcription factors that contain a
ligand binding domain that confers specificity for
activation and a highly conserved zinc-finger DNA
binding domain that is required for binding to nuclear
receptor response elements of target genes.B! In vitro
studies with estrogen receptor demonstrated that
copper could displace zinc in the DNA binding domain,
resulting in a highly disordered DNA binding domain
structure and loss of estrogen receptor binding to
estrogen response elements.[*®! Similarly, in vitro and
in vivo studies demonstrated similar effects of excess
copper on hepatic metabolic nuclear receptors (FXR,
LRH1, and HNF4a) in WD.[% These studies suggest a
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link between impaired nuclear receptor function and
changes in metabolite composition in WD.

Changes in nuclear receptor activity are correlated
with metabolic alterations in patients with WD and in
animal models. Both WD patients and Atp7b™~ mice
have altered lipid metabolism as well as differential
enrichment of amino acids, tricarboxylic acid cycle,
glycolytic, and bile acid intermediates.l’-'5 Metabolic
changes coincide with transcriptomic alterations in
Atp7b™~ micel'? and Long-Evans  Cinnamon
(LEC) rats,["® which include decreased mRNA expres-
sion of genes involved in hepatic metabolic
homeostasis.[36.19-12 |t is plausible that some of these
altered metabolites, such as bile acids and free fatty
acids, are endogenous ligands for the residual pool of
nuclear receptors (such as FXR and PPAR«) that are
not inactivated in cells with excess copper. The precise
mechanisms regulating these metabolic changes and
the downstream consequences of the altered metab-
olome are not fully understood and are likely the result
of both the direct and indirect effects of copper.

Bile acids are amphipathic molecules that not only
promote the emulsification and absorption of lipid-soluble
nutrients but also have endocrine signaling properties. In
the liver, bile acids are critical regulators of their own
formation and secretion. Enterohepatic regulation of FXR
signaling is mediated via induction of the fibroblast growth
factor 15 (mice)/fibroblast growth factor 19 (humans) mRNA
expression in the ileum.['8! Fgf15/Fgf19 subsequently binds
to FGFR4/p-Klotho receptors in hepatocytes, leading to
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repression of Cyp7al expression and reduced bile acid
synthesis.['8l This regulatory feedback loop mitigates bile
acid toxicity by reducing bile acid synthesis. Endogenous
bile acids [chenodeoxycholic acid (CDCA)] are potent
ligands for the nuclear receptor farnesoid X receptor (FXR,
NR1H4), and FXR activation increases expression of short
heterodimer partner (SHP, NROB2),l'7-18] which promotes
the formation of co-repressor complexes with LRH1 on the
promoters of Cyp7ai, Cyp8b1, and Nicp, resulting in
decreased bile acid synthesis and uptake.l'®2"l Dysregu-
lation of bile acid metabolism in WD patients and animal
models is in agreement with previous reports describing the
negative impact of copper on FXR and other nuclear
receptor signaling.””

In the current study, we provide detailed transcrip-
tomic, FXR-cistromic, and bile acid composition of
Atp7b™~ mice as well as the bile acid composition of
WD patients. Our findings demonstrate global alterations
in FXR signaling that overlap with metabolic transcrip-
tomic signatures and bile acid metabolism. Our cistromic
analyses suggest that FXR function is impaired in
hepatocytes, as expected, but may be increased in
non-parenchymal cells. We found that WD patients with
liver, neurological, and mixed (neurological and liver)
symptoms have differential bile acid composition profiles.
Taken together, this comprehensive analysis of changes
in bile acid signaling and physiology shows that both
Atp7b™~ mice and WD patients with liver disease have
alterations in bile acid homeostasis.

METHODS
Animal care

Male Atp7b™~,[101 FXR~~ [221 DKOA®7b:FXR  and wild-
type (WT) mice on C57BL/6 background were fed a
standard laboratory chow diet ad libitum, maintained on
a 12-h light—dark cycle, and euthanized at Zeitgeber
time 2-3. All mice were bred and maintained in the
Baylor College of Medicine (BCM) animal facility.
Atp7b™~ and WT mice were generated from Atp7b*~
mating pairs. Atp7b~~ and FXR™~ mice were crossed to
generate the DKOAP7:FXR mice. Both FXR™™ and
DKOQA®P7b:FXR were generated from either homozygous
FXR™~ or double homozygous DKOA®P76:FXR mating
pairs. All animal experiments were performed according
to the guidelines detailed in the Guide for the Care and
Use of Laboratory Animals(?®l and were approved by the
Institutional Animal Care and Use Committee at BCM.

Real-time PCR and RNA-sequencing
analysis

RNA was harvested from 6-month-old male WT and
Atp7b™~ mice using TRIzol Reagent (Invitrogen) and

RNeasy kit (Qiagen). Primers used for real-time PCR
have been previously described.[®'% RNA-sequencing
with the NextSeq lllumina 500/550 Mid Output v2 kit
(300 cycles) was performed at the Genomics Core at
the Children’s Nutrition Research Center at BCM.
Sequencing quality and adapter contamination were
assessed using FastQC. Any adapter sequences were
trimmed using Cutadapt. Reads were aligned to the Mus
musculus genome (mm10) reference genome using
STAR. Gene expression values from each sample were
quantified as the number of reads mapped (to a specific
gene) by setting—quantMode to GeneCounts in STAR.
Genes with an average read count <50 across the
samples were considered not expressed and excluded
from the differentially expressed gene (DEG) analysis.
Raw read counts were normalized and then tested for
differential expression using DESeq2.124! A false discovery
rate (FDR) cutoff of 0.05 and a fold change cutoff of 20%
(-0.263 < log,(FC) > +0.263) were used to call DEGs.

FXR ChIP sequencing analysis

ChIP sequencing was performed with 100 mg of liver
tissue from 6-month-old Atp7b™~ and WT mice (n=3
mice/group) using the FXR antibody (H-130X, Santa
Cruz Biotechnologies). ChlP-seq and initial data proc-
essing were carried out using the Active Motif analysis
pipeline. The generated 75-nt single-end (SE75) reads
were mapped to the Mus musculus genome (mm10)
using the BWA algorithm with default parameters, and
alignment data for each read was stored in BAM format.
PCR duplicates were removed to ensure data quality.
ChIP samples were normalized to their respective input
controls and converted to bigWig format for visualization
in the Integrative Genomics Viewer (IGV). Since the
5°-ends of the aligned reads mark the end of ChIP/IP
fragments, tags were extended in silico to 200 bp at
their 3’-ends to match the average fragment length of
the size-selected library (performed with Active Motif
software). For genome-wide fragment density calcula-
tion, the genome was divided into 32-nt bins, and
fragment counts per bin were stored in bigWig files.
Peak calling was conducted on individual replicates
using MACS2,1251 with peaks from multiple samples
grouped into “Merged Regions,” defined by the most
upstream and downstream coordinates among over-
lapping peaks. If only one sample contained a peak,
that interval defined the Merged Region. DESeq2[?4
was applied to normalize read counts across merged
peak regions and perform differential peak analysis.
Peaks were annotated and Vvisualized using
ChlIPseeker.128! Peaks were assigned to genes if they
were located within 10 kb upstream of the transcription
start site or downstream to the transcription end site.
Promoter peaks were defined as those located within
10 kb upstream of the transcription start site. Mouse
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liver-specific enhancer regions were downloaded from
EnhancerAtlas 2.0.127] Peaks overlapping by at least 1
nucleotide with these enhancers were annotated as
enhancer peaks.

Bile acid measurements

Liver and serum bile acid measurements were per-
formed at the BCM Metabolomics Core, as previously
described, using the Biocrates Bile Acids kit?8 and
UPLC-MS/MS.[2°l Serum bile acid measurements in
human samples were performed at the Clinical Mass
Spectrometry Facility, Division of Pathology and Labo-
ratory Medicine, Cincinnati Children’s Hospital.

Human samples

Patient demographics and diagnoses are described in
Supplemental Table S4, http://links.lww.com/HC9/
B997. Patients (either new or follow-up) with metabolic
dysfunction—associated steatotic liver disease (MASLD)
visited BCM St. Luke’s Liver Clinic and were diagnosed
with MASLD either through imaging or liver biopsy. The
control group consisted of relatives of cancer patients
who visited the MD Anderson Cancer Center (MDACC).
Since they share similar dietary habits and lifestyles
with patients with cancer, they were screened for
metabolic syndrome characteristics. WD patient sam-
ples were obtained from the Wilson disease registry
study (Yale, data coordinating center). Studies con-
ducted with human samples were approved by the
Baylor College of Medicine IRB (H-30733 and H-45208)
and were conducted following the Declaration of
Helsinki and Istanbul. Data was obtained with de-
identified human specimens, and the research was
granted a waiver of informed consent.

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software (v7.0). Data are presented as the mean
+ SEM, and statistical significance was set at p < 0.05.
Students t test was used to compare the differences
between the 2 groups. For multiple group comparisons,
one-way ANOVA tests followed by the Dunnett post hoc
test were performed.

RESULTS

Changes in the transcriptome of Atp7b™"~
mice

Studies in our laboratory, as well as others, have found
dramatic alterations in the transcriptomic profiles of 6-

week and 3-month-old presymptomatic Atp7b™~
mice.[10121 We expanded these studies to include 6-
month-old Atp7b™~ mice with moderate hepatocellular
pathology (previously described!'?)) to assess changes
in gene signatures associated with increasing age and
hepatic pathology. Hepatic transcriptomic profiles and
DEGs in Atp7b™ and age-matched WT mice were
obtained by RNA-sequencing analysis (Figure 1A,
Supplemental Table S1A, http://links.lww.com/HC9/
B995). The most significantly upregulated DEGs were
largely associated with changes in cell cycle regulation,
cell growth and proliferation, and the response to metals
(Figure 1A). Conversely, genes involved in metabolism
were the most significantly downregulated DEGs,
including the tricarboxylic acid cycle gene Dpyd
(Figure 1A), which is a target of copper-mediated cell
death (cuproptosis).[30l

Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO), Hallmark Analysis, and
pathway relatedness further highlighted the distinct
enrichment patterns in pathways associated with
metabolism and cellular damage/tissue remodeling
(Figures 1B-D and Supplemental Figures S1A-D,
http://links.lww.com/HC9/B999). Metabolic pathways
comprised the largest number of DEGs, including both
cellular metabolism and xenobiotic detoxification mech-
anisms. Many of the significantly enriched pathways
overlapped with metabolic pathways (Figure 1C and
Supplemental Figure S1E, http://links.lww.com/HC9/
B999). Detoxification signatures (cytochrome P450s,
sulfotransferases, glutathione S transferases, and uracil
glycotransferases) represented in retinol metabolism,
chemical carcinogenesis-DNA adducts, steroid hor-
mone biosynthesis, and xenobiotics via cytochrome
P450 pathways were upregulated (Figure 1D and
Supplemental Table S1B, http://links.lww.com/HC9/
B995). Conversely, many DEGs were decreased within
pathways encompassing lipid, glucose, and bile acid
homeostasis (Fasn, Gck, Abcb11, Cyp8b1, Inmt, and
Kynu) (Figure 1D and Supplemental Table S1B, http://
links.lww.com/HC9/B995).  Atp7b™~ mice showed
increased collagen gene expression in the ECM-
receptor interaction, protein digestion, and absorption
pathways (Figure 1D and Supplemental Table S1B,
http://links.lww.com/HC9/B995).

As expected from the more advanced pathology in
these mice, changes in gene expression showed
enrichment of the pathological network signatures. In
silico analysis revealed enrichment of oncogenic and
immune signatures, which agrees with recent studies
linking copper excess with cancer, reviewed in Lut-
senko et all®'! (Figures 1E, F; Supplemental Figures
S1F, G, http://links.lww.com/HC9/B999; Supplemental
Table S1C, http://links.lww.com/HC9/B995). Addition-
ally, the DEG patterns in Ato7b™~ mice were consistent
with exposure to chemicals and drugs known to mediate
oxidative stress and detoxification pathways (Figure 1G;
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FIGURE 1 Transcriptomic profiles of Atp7b™~ mice. RNA-sequencing analysis of livers from 6-month-old male wild-type and Atp7b™~ mice.
(A) Heat map of significantly changed (FDR <0.05, FC < 1.5) genes. (B) Pathway analysis was determined using differentially expressed (DE)
genes in Atp7b™~ versus WT mice. (C) Dendrogram depicting the relatedness of significantly enriched pathways. The node color corresponds to
the significance of the p value for each pathway. Magenta circles represent the most significant results, and cyan represent lower significance.
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Pathways are noted: MP, TM, PPAR, BS, PDA, ECM, RM, SHB, CC, and XM. (D) Chord diagram showing the overlap and uniqueness of the top
20 changed genes of significantly changed pathways. (E-G) Network analysis of hub genes (isolated nodes not shown) from the most significantly
enriched data sets of oncogenic, immune, and chemicals present. Analyses for B-G and E—G were performed with Advaita iPathways software.
Abbreviations: BS, bile secretion; CC, chemical carcinogenesis; ECM, extracellular matrix-receptor interaction; FC, fold change; FDR, false
discovery rate; MP, molecular pathway; PDA, protein digestion and absorption; PPAR, PPAR signaling pathway; RM, retinal metabolism; SHB,
steroid hydroxylase biosynthesis; TM, tryptophan metabolism; WT, wild type; XM, xenobiotic metabolism.

Supplemental Figure SG, http://links.lww.com/HC9/
B999; Supplemental Table S1C, http://links.lww.com/
HC9/B995). Several of these identified chemicals and
drugs are well-known ligands for hepatic nuclear
receptors, such as CAR and PXR [diethylnitrosamine
(DEN), phenobarbital], PPARa (fatty acids, pirinixic
acid), lithocholic acid (PXR, FXR), and pregnenolone
carbonitrile (PXR), supporting a model of copper-
mediated dysregulation of nuclear receptor signaling.
Overlap of publicly available single-cell RNA-sequenc-
ing analysis with DEGs of Afp7b™~ mice identified many
non-liver “fetal” and “fibroblast” cell types, which suggests

a reprogramming or dedifferentiation of liver cells in
Atp7b™~ mice with moderate pathology (Figure 2A). In
agreement with the derangement of liver cell types in
Atp7b™~ mice, gene markers for stellate, bile duct, and
Kupfer cell populations were increased, whereas gene
markers for hepatoblasts and hepatocytes were mostly
decreased (Figures 2A—F). These changes in enrichment
patterns in Atp7b™~ mouse livers (Figure 2F) are similar to
a ductular reaction gene signature in patients with
alcohol-associated liver disease,®2 which is consistent
with altered bile acid homeostasis and increased liver
damage in Atp7b™" livers.

(A) (B) Liver Epcam Bile Duct Cells (C) Liver stellate cells
tane? s @ o
o @) s
B P oma |2@
o s i WSl |
Sy Sdcs £ pdamszais e,
H Thbst © /g Lgalst
& - @ e it
Y & iibps b2 O e g f@
sty Golmy @&@
bile duct **:'e n ey 2 [om2
cells T . o @m
hepatoblasts e & e
(D) Liver Hepatocytes (E) Liver Hepatoblasts (F) " ‘f\a"’
o nf4a
R (Baat A E 3 = Hnfla 2
n 51 R I § Orm1
Apoa2 B o vePI I Gsta4
BEE R’ X @: R :;c@z I (;ehp:
=i @, : : o [ oo 1
> L R S0
(Fa) < Aoy A2 Ny - e
W \e RE B S% sk X B = Cftr
el @l = Prom1 0
8 st1a
o & Krt19
G < o Krt7
@ ® ®@ @ @ 28| s
B o3 Sox9 A
= LE
,,,,,,,,,,,,,,,,,, ® o B o
g | ctnnd2
g L Ncam1
[ B S
WT  Atp7b™”
changes in cell-type—specific markers in Atp7b™~ mice. Network analysis o -sequencing data. endrogram
FIGURE 2 DEGch i I-t ifi ki in Atp7b™~ mi Network lysis of RNA ing data. (A) Dend

depicting the most prevalent cell types identified from RNA-sequencing transcriptome data of Atp7b™" versus WT mice. Magenta circles represent
the most significant results, and cyan represent lower significance. Yellow nodes represent liver cell types. (B—E) Network analysis showing

interacting subnetworks (isolated nodes not shown) of data cell types representing enriched bile duct cells (B), stellate cells (C), hepatocytes (D),
and hepatoblasts (E). (F) Heat map of significantly changed (p < 0.05) genes associated with progenitor, BEC, mature BEC, and hepatic cells in
WT and Atp7b™~ mice. A-E were generated with Advaita iPathways software. Abbreviations: BEC, biliary epithelial cell; DEG, differential gene
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FIGURE 3

FXR occupancy and gene regulation are variable in parenchymal and non-parenchymal cells in Afp7b™~ mice. ChlP-seq was

performed with FXR polyclonal antibody using chromatin from 6-month-old male WT and Atp7b™~ mice (n=3 mice/group). (A) Total number of
FXR-enriched peaks in WT and Atp7b~~ mice. (B, C) Differential FXR enrichment within Atp7b™" cistrome was determined from the number of
significantly changed peaks [Atp7b™" vs. WT, fold change (FC) >20%, adj. p value < 0.05]. (D, E) Representative FXR-ChlIP-sequencing data
generated with Integrative Genomics Viewer (IGV). FXR binding in WT (maroon) and Atp7b™~ (turquoise) overlap. Afp7b™~ mice with significant
changes in FXR binding within enhancer elements are shown beneath peak tracings: decreased (red bars) and increased (blue bars). (F—I)

Pathways represented in genes with increased and decreased FXR enrichment and significant changes in corresponding DEGs. (F-I) Generated
with webgestalt.org. Abbreviations: DEGs, differentially expressed genes; FXR, farnesoid X receptor; KEGG, Kyoto Encyclopedia of Genes and

Genomes; WT, wild type.

Differential patterns of FXR enrichment in
Atp7b™" mice

Previous studies showed decreased activity of several
hepatic metabolic nuclear receptors, including FXR, in
Atp7b~~ mice and patients with WD.[6:10.33] Building on
these studies, we performed ChlP-seq experiments to
determine the FXR cistrome in Atp7b™~ mice. PCA
variable features showed differential segregation of
peaks between WT and Atp7b™" mice (Supplemental
Figure S2A, http://links.lww.com/HC9/B999), and the
total number of global hepatic FXR-binding events was
reduced by 22% in Atp7b”~ versus WT mice
(p=0.0123) (Figure 3A). These findings confirm that
FXR binding was decreased, but not abolished, in
Atp7b™~ mice, consistent with prior studies./®! Next, we
determined the fold-change enrichment of FXR-bound
peaks in Atp7b™~ versus WT mice (FC >20%, adj.
p <0.05). Despite the decrease in FXR binding overall,
the subset of peaks with significantly increased FXR
occupancy (6793 peaks) was larger than the subset of
peaks with decreased FXR enrichment (3605 peaks)
(Supplemental Table S2, http://links.lww.com/HC9/C2),
while the number of annotated genes with changes in
FXR enrichment was similar (3972 genes with
increased and 3292 with decreased FXR binding).
Analysis of the genomic regions with either significantly
increased or decreased FXR binding in Atp7b™" mice
revealed that increased FXR binding in Atp7b™~ mice
was most prevalent in distal intergenic regions, whereas
FXR occupancy in the proximal promoter regions
(<1 kb from transcription start site) was significantly
lower in Atp7b™~ mice than WT mice (Figures 3B, C).
FXR occupancy within enhancer elements was also
altered in Atp7b™~ versus WT mice (Figures 3D, E and

TABLE 1
FXR binding Hepatocytes (n = 169) Bile ducts (n=166)
UpP 13.0% 32.5%
DOWN 23.1% 11.4%
UP and DOWN 3.5% 4.2%

Supplemental Figure S2C, http://links.lww.com/HC9/
B999). To determine if these changes were associated
with DEGs, peaks with significant changes in FXR
enrichment and gene expression in Atp7b™" versus WT
mice were also examined for enhancer elements. The
overlap of DEGs with increased expression and FXR
occupancy in enhancer elements did not produce
significant pathway enrichment (Supplemental Table
S3, http://links.lww.com/HC9/B996). However, NAFLD,
mTOR signaling, insulin signaling, AMP signaling, and
insulin resistance were associated with downregulated
gene expression and decreased FXR enhancer occu-
pancy (Supplemental Figure S2C, http://links.lww.com/
HC9/B999 and Supplemental Table S3, http://links.lww.
com/HC9/B996). The mechanism for the differential
FXR recruitment is unclear; however, decreased FXR
occupancy within promoter and enhancer elements
supports a model of impaired FXR activity resulting in
decreased target gene expression in Atp7b™"~ mice.

Further analysis of transcriptomic and cistromic data
demonstrated that FXR occupancy status correlated
with the transcriptome pathway analysis in Atp7b™~
mice. Pathway analysis of peaks with both decreased
FXR binding and decreased DEG expression was
dominated by hepatocyte-associated generic metabolic
pathways as well as hepatocyte signaling (AMPK and
PPAR) and disease (alcoholic liver disease and insulin
resistance) processes (Figures 3F, G and Supplemental
Table 3, http:/links.lww.com/HC9/B996). In contrast,
increased FXR binding and increased DEG expression
were mapped to pathways outside of hepatocytes,
including generic cancer, focal adhesion, and non-
hepatocyte disease processes (Figures 3H, I, and
Supplemental Table S3, http://links.lww.com/HC9/
B996).

FXR binding status in gene markers of significantly altered cell types in Atp7b™~ mouse livers

MVECS (n=135) HSC (n=110) Kupffer cells (n =22)
36.0% 34.5% 22.7%
14.1% 10.0% 0%
7.4% 4.5% 4.5%

Note: The percentage of FXR binding in representative genes of hepatocytes, bile ducts, microvascular endothelial cells (MVECS), hepatic stellate cells (HSC), and
Kupffer cells (KC) is represented. Unique gene markers were identified with the iPathways Advaita software. Genes with overlapping expression among different cell
types were excluded from analysis. The total number of changed marker genes is indicated below the cell type. The percentage of representative FXR binding was
calculated (# gene markers with changed FXR binding/total # gene markers represented).

Abbreviations: FXR, farnesoid X receptor; MVECS, multivesicular endothelial cells.
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FIGURE 4 Alterations in bile acid metabolism in Ato7b~~ mice. (A) Heat map of significantly changed hepatic genes in the KEGG bile
secretion pathway in 6-month-old Atp7b™~ versus WT mice (n=4/group). Genes with differential FXR enrichment (*(lime green) increased, *(teal)
decreased) are marked. (B) lleal mMRNA gene expression from 6-month-old WT and Atp7b™~ mice (n=4-6/group). (C) Serum and (D) liver of
6-8-month-old WT and Atp7b™" mice, n =4-8 mice/group. Statistically significant differences were determined with the Student t test, indicated by
p values <0.05. Abbreviations: BA, bile acids; FXR, farnesoid X receptor; KEGG, Kyoto Encyclopedia of Genes and Genomes; WT, wild type.

These pathway analyses suggested cell-specific
changes in FXR activity in Atp7b™~ mice consistent
with the differential gene expression effects in paren-
chymal versus non-parenchymal cells described above
(Figure 2). We therefore overlapped changes in cell-
type—specific marker genes with FXR ChlIP-seq data to
assess differential patterns of FXR enrichment in
parenchymal and non-parenchymal cells. In hepato-
cyte-specific DEGs, many more FXR binding sites
showed decreased (23.1%) than increased (13.0%)
occupancy (Table 1). Conversely, DEGs associated
with  bile ducts, multivesicular endothelial cells
(MVECS), hepatic stellate cells (HSC), and Kupffer
cells showed more increased (~30% enrichment) than
decreased (~10%—15%) FXR binding (Table 1).

Altered bile acid homeostasis in Atp7b™~
mice and WD patients

Bile acid metabolism is tightly coordinated by hepatic and
enterohepatic FXR activity. In agreement with this, FXR-
binding status strongly correlated with alterations in
expression of genes encoding hepatic transporters,
sulfotransferases, bile acid synthetic enzymes, and
UGTs, suggesting copper-mediated changes in bile flow
and bile acid homeostasis (Figure 4A). Expression of the
bile acid—FXR-regulated target gene Fgf15 decreased in
the small intestine of Atp7b™~ mice, suggesting impair-
ment of bile flow (Figure 4B). Given the alterations in FXR
activity and expression of bile acid metabolism genes, we
measured serum and hepatic bile acids in WT and
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Atp7b™~ mice. Tauro-cholic acid (T-CA) and tauro-o/
B-muricholic acid (T-MCA) bile acid concentrations were
changed in Atp7b™~ mice: T-CA (serum, liver), T-MCA
(serum), and tauro-chenodeoxycholic acid (T-CDCA)
showed an upward trend, which was not statistically
significant for their concentrations in either serum
(p=0.056) or liver (p=0.159) (Figures 4C, D). Changes
in hepatic (but not serum) bile acid composition were
exacerbated in Atp7b:FXR double knockout (DKOA®P7>:
FXR) mice, indicating that Atp7b™~ mice retained partial
FXR activity (Supplemental Figures S3A, B, http://links.
Iww.com/HC9/B999); however, neither bile salt exporter
pump (Bsep) nor SHP mRNA expression was signifi-
cantly decreased in DKOA®70:FXR mice relative to either
Atp7b™" or FXR™~ mice (Supplemental Figures S3C, D,
http://links.lww.com/HC9/B999).

We obtained serum samples from adult male
subjects (age range 25-65 yr old) without known liver
or metabolic disease (healthy controls) and WD patients
characterized as ‘“liver,” “neurological,” or “mixed”
disease (hepatic and neurological), as well as two
newly diagnosed/early in treatment female WD patients
with the “liver” phenotype. Due to the small size of the
female cohort, we did not include these patients in the
statistical analysis. Interestingly, the BMI of the healthy
controls was slightly higher than that of WD patients
(Table 2). Several WD patients with liver and mixed
phenotypes had liver cirrhosis (7 out of 11, hepatic; 1
out of 3, mixed; Table 2). All male patients with WD in
our study were on medical treatment (treatment-
positive) (Supplemental Table S4, http://links.lww.com/
HC9/B997). ALT, total bilirubin (TBILC), and direct
bilirubin (DBILC) were significantly increased in WD:
liver patients with cirrhosis (WD: liver + Cir) (Table 3).
Total cholesterol and LDL serum concentrations were
slightly decreased in the WD: liver + Cir group versus
control patients (total cholesterol, p=0.215; LDL,
p=0.061), similar to previous reports in WD patients
with different serum lipid levels among the different WD

phenotypes.[** Non-cirrhotic WD: liver phenotype (WD:
liver —Cir.) patients had increased TBILC but no other
statistically significant changes in clinical chemistry.
Aside from decreased serum triglyceride concentrations
in the WD: mixed patients, the WD: mixed and WD:
neuro patients did not have significant changes in
markers of liver dysfunction or metabolism (Table 3).
These findings are also congruent with those in Atp7b™
~ mice and LEC rats, both of which develop liver but not
neurological disease.l*¥ The small sample size of the
female WD cohort prevented statistical analysis; how-
ever, their serum chemistries showed increased trends
in markers of liver dysfunction (AST, ALT, and GGT,;
Table 3). Female patients with WD presented with liver
symptoms and were in the early phases of treatment,
and their testing and symptoms would be expected to
normalize with longer WD-targeted therapies. The small
sample size in this study may have obscured significant
changes in the WD phenotypes. Future studies will
require increased sample sizes for all groups, especially
in female control and WD populations.

Total bile acid levels in the serum of WD patients were
not significantly increased when compared to healthy
controls (Supplemental Figures S4A-D, http://links.lww.
com/HC9/B999). Despite an upward trend in both total
and conjugated bile acids in WD: liver + Cir. compared to
healthy patients, these changes were not statistically
significant (Supplemental Figures S4B, C, http://links.
Iww.com/HC9/B999). Comparison of bile acid profiles in
WD patients with “liver,” “neurological,” or “mixed”
disease versus healthy controls (Figures 5A-G) revealed
increased T-CA and glyco-CA (GCA) in WD: liver +Cir.
versus healthy controls (Figures 5B, E). T-CDCA and
G-CDCA were not statistically different in WD: liver +Cir.
relative to healthy controls (T-CDCA, p=0.1366 and
G-CDCA, p=0.1203), but demonstrated an increasing
trend similar to that of T-CA and G-CA species. The
female cohort lacked sufficient sampling numbers for
statistical analysis; however, the serum bile acid

TABLE 2 General characteristics of control and Wilson disease patients
Disease Cirrhosis (+)
Control 0
WD: Liver (all) 7
WD: Liver (—-Cirrhosis) —
WD: Liver (+Cirrhosis) 7
WD: Neuro. 0
WD: Mixed 2
0

Female WD: Liver

Cirrhosis (-) Age BMI

17 53+1.94 29.9+1.69
4 51.4+3.53 27.0+1.08

48.5+5.01 25.1+0.68
— 53.9+5.12 28.7+1.73
3 55.2+2.98 27.7+0.84

42.7+10.14 27.9+2.42
2 34+4.34 24.64 +1.02

Abbreviations: BMI, body mass index; WD, Wilson disease
The Mean +/- the SEM are shown for each group.

Note: Patients were grouped according to phenotype of WD presentation. Liver—patients presenting with only liver symptoms, which is broken down further into liver —
cirrhosis and liver +cirrhosis; neurological (neuro.)—patients with only neurological symptoms; mixed—both liver and neurological symptoms. The 2 female patients in

the study presented with liver symptoms.
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TABLE 3 Clinical chemistry panels of control and Wilson disease patients
WD: liver—Cir., WD: liver+Cir., WD: neuro, WD: liver
Con., n=17 n=4 n=7 n=3 WD: mixed, n=3 female, n=2
AST 21.7+1.0 33.1+9.9 255+24 33.0+7.3 23+2.5 42.9+11.9
ALT 23.8+1.7 54.8 +26.3 34.7+4.2°, 47.7+15.4 40.4+11.8 67.8+29.6
p=0.015
ALP 73+4.3 78.6+12.8 84.2+5.7 101+24.6 81.5+12.2 63.7+11.3
LDH 159+7.4 153 +2.7 147 +18.0 133+3.3 133+16.6 157 +4.7
GGT 33.9+8.9 246+3.8 32.70+4.4 50.6+18.4 27.2+4.9 46.8+16
DBR 0.11+0.008 0.14+0.02 0.21+0.043, 0.107 +£0.007 0.200 +0.056 0.15+0.05
p<0.0001
TBR 0.41+0.03 0.58+0.057°, 0.84+0.165°, 0.47 +0.039 0.80+0.35 0.5+0.10
p=0.009 p<0.0001
Chol 195.0+10.5 224.0+17.7 173.00+11.0 188 +23.1 173+18.4 209+24.5
HDL 48.1+3.2 50.6 +6.95 43.40+4.89 42.9+6.68 46.4+8.3 57.9+5.1
LDL 104.0+9.0 117.0+11.2 79.10+5.41 99.6+17.3 95.4+10.3 104 +25.9
TG 149.0+16.0 206.0+87.6 142.00+15.6 224+91.3 86.0+9.19%, p=0.005 143+21.1
Total 7.5+017 7.7+047 7.071+£0.39 7.88+0.22 6.77 +0.52 7.3+0.2
protein
Albumin 4.7 +0.097 4.8+0.149 4.96+0.16 476 +0.87 4.73+£0.12 4.75+0.15

Note: Clinical chemistry findings are presented by group.
2p < 0.05 as determined with the Student t test versus the control (con.) group.

Abbreviations: Cir., cirrhosis; con. control; Chol, cholesterol; DBR, direct bilirubin; LDH, lactate dehydrogenase; TBR: total bilirubin; TG: triglycerides; WD, Wilson disease.

concentrations were similar to those of the male control
samples (Figure 5G). As expected, glycine-conjugated
bile acids were the most abundant conjugated species in
both control (89.5%) and WD: Liver patients (77.4%);
however, taurine-conjugated bile acids were more
prevalent in WD: liver patients (10.5% in control and
25.4% in WD: liver patients), especially in WD: liver +Cir.
group (Figures 5H, I). In contrast, changes in amino acid
conjugation were not found in WD: neuro or WD: mixed
patients, suggesting that speciation differences are
specific to WD patients with liver dysfunction.

Fatty liver is a common clinical finding in patients with
WD; therefore, we compared serum bile acids in
patients with WD and MASLD. The MASLD cohort
included 3 of 12 patients with liver cirrhosis; therefore,
we analyzed whether differences were observed in the
non-cirrhotic versus cirrhotic MASLD patients. The
MASLD + cirrhosis group showed the most significant
changes relative to the healthy control group, including
slight increases in ALP, DBILC, and TBILC (Supple-
mental Table S5, http://links.lww.com/HC9/B998). Like
WD: Liver + Cir, cirrhotic MASLD patients had the most
significant changes in bile acid composition compared
to control patients (Supplemental Figures S5A—F, http://
links.lww.com/HC9/B999). The bile acid profiles of
cirrhotic WD and MASLD patients were similar between
the two groups (Supplemental Figure 5G, http://links.
lww.com/HC9/B999); however, there were no signifi-
cant differences between the percentages of taurine-
conjugated and glycine-conjugated species in the
MASLD and control groups.

DISCUSSION

Copper is a well-studied essential trace element that is
necessary for many biological processes, including
cellular metabolism, energy production, iron metabo-
lism, blood clotting, and signal transduction (reviewed in
Lutsenko et all*"l). Disruption of cellular copper
homeostasis occurs in WD, a rare genetic disorder that
most often affects the liver and brain. WD patients
present with either neurological, hepatic, or mixed
phenotypic presentation, which may preclude a timely
diagnosis of WD. Copper is well known to mediate
redox chemistry, and copper imbalance has been linked
to cancer (cuproptosis) and metabolic dysfunction.
Herein, we extend previous findings of nuclear receptor
dysregulation in the liver, with a specific focus on FXR
activity and congruent changes in bile acid physiology.

Previous studies demonstrated that presymptomatic
Atp7b™~ mice had increased gene expression for cell
cycle pathways and markers of cell proliferation, whereas
those for lipid metabolism pathways were decreased,®!
suggesting that copper-mediated oxidative stress was not
the only factor that initiated liver injury in WD. The
progressive nature of untreated WD was evidenced by
extensive changes in DEGs, particularly the divergent
patterns of enrichment associated with cellular damage
and metabolism. Accumulation of markers for bile duct
cells, ECM-related mechanisms, and CXCR4 expression,
along with decreased hepatocyte gene signatures,
suggested a hepatocyte dedifferentiation phenotype in
untreated Atp7b~~ mice over time and is supported by the
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FIGURE 5 Alterations in bile acid metabolism in Wilson disease patients. (A—F) Bile acids were quantified from the serum of non-fasted
healthy males (control) and WD treatment-positive males and females (G) aged 25-65 (Baylor College of Medicine and Wilson Disease Registry).
Control (n=17) and WD patients with liver symptoms (non-cirrhotic, L —Cir, n=4; cirrhotic, L +Cir, n=7), neurological (N, n=3), and both (liver
and neurological symptoms, n=3). (H, 1) % of conjugated bile acids (CBA) in control and WD (liver) male and female patients. Statistically
significant differences were determined using one-way ANOVA followed by the Dunnett multiple comparison test. Statistically significant p values
are indicated by p < 0.05. Abbreviations: GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GUDCA, glycoursodeoxycholic acid; TCA,

taurocholic acid; TCDCA, taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; WD, Wilson disease.

discordance of FXR-binding in parenchymal versus non-
parenchymal cells in Atp7b™~ mice. Previous studies have
reported shared transcriptomic signatures between WD
and HCC patients, as well as for cholangiocarcinoma
development in WD patients.[3¢-38] Atp7b~~ mice exhibited
gene signatures similar to those of alcohol-associated
hepatitis patients with ductular reaction® and patients
with HCC that had an “onco-fetal” reprogramming of
endothelial cells.*® Despite changes in hepatocellular
signaling, there is no consensus on whether WD patients
have an elevated risk for HCC.

Gene enrichment within members of the cytochrome
P450 (P450) family was identified in Atp7b™~ mice.
P450s are heme-containing monooxygenases critical
for many aspects of metabolism, including cellular
metabolism and the biotransformation of metabolites.
Although P450s are critical for the detoxification of the
liver, reactive oxygen species may be generated during
P450 catalysis of oxidative reactions.% Atp7b~~ mice
showed increased expression of P450s related to
xenobiotic metabolism (Cyp2b10 and Cyp2b13);

however,

P450s

involved

targeting of a specific nuclear receptor.

Patients with WD and animal models with copper-
induced liver injury have reduced nuclear receptor activity
and target gene expression. In vitro binding studies with
estrogen receptor alpha (ERa) and FXR point to the direct
copper-mediated disruption of nuclear receptor binding with
response elements on target gene promoters.2¢l The
overall number of FXR peaks was reduced in Ato7b™"
versus WT mice; however, we unexpectedly found a

in bile acid metabolism
(Cyp27a1 and Cyp8b1) and arachidonic acid metabo-
lism (Cyp2c family and Cyp4a10) were significantly
decreased. Hepatic P450 gene expression is regulated
by nuclear receptors (CAR, PXR, FXR, LXR, and
PPAR«),! and pathway and network analyses identi-
fied CAR, PXR, and PPARa regulatory signatures in
Atp7b™”~ mice. These nuclear receptors, along with
FXR, share regulatory elements across the cistrome,
which may explain, at least partly, the redundancy of
pathway enrichment in Atp7b™~ mice. This redundancy
also complicates the identification of and therapeutic
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substantial subset of peaks with a statistically significant
increase in FXR occupancy. Increased FXR binding is
expected due to the increased levels of hepatic bile acids
and was observed in some positive FXR hepatocyte targets
(Figure 4A), but it is unclear why these genes were
apparently able to overcome the general decrease in FXR
activity. Interestingly, changes in FXR-occupancy varied by
cell type: FXR-binding was primarily reduced in hepatocyte-
specific DEGs, whereas FXR-occupancy was generally
increased in DEGs associated with non-parenchymal cells
of Ato7b™" mice. Although previous results suggest that
copper levels in younger/presymptomatic Atfp7b™" mice are
increased in both parenchymal and non-parenchymal
cells,*? it remains possible that the increase in copper
levels could be higher in Atp7b™~ hepatocytes than in non-
hepatocytes and further studies will clarify copper-mediated
effects in parenchymal and non-parenchymal cells.

FXR enrichment primarily occurred in gene bodies,
whereas peaks with a significant reduction in FXR binding
were located within the promoter regions. Further investi-
gation of genes with a significant increase in FXR enrich-
ment primarily mapped to proliferative pathways, whereas
genes with decreased FXR binding mapped to metabolic
pathways. We postulate that changes in chromatin
structure or accessibility are altered by excess copper
and affect FXR access to FXR response elements on the
promoters of target genes.

Decreased FXR-occupancy mapped to enhancer ele-
ments of genes associated with metabolic processes, and
FXR-mediated regulation of the gene expression of
enhancer elements has been previously described.[344
Gene expression of Foxa2, a recently described pioneer
factor that promotes ligand-dependent activation of FXR,
was decreased in Atp7b™" versus WT mice (Supplemental
Table 1A, http://links.lww.com/HC9/B995). The decrease in
Foxa2 gene expression may reinforce the negative impact
of zinc displacement by copper on FXR binding within
promoters and enhancers, despite an increase in serum
bile acids in Atp7b™" mice. In addition, epigenomic studies
in WD patients identified regions of hypermethylation in
liver-specific enhancer regions that were adjacent to RXR-
binding motifs 45!

The dysregulation of FXR recruitment to metabolic target
genes, particularly genes required for maintenance of bile
acid metabolism, supports previous findings of altered bile
acid synthesis and metabolism in Ato7b”~ mice.!! Our
current study using older Atp7b™~ mice demonstrated
changes in bile acid speciation in serum and hepatic bile
acids compared to age-matched WT mice. Both hydrophilic
(T-MCA) and hydrophobic (T-CA) levels were increased in
the serum; however, only tricarboxylic acid levels were
significantly increased in the liver. Given the retention of
FXR binding in the cistrome, we investigated whether
complete loss of FXR expression exacerbated changes in
the bile acid pool of Atp7b™~ mice. Despite no significant
differences between Bsep and SHP mRNA in Atp7b™"
versus DKOAR76: FXR - glterations in hepatic bile acid

composition were exacerbated in DKOA®7>FXR indicating
that Atp7b™~ mice retained partial FXR activity. It is likely
that copper dysregulation in enterocytes impacts bile acid
metabolism because the liver—gut axis plays an integral role
in bile acid homeostasis. Indeed, Fgf15 mRNA expression
was decreased in the small intestine of Atp7b™" mice,
indicating a cholestatic-like phenotype in Atp7b™~ mice.
Other studies have shown alterations in the gut microbiome
and intestinal lipid absorption in Atp7b™”~ mouse
models.“647 Taken together, it is likely that the liver—gut
axis regulation of bile acid homeostasis is disrupted in
Atp7b™" mice.

Clinical diagnosis and identification of novel thera-
peutic targets for WD treatment are complicated by the
heterogeneous presentation of the disease. Efforts to
identify unique metabolic signatures in WD clinical
subtypes suggest unique metabolic profiles among the
different clinical presentations.”! Previous studies dem-
onstrated increases in GCA and GUDCA in WD patients
with neurological and hepatic symptoms relative to
healthy control subjects.*8! In the present study,
changes in bile acid composition were most associated
with liver cirrhosis in both WD and MASLD patients,
which agrees with a generally worse liver prognosis.
WD patients with hepatic symptoms had an increase in
the percentage of taurine-conjugated bile acids relative
to healthy control patients, which contrasted with our
MASLD cohort. Other liver disorders, such as alcoholic
liver cirrhosis and hepatitis C, also exhibited increased
levels of serum taurine-conjugated bile acids.[95% |n
hepatitis C patients, an increase in taurine-conjugated
bile acids was linked to increases in the G-protein-
coupled bile acid receptor S1PR2 and inflammation. %0l
Fatty liver is often associated with WD, but the unique
amino acid conjugation findings in WD:Liver group
suggest that changes in bile acid conjugation have
specific copper-driven changes in bile acid metabolism.
It is plausible that increased glutathione synthesis
decreases the available glycine pool in WD patients.

Substantial transcriptomic data in WD animal models
identify early changes in genes that regulate bile acid
synthesis, hepatic uptake, and biliary secretion prior to
significant hepatocellular changes. Identification of a link
between bile acid dysregulation and metabolic homeosta-
sis and metabolic composition in WD patients is less
straightforward, not only because of the array of symptoms
but also because of comorbidities (such as diabetes and
cancer) and lifestyle influences (diet, activity/exercise, etc.).
It is unclear whether observed gene signatures at later
disease stages are primarily the result of copper-mediated
hepatic redox stress and nuclear receptor dysregulation or
whether secondary changes in metabolic intermediates
contribute to the pathology observed in WD.

Our studies provide new data that demonstrate
changes in bile acid metabolism in Atp7b™~ mice and
WD patients, as well as unexpected complexity in FXR-
binding in the hepatic cistrome of Atp7b™~ mice. Recent
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studies in our lab, as well as others, have identified
changes in serum metabolites that are unique to Atp7b™~
micel'® and WD patients.”! The relationship between
these observed metabolic changes and changes in
copper-mediated pathology is not well understood,
although hydrophobic bile acids (cholic acids) are known
to have hepatocellular toxic effects. Future studies will
aid in the identification of therapeutics that may
selectively modify hepatocellular metabolism to alleviate
copper-mediated liver toxicity in WD.
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