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Introduction  
 
Hepatolenticular degeneration (HLD) is an inher-
ited and autosomal recessive disorder caused by 
the inherited mutations in the adenosine triphos-
phatase copper (Cu) transporting β gene 

(ATP7B) (1). ATP7B mutation impairs hepatic 
Cu transport and metabolism, leads to aberrant 
Cu accumulation and tissue damage of the liver, 
brain, cornea, and kidney (2-4). Hepatic dysfunc-
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tion was the most common initial symptom in 
HLD patients (2, 5). The presymptomatic diag-
nosis of HLD is difficult due to the lack of diag-
nostic criteria and untreated symptomatic pa-
tients progress rapidly to death. The early diagno-
sis and the prevention of HLD progression are 
still urgent medical problems to be solved. 
ATP7B is a Cu chaperone that mainly expresses 
in the hepatocytes (6). ATP7B mutations lead to 
Cu metabolic disorder by blocking the loading of 
Cu into the serum, the synthesis of the Cu–
protein ceruloplasmin, and the transport of su-
perfluous Cu into the bile. Accordingly, ATP7B 
mutation leads to Cu accumulation and toxicity in 
the target organs (5, 7). Hepatocytes from HLD 
patients and ATP7B-/- mice had increased au-
tophagosomes (6). Besides, the knockout (KO) 
of ATP7B in HepG2 cells exposed to Cu signifi-
cantly increased a cluster of autophagy-related 
genes (6). However, the exact molecular mecha-
nisms induced by ATP7B mutation and Cu tox-
icity-induced organ damage are not clear. 
We aimed to investigate the molecular mecha-
nisms of HLD using a cellular model induced by 
ATP7B KO and Cu toxicity. The microarray da-
taset GSE107323, deposited by Polishchuk et al. 
(6) was downloaded. The differentially expressed 
lncRNAs (DElncRNAs) and differentially ex-
pressed genes (DEGs) induced by ATP7B KO 
and Cu toxicity would be identified to illustrate 
the lncRNA-mRNA regulatory mechanism that 
may be involved in HLD pathogenesis. 
 

Materials and Methods  
 
Microarray dataset 
The microarray dataset GSE107323 (GPL18573, 
Illumina NextSeq 500, Homo sapiens) (6) was 
downloaded from the Gene Expression Omni-
bus (https://www.ncbi.nlm.nih.gov/) on May 20, 
2020. GSE107323 contained 12 samples and the 
nine samples from untreated WT (n = 3), un-
treated ATP7B KO (n = 3), and Cu-treated 
ATP7B KO cells (n = 3) were downloaded and 
used for the bioinformatics analysis of this study. 
 

Data processing  
The data files (.txt format) were downloaded and 
preprocessed using the R3.4.1 Core 
(https://www.bioconductor.org/packages/devel
/bioc/html/preprocessCore.html; version 1.44). 
Data were normalized using the quantiles meth-
ods. Then, the annotation of lncRNAs and pro-
tein-coding genes was performed in the HUGO 
Gene Nomenclature Committee (HGNC) data-
base (http://www.genenames.org/).  
 
Identification of DElncRNAs and DEGs 
The DElncRNAs and DEGs induced by ATP7B 
KO with and without Cu treatment were identi-
fied using the edgeR package 
(http://www.bioconductor.org/packages/release
/bioc/html/edgeR.html; version 3.28.1) (8). 
DElncRNAs and DEGs between the WT and 
ATP7B KO cells with and without Cu treatment 
were identified according to the criteria of false 
discovery rate < 0.05, p < 0.05, and |log2(fold 
change)| > 1. The overlapping items induced by 
ATP7B KO with and without Cu were identified 
using the Venny diagram (version 2.1; 
https://bioinfogp.cnb.csic.es/tools/venny/index
.html). Bilateral hierarchical clustering heatmap 
expression profiles of the overlapping items in 
samples were presented using the R pheatmap 
package (https://cran.r-
project.org/package=pheatmap; version 1.0.8). 
 
Functional enrichment analysis 
The Database for Annotation, Visualization and 
Integrated Discovery (DAVID; 
https://david.ncifcrf.gov/; version 6.8) provides 
a comprehensive set of functional annotation 
tools for investigators to understand biological 
meaning behind a large list of genes. The Gene 
Ontology categories and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways signifi-
cantly associated with DEGs were analyzed using 
the functional enrichment analysis in the DAVID 
database, with the criteria of P < 0.05 and gene 
count ≥ 2. 
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Mfuzz clustering analysis 
The expression patterns of DElncRNAs and 
DEGs in HepG2 cell samples were clustered us-
ing the Mfuzz package 
(http://www.bioconductor.org/packages/release
/bioc/html/Mfuzz.html; version 2.42.0) (9). 
Genes and lncRNAs that had similar expression 
profiles upon ATP7B KO with and without Cu 
toxicity were clustered together. The biological 
processes and KEGG pathways significantly as-
sociated with the DEGs in the same clusters were 
identified in DAVID when p < 0.05 and gene 
count ≥ 2. 
 
Construction of the lncRNA-mRNA coex-
pression network 
The coexpression relationships between the 
DEGs and lncRNAs in the same cluster were 
analyzed using the R cor.test 
(https://stat.ethz.ch/R-manual/R-
devel/library/stats/html/cor.test.html; version 
R3.4.1). The Pearson correlation coefficients (r) 
between lncRNAs and genes were analyzed and 
coexpression pairs with r > 0.9 (positive correla-
tion with high confidence) were retained and 
used to construct the lncRNA-mRNA coexpres-
sion network using the Cytoscape software 
(http://www.cytoscape.org/; version 3.8.0). 
Moreover, the biological processes and KEGG 
pathways associated with DEGs in the lncRNA-
mRNA network were identified in DAVID with 
P < 0.05 and gene count ≥ 2. 
 
Construction of the lncRNA-gene-pathway 
network 
Pathways that might be related to HLD were 
identified from the Comparative Toxicogenomics 
Database (CTD, 2020 update; 
http://ctd.mdibl.org/) database using the key-
words of “Hepatolenticular Degeneration” or 

“Wilson disease”. The common pathways be-
tween HLD-related KEGG pathways in CTD 
and DAVID were retained and used for the con-
struction of the lncRNA-gene-pathway network. 
 

Results 
 
Identification of DElncRNAs and DEGs 
After matching against the HGNC database, 
3455 lncRNAs and 12864 genes were annotated 
in the original data files of the dataset 
GSE107323. A total of 1478 (including 1385 
DEGs and 93 DElncRNAs) and 2720 (including 
2522 DEGs and 198 DElncRNAs) items were 
identified from the ATP7B KO HepG2 cells 
treated with and without Cu, respectively, as 
compared with the WT cells (Fig. 1A and B). The 
distinct expression patterns of the 
DEGs/DElncRNAs in HepG2 cells were shown 
by the hierarchical clustering heatmap (Fig. 1C 
and D). 
 
Overlapping genes and functional enrich-
ment analysis 
The Venn diagram showed that there were 738 
common DEGs and DElncRNAs between the 
two treatments, including 51 DElncRNAs and 
687 DEGs (Fig. 2A and Table S1). Functional 
enrichment analysis showed that the common 
DEGs were associated with 22 biological pro-
cesses, including “GO:0042592: homeostatic 
process” and “GO:0055082: cellular chemical 
homeostasis”, and 12 KEGG pathways, includ-
ing “hsa03320: PPAR signaling pathway”, 
“hsa04630: Jak-STAT signaling pathway”, and 
“hsa04920: Adipocytokine signaling pathway” 
(Table S2). 
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Fig. 1: The differentially expressed lncRNAs and genes in HepG2 cells in response to ATP7B knockout (KO) and 
copper accumulation. A and B, the Volcano plots of the differentially expressed lncRNAs and genes in HepG2 cells upon 
ATP7B KO and ATP7B KO + Cu, respectively, compared with wild-type (WT) cells. FC, fold change. FDR, false discovery 

rate. Red for upregulation and green for downregulation. C and D, the hierarchical clustering heatmaps of the differentially ex-
pressed lncRNAs and genes in samples, respectively. Red and green colors note high and low expression, respectively 

 

 
Fig. 2: Mfuzz clustering analysis of the differentially expressed genes and lncRNAs. A, the Venn diagram showing the 

number of differentially expressed lncRNAs and genes in HepG2 cells upon ATP7B knockout (KO) with and without Cu toxici-
ty. B, four Mfuzz clusters of genes with different expression patterns on ATP7B KO and Cu toxicity. WT, wild-type 
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Fig. 3: Results of functional enrichment analysis for the differentially expressed genes in clusters 1 and 4. A 

and B, bubble diagrams showing the significantly enriched biological processes and pathways associated with the 
genes in clusters 1 and 4, respectively 

 
Clustering of the genes/lncRNAs 
Mfuzz clustering analysis showed that the 738 
common DEGs/DElncRNAs were clustered 
into four gene clusters (Fig. 2B). 
Genes/lncRNAs in clusters 1 and 2 were general-
ly upregulated upon ATP7B KO, and 
genes/lncRNAs in clusters 3 and 4 were down-
regulated, respectively. Besides, the combined 
treatment with Cu toxicity consistently elevated 
the expression levels of genes/lncRNAs in Clus-
ter 1, and decreased the expression levels of 
genes/lncRNAs in Cluster 4. 
 

Functional categories associated with genes 
in Clusters 1 and 4 
Functional enrichment analysis showed that the 
Cluster 1 DEGs were associated with 16 biologi-
cal processes (Fig. 3A), including “GO:0051247: 
positive regulation of protein metabolic process” 
and “GO:0006260: DNA replication”, and nine 
KEGG pathways, including “hsa04115: p53 sig-
naling pathway”. The Cluster 4 DEGs were en-
riched with 24 biological processes (Fig. 3B), in-
cluding “GO:0010033: response to organic sub-
stance” and “GO:0043933: macromolecular 
complex subunit organization”, and six pathways, 
including “hsa03320: PPAR signaling pathway”, 
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“hsa04630: Jak-STAT signaling pathway”, and 
“hsa04920: Adipocytokine signaling pathway”. 
 
The lncRNA-mRNA coexpression networks 
of clusters 1 and 4 
Correlation analysis identified 1070 lncRNA-
mRNA coexpression pairs with r > 0.9 (Table 
S3). The lncRNA-mRNA regulatory networks of 
clusters 1 and 4 are shown in Fig. 4, inclusive of 
23 DElncRNAs and 280 DEGs. Eighteen and 
five lncRNAs were included in the networks of 
clusters 1 and 4, respectively (Fig. 4A and B). 
LncRNAs including prostate cancer-associated 
lncRNA transcript 6 (PCAT6, cluster 4), DDN 
and PRKAG1 antisense RNA 1 (DDN-AS1, 

cluster 4), transducer of ERBB2, 1 antisense 
RNA 1 (TOB1-AS1, cluster 4), and afadin diver-
gent transcript (AFDN-DT, cluster 4) interacted 
with 119, 116, 113, and 100 DEGs in the net-
works, respectively. 
DEGs in the lncRNA-mRNA coexpression net-
works were associated with 19 biological process-
es, including “GO:0042592: homeostatic pro-
cess” and “GO:0043933: macromolecular com-
plex subunit organization”, and six KEGG path-
ways, including “hsa03320: PPAR signaling 
pathway”, “hsa04920: Adipocytokine signaling 
pathway”, and “hsa04630: Jak-STAT signaling 
pathway” (Fig. 5 and Table 1). 

 

 
 

Fig. 4: The lncRNA-mRNA regulatory networks of the genes/lncRNAs in clusters 1 and 4, respectively. A and B, the 
lncRNA-mRNA regulatory network involving the differentially expressed genes/lncRNAs in cluster 1 and cluster 4, respectively. 
All the lncRNA-mRNA interaction pairs have high Pearson correlation coefficients (>0.9). LncRNAs are indicated by squares, 

and genes in clusters 1 and 4 are noted by diamonds (upregulation) and cycles (downregulation), respectively 
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Table 1: The pathways associated with the differentially expressed genes in the lncRNA-mRNA regulatory networks 

 

Pathways Num-
ber 

P-value Genes (clusters) 

hsa03320:PPAR signaling 
pathway 

6 3.900E-
03 

SCD (4), APOC3 (4), FABP1 (4), 
SLC27A5 (4), PCK1 (4), ANGPTL4 (4) 

hsa04910:Insulin signaling 
pathway 

7 1.685E-
02 

G6PC (4), SOCS1 (4), MAPK3 (4), 
PTPN1 (1), PPARGC1A (4), IRS1 (4), 

PCK1 (4) 
hsa03050:Proteasome 4 3.474E-

02 
PSMC5 (1), PSMC3 (1), PSMC2 (1), 

PSMC1 (1) 
hsa00532:Chondroitin sul-
fate biosynthesis 

3 4.402E-
02 

XYLT2 (4), CHPF (4), CHST12 (4) 

*hsa04920:Adipocytokine 
signaling pathway 

4 4.828E-
02 

G6PC (4), PPARGC1A (4), IRS1 (4), 
PCK1 (4) 

*hsa04630:Jak-STAT signal-
ing pathway 

6 4.884E-
02 

CCND3 (1), CLCF1 (1), SOCS1 (4), 
LIFR (4), IL13RA1 (4), EPO (4) 

Two overlapped pathways in Comparative Toxicogenomics Database are noted by stars (*). The number in paren-
theses after gene symbol represents the cluster to which the gene belongs 

 
The lncRNA-gene-pathway network 
A total of 112 HLD-associated KEGG pathways 
were identified in the CTD database. Two path-
ways, including “hsa04920: Adipocytokine signal-
ing pathway” and “hsa04630: Jak-STAT signaling 
pathway”, were common to the pathways of 
DEGs in the lncRNA-mRNA coexpression net-
works. Four cluster 4 genes were included in the 
“hsa04920: Adipocytokine signaling pathway”, 
and four cluster 4 genes and two cluster 1 genes 

were enriched with the “hsa04630: Jak-STAT 
signaling pathway” (Table 2). Accordingly, the 
lncRNA-gene-pathway network (Fig. 6), in which 
10 DEGs, 13 DElncRNAs, and two pathways 
were included, was constructed. Genes erythro-
poietin (EPO), insulin receptor substrate 1 
(IRS1), and PPARG coactivator 1 alpha 
(PPARGC1A) interacted with four lncRNAs, 
including AFDN-DT, TOB1- 

 
Table 2: Drug-gene interaction pairs identified in the pharmacogenetics and pharmacogenomics knowledgebase 

 

Gene 
Symbols 

Chemical 
ID 

Chemical 
Name 

Variation 
Name 

Gene IDs PMID 

EPO PA450085 Irinotecan rs1800734 PA134917440,P
A240 

30519050 

EPO PA451241 Ribavirin rs1617640 PA27833 25227310 
IRS1 PA449972 Imiquimod rs2004640 PA29919 24223576 
IRS1 PA449053 Clopidogrel rs13431554 PA203 27005817 
PPARGC1
A 

PA451241 Ribavirin rs1801282 PA281 25072612 

PPARGC1
A 

PA450395 Metformin rs2970852 PA33558 24317794 
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Fig. 5: The biological processes and pathways associated with the differentially expressed genes in the 

lncRNA-mRNA networks of clusters 1 and 4. Bubble diagrams showing the significantly enriched biological pro-
cesses (n=16) and pathways (n=9) associated with genes in the lncRNA-mRNA networks of clusters 1 and 4 

 

 
 

Fig. 6: The lncRNA-gene-pathway network. The final lncRNA-gene-pathway network consists of 13 lncRNAs 
(empty squares), 10 genes (cluster 1: diamonds, and cluster 4: circles), and two pathways (yellow squares). Involve-

ment in pathways is shown by a green line 

 
AS1, DDN-AS1, and PCAT6. The cardiotro-
phin-like cytokine factor 1 (CLCF1) and cyclin 
D3 (CCND3) genes were regulated by six and 
eight lncRNAs, respectively, including metastasis-
associated lung adenocarcinoma transcript 1 
(MALAT1), long intergenic non-protein coding 
RNA 00324 (LINC00324), and MIR22 host gene 

(MIR22HG). IRS1 and PPARGC1A were in-
volved in the “hsa04920: Adipocytokine signaling 
pathway”. Two cluster 1 genes (CLCF1 and 
CCND3) and EPO were enriched in the 
“hsa04630: Jak-STAT signaling pathway” (Fig. 6). 
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Discussion 
 
Recent advances in the computational bioinfor-
matics approaches are of great value in hunting 
disease genes, biomarkers, molecular mecha-
nisms, and therapeutic targets (10, 11). This study 
identified the potential molecular mechanisms of 
HLD pathogenesis and development using bioin-
formatics. We found that ATP7B KO and Cu 
accumulation in HepG2 cells led to the differen-
tial expression of a large number of lncRNAs and 
genes. LncRNAs MALAT1, LINC00324, 
MIR22HG, and DEGs CLCF1 and CCND3 
were upregulated in HepG2 cells upon ATP7B 
KO and Cu toxicity treatments. Those genes 
were associated with several signaling pathways, 
including “hsa04920: Adipocytokine signaling 
pathway” and “hsa04630: Jak-STAT signaling 
pathway”, and were also involved in the homeo-
static process. These molecules may be the genet-
ic characteristics of HLD. 
ATP7B KO in HepG2 cells exposed to Cu signif-
icantly increased the expression of 103 autopha-
gy-related genes, including autophagy-related 
gene 7 (ATG7) and ATG13 (6). However, the 
inhibition of autophagy accelerated Cu toxicity-
induced cell death in ATP7B KO HepG2 cells 
(6). They deduced that autophagy protected 
ATP7B KO cells from Cu-induced cell death. 
Excessive Cu-induced oxidative stress and au-
tophagy had been identified previously in chicken 
hepatocytes (12) and human cancer cells (13). We 
also found that the expression of ATG3, ATG5, 
and ATG7 were downregulated in WT HepG2 
cells by Cu accumulation and ATP7B KO, but 
not ATP7B KO plus Cu toxicity (data not 
shown). In addition, other autophagy-related 
genes, including the Fas-associated death domain 
protein gene and the NBR1 autophagy cargo re-
ceptor 1 gene, were upregulated and downregu-
lated by both ATP7B KO and ATP7B KO + Cu, 
respectively. These genes were also included in 
the lncRNA-mRNA regulatory network and in-
teracted with multiple DEGs, showing the in-
volvement of autophagy in HLD. 

This study identified that downregulated genes 
EPO, IRS1, and PPARGC1A were involved in 
biological processes related to chemical homeo-
stasis, Jak-STAT signaling pathway, and adipo-
cytokine signaling pathway. EPO plays key roles 
in bone, iron, Cu, and O2 homeostasis (14, 15). 
The addition of EPO protein to rats with ob-
structive jaundice increased zinc levels in the se-
rum and liver and decreased the levels of alanine 
aminotransferase, alkaline phosphatase, total bili-
rubin, and liver damage (16). Cu deficiency was 
involved in EPO-resistant anemia in hemodialysis 
patients, while Cu deficiency correction improved 
EPO unresponsiveness (17). EPO induced the 
tyrosine phosphorylation of IRS2 and then acti-
vated phosphatidylinositol 3-kinase (PI3K) (18). 
Supplements with exogenous EPO for four 
weeks stimulated the Jak2/STAT5/PI3K/Akt 
signal pathway and suppressed the overactivation 
of GSK-3β in the hippocampus (18). This study 
showed that EPO was downregulated in HepG2 
cells with ATP7B KO and Cu treatments, and 
was involved in the Jak-STAT signaling pathway. 
EPO downregulation might play a crucial role in 
HLD pathogenesis via this pathway. 
PPARGC1A is a master regulator of mitochon-
drial genes and its expression is decreased in type 
2 diabetes (T2D) patients with a reduction in in-
sulin secretion (20). PPARGC1A rs8192678 
(Gly482Ser) was associated with the accumula-
tion of subcutaneous adiposity and worsening 
insulin resistance, while PPARGC1A rs2970852 
modified the effects of metformin on triacylglyc-
erol levels (21). Both the deficiency and reduced 
expression of IRSs and PPARGC1A proteins 
were related to elevated oxidative stress and in-
flammation (22-24). Our present study showed 
that the IRS1 and PPARGC1A genes were 
downregulated in the ATP7B KO cells with and 
without Cu toxicity. EPO, IRS1, and 
PPARGC1A genes were all targeted by four 
downregulated lncRNAs including AFDN-DT, 
TOB1-AS1, DDN-AS1, and PCAT6. EPO is an 
anti-apoptotic, anti-inflammatory, and angioge-
netic cytokine that has protective properties 
against oxidative stress (16, 25, 26). However, 
none of these lncRNAs is associated with either 
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inflammation or oxidative stress. These data 
showed that the downregulation of these genes 
and lncRNAs in HLD play novel roles in HLD 
and may be responsible for Cu-induced oxidative 
stress. However, the strategies aiming at upregu-
lating EPO, IRS1, or PPARGC1A genes may be 
potential therapeutic targets for HLD with muta-
tions or deficiencies of them. 
Other genes and lncRNAs in the two clusters 
including the upregulated genes CLCF1 and 
CCND3 and lncRNAs MALAT1, LINC00324, 
and MIR22HG may have novel roles in HLD. 
Genes CLCF1 and CCND3 are associated with 
the Jak/STAT signaling that relates to cell cycle 
and proliferation (27, 28). CLCF1 is a member of 
the IL-6 family and is also known as a neurotro-
phin 1 (29). CLCF1 interacts with the leukemia 
inhibitory factor β subunit (LIFR) or cytokine 
receptor-like factor 1 (CRLF1), which then 
stimulates the STAT3 and ERK1/2 signalings 
(29). However, our present study showed that the 
LIFR gene was downregulated, but the CLCF1 
gene was upregulated in ATP7B KO cells either 
with Cu toxicity or not. These results showed 
that the association of CLCF1 with HLD may 
not be mediated by CRLF1 and LIFR. The asso-
ciation of them with Cu accumulation and HLD 
pathogenesis or development should be investi-
gated. 
Most of the upregulated lncRNAs interacted with 
CLCF1 and CCND3, including MALAT1, 
LINC00324, and MIR22HG, have shown prolif-
eration and anti-proliferation effects in cancer 
cells or hepatocytes (30-33). MALAT1 is elevat-
ed during liver regeneration and promotes 
hepatocyte proliferation by promoting CCND1 
expression (33). MALAT1 is upregulated in hu-
man hepatocytes under hypoxia/reoxygenation 
conditions, and its suppression was correlated 
with decreased inflammation induced by hypox-
ia/reoxygenation, showing that MALAT1 ex-
pression might aggravate the liver injury (32). Al-
together, these results provide a reference for the 
association of lncRNA-mediated cell proliferation 
and inflammation with HLD. However, further 
experiments should be performed to investigate 

the association of the DEGs and DElncRNAs 
with the development and pathogenesis of HLD. 
 

Conclusion 
 
The pathogenesis of HLD was associated with 
the reduced expression of genes including EPO, 
IRS1, and PPARGC1A and upregulated expres-
sion of genes including CCND3. DElncRNAs 
including downregulated AFDN-DT and PCAT6 
and upregulated MALAT1 were correlated with 
those DEGs closely in HLD. These factors con-
tributed to HLD via the signaling pathways in-
cluding the Jak-STAT signaling pathway. This 
study pointed out the potential roles and im-
portance of these genes in HLD pathogenesis. 
However, the verification of the above results 
should be performed. Therefore, more experi-
ments are needed to be performed to verify the 
associations of them with HLD. 
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