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Abstract 
Wilson disease (WD) is a potentially fatal metabolic disorder caused by the inactivation of the copper (Cu) transporter 
ATP7B, resulting in systemic Cu overload and fibroinflammatory liver disease. The molecular mechanism and effects of 
elevated Cu on cytoskeletal dynamics in liver fibrogenesis are not clear. Here, we tested the regulation of hepatic cytoskeleton 
and fibrogenesis with respect to Cu overload in WD. Atp7b−/− (knockout) mice with established liver disease, hepatocyte-
specific Atp7b△Hep knockout mice without fibroinflammatory disease, and the age-and sex-matched controls were compared 
using Western blotting, real-time quantitative reverse transcription PCR (qRT-PCR), immunohistochemical (IHC) staining 
and transcriptomics (RNA-sequencing) analysis. In Atp7b−/− mice with developed liver disease, there is a significant increase 
in cytoskeletal protein expression with a reduction in α-tubulin acetylation. In these mice before the onset of liver pathol-
ogy, no significant changes in cytoskeletal nor hepatic stellate cell activation are observed. As hepatic copper levels rise, an 
increase in cytoskeletal proteins with a decrease in acetylated-α-tubulin/α-tubulin ratio occurs. RNA-sequencing, qRT-PCR, 
and immunostaining confirm that the tubulin is upregulated at the transcriptional level and hepatocytes are the primary source 
of early tubulin increases before fibrosis. An increase in α-tubulin with a decrease in α-tubulin acetylation via Hdac6 and Sirt2 
induction facilitates fibrosis as reflected by concomitant increases in desmin and α-SMA immunostaining in Atp7b−/− mice 
at 20 weeks. Moreover, strongly positive correlations between α-tubulin and α-tubulin deacetylase with the expression of 
liver fibrosis markers are observed in animal and human WD. Hepatocyte-specific Atp7b△Hep mice lack significant changes 
in tubulin as well as fibrosis despite hepatic steatosis. This study provides evidence that microtubule destabilization causes 
cytoskeletal rearrangement and facilitates hepatic stellate cell (HSC) activation and fibrosis in the murine model of WD.

Key Messages
• �Hepatic cytoskeleton system is induced in Wilson disease.
• �Hepatic microtubules acetylation is dysregulated in murine Wilson disease.
• �Microtubules destabilization is positively associated with liver fibrosis in Wilson disease.
• �Microtubules destabilization concomitant with fibrogenesis exacerbates WD progression.
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RNA-seq	� RNA-sequencing
α-SMA	� α-Smooth muscle actin
WD	� Wilson disease

Introduction

Hepatic fibrosis is a frequent complication of chronic liver 
diseases thereby representing a high health and economic 
burden. Fibrosis can evolve into more severe consequences 
such as irreversible cirrhosis and hepatocellular carcinoma 
[1]. Wilson disease (WD) is caused by mutations of the cop-
per transporter ATP7B. It is characterized by the clinical 
presentation of hepatic copper (Cu) accumulation, inflamma-
tion, and fibrosis, potentially causing cirrhosis and death [2, 
3]. A better understanding of WD pathogenesis may lead to 
the development of alternative or supplemental approaches 
to current therapy. The mechanisms by which elevated Cu 
triggers hepatic fibroinflammatory disease incompletely 
defined and whether the hepatic cytoskeleton is involved in 
this pathogenic transition is unclear. Genetically engineered 
Atp7b−/− mice are a valuable model that recapitulate the 
human Wilson disease phenotype. Cu accumulation starts 
before fibroinflammatory disease in Atp7b−/− mice [4]. Thus, 
an understanding of fibrogenic mechanisms is essential to 
help decelerate disease progression and increase the prob-
ability of regression.

Activation of hepatic stellate cells (HSCs) from a resting 
state is essential for liver fibrinogenesis. HSC activation is 
characterized by increased profibrogenic cytokines, collagen 
production, and extracellular matrix formation [5, 6]. As an 
activated HSC transforms from a quiescent state, extension 
of cytoplasmic processes occurs. Thus, cellular dynamics 
may require the involvement of cytoskeletal proteins to facil-
itate changes in cellular morphology characteristic of HSC 
activation. The major constituents of the cytoskeleton are 
microtubules and actin filaments. Previous studies indicate 
that actin cytoskeleton dynamics participate in HSC activa-
tion in vitro in HSC-T6 cells [7] and in primary HSC isolated 
from fibrotic rat liver [8]. Microtubules (MTs) are polymers 
of α/β-tubulin heterodimers that comprise the microtubule 
building block [9]. α-Tubulin acetylation, a post-translational 
modification (PTM) of the lysine residue at position K40 
found in the lumen of the microtubule, is important for the 
stabilization of MTs. The remainder of the PTMs occur on 
the outer surface of the microtubule. [9, 10]. Modification 
of K40 is carried out by α-tubulin acetylase [11] and dea-
cetylases under the regulation of Hdac6 [12] and Sirt2 [13]. 
Stabilization of MTs via α-tubulin acetylation, is essential 
for cytoplasmic reorganization, cellular division and differ-
entiation, and intracellular cargo trafficking. For example, 
stabilization of MTs reduces fibrotic scarring after spinal 
cord injury in rodents via various mechanisms including 

decreased transforming growth factor-β (TGF-β) signaling 
[14]. Loss of α-tubulin acetylation is associated with TGF-β 
induced epithelial-mesenchymal transition (EMT) in vitro in 
epithelial cells [15]. These studies suggest that MTs stability 
may play an important role in the pathogenesis of fibrosis.

Cu excess can impair the dendritic cytoskeleton in hip-
pocampal neurons [16], and kinesin-mediated cargo trans-
port in the brain and other tissues [17]. Earlier reports also 
found an interplay between Cu and MT cytoskeleton via 
dynactin 4. Dynactin 4 (p62) is a component of the MT-asso-
ciated dynactin motor complex that interacts with ATP7B 
to regulate its Cu-dependent trafficking [18, 19]. Indeed, 
elevated intracellular Cu contributes to kidney fibrosis by 
activating lysyl oxidase-mediated matrix crosslinking [20]. 
Previously, we demonstrated that Cu-induced oxidative 
stress and cytokines induce liver fibrosis in murine WD 
via TGF-β and other signaling pathways [3]. However, 
there is little information known about the role of the MTs 
cytoskeleton (essential for cytoskeletal reorganization) in 
the pathogenesis of WD. To address this question, we used 
Atp7b−/− mice and found that these mice with established 
liver disease, there is a significant increase in cytoskeletal 
α-tubulin, acetylated α-tubulin, and β-actin protein expres-
sion with a decrease in Ac-α-Tub/α-Tub ratio at 20-weeks. 
These increases in cytoskeleton proteins occur in an age-
dependent fashion. Before the onset of liver pathology, no 
significant changes in cytoskeletal and fibrotic markers were 
observed whereas at 20 weeks in Atp7b−/− mice and patients 
with WD, induction of microtubule and fibrotic markers 
were positively correlated at protein and RNA levels. We 
also found that tubulin induction with a decrease in intra-
luminal acetylation mediates fibrotic transition in the WD 
liver. Furthermore, in vivo deletion of Atp7b only in hepato-
cytes lacks changes in tubulin and fibrosis despite hepatic 
steatosis. We conclude that dysregulation of MTs is a crucial 
step that facilitates liver fibrosis in the murine model of WD.

Materials and methods

Animal experiments

Animals were housed at the Johns Hopkins University, 
School of Medicine (JHUSOM) animal care facility, and 
the studies followed the National Institutes of Health (NIH) 
guidelines. Animal protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC, Protocol 
number M017MB385). All experimental procedures were 
carried out on global Atp7b knockout mice: Atp7b−/− (KO), 
Atp7b+/−(Het) mice of C57BL/6 J (B6), C57BL/6 × 129S6/
SvEv (hybrid) background and hepatocyte-specific Atp7b 
knockout (Atp7b△Hep), floxed (Atp7bLox/Lox) mice of B6 back-
ground respectively [21]. The same animal background i.e. 
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C57BL/6 (global and hepatocyte-specific Atp7b knockout) 
mice were used for the experiments in the manuscript except 
for RNA-sequencing done in KO mice on a hybrid back-
ground. Each litter was kept in a separate cage; different 
cages were located in the same room, on the same rack. The 
control age- and sex-matched animals were either wild-type 
or heterozygous, knockout and floxed mice on the respective 
genetic backgrounds. Sex group distribution, genotype, and 
body weights of Atp7b−/− and Atp7b△Hep mice (B6 back-
ground) are detailed in Table S1 and S2 respectively. Mice 
were euthanized using isoflurane at ages 6 to 45 weeks. Sec-
tions of mouse liver were immersed in RNA later (Invitro-
gen) for qRT-PCR. Tissues were flash-frozen and stored at 
−800C until required and pieces of liver tissues were para-
formaldehyde and formalin fixed overnight for OCT and 
paraffin embedding, respectively.

Human experiment

Liver sections were received from WD patients who under-
went liver transplantation for acute or chronic liver failure. 
Control specimens were obtained from patients who under-
went liver resections for other clinical reasons with approved 
consent [22; U. Leipzig Reg. #236–2006; U. Heidelberg 
Reg. #346/2005]. Liver sections were flash-frozen in liquid 
nitrogen and stored for microarray analysis.

Western blotting

Liver tissue (~ 50 mg) was homogenized with 500 μl RIPA 
buffer (Sigma), 1X protease, and phosphatase inhibitors 
(Roche). Protein concentration was estimated by BCA using 
bovine serum albumin standard. Protein lysates (80–100 μg) 
were separated on 10% SDS-PAGE gel (Bio-Rad) and trans-
ferred using a Trans-blot turbo system (Bio-Rad). After 
blocking with 5% fat-free milk for 1 h, membranes were 
incubated with primary antibodies: acetylated ⍺-tubulin 
(Rabbit monoclonal #5335 T), ⍺-tubulin (Rabbit polyclonal 
#2144) and β-Actin (Mouse monoclonal #NB600-501) over-
night at 40C on a shaker, followed by a secondary antibody 
(anti-rabbit HRP, anti-mouse HRP from Cell Signaling) for 
1 h at RT and visualized using Amersham™ Imager 600 
(GE). Coomassie brilliant blue (CBB) stained membranes 
were used for the normalization of target protein expression 
using ImageJ owing to endogenous loading controls induc-
tion. Antibodies’ source and dilutions are given in Table S3.

RNA Isolation and qRT‑PCR

Total liver RNA was isolated from 20–30 mg liver tissue 
using the QIAshredder and RNeasy Mini Kit (Qiagen) fol-
lowing manufacturers’ protocol. First-strand cDNA was 
synthesized from 1 μg RNA (quantified by IMPLEN Nano 

photometer) using the High Capacity RNA-to-cDNA Kit 
(Applied Biosystems). PCR reactions were performed with 
2X PowerUp SYBR Green Master Mix and 5 μl of cDNA 
(1:5 diluted) on the QuantStudio6 Flex system (Applied Bio-
systems) using primers described in Table S4. The transcript 
abundances were determined using a relative quantitative CT 
method [23] and Rpl19 was used as an endogenous control.

Transcriptomics data analysis

RNA-sequencing data was generated from the Atp7b+/−(Het), 
and Atp7b−/− (KO) of C57BL/6 × 129S6/SvEv (hybrid) 
background liver RNA samples with RIN value of 8 or 
higher [3]. Libraries were generated (TrueSeq Stranded 
Total RNA library) and the sequencing was performed by 
Psomagen Inc, Rockville, MD, using Illumina NovaSeq6000 
(150 bp, paired-end). Expression profiles were represented 
as read count and FPKM (Fragments Per Kilobase of tran-
script per Million mapped reads) values. Data are available 
in the Gene Expression Omnibus database under accession 
number GSE174015. Data visualization of cytoskeletal tran-
scripts was done using SRplot [24]. Relative gene expres-
sion of tubulin regulatory enzymes, microtubule-associated 
proteins and EMT biomarkers were done using transcript 
per million (TPM) values of KO as compared to Het control.

Microarray analysis

Microarray (Affymetrix) data was generated from the WD 
patients (liver sections) who underwent liver transplantation 
for acute or chronic liver failure. Control specimens were 
obtained from patients who underwent liver resections for 
other clinical reasons [22]. RNA was isolated using TRI-
zol followed by RNeasy clean-up (Qiagen). RNA integrity 
of samples (eight biological replicates for control liver and 
eight for WD patients) was examined on an Agilent 2100 
Bioanalyzer using the RNA 6.000 LabChip Kit (Agilent 
Technologies). Microarray processing was performed using 
third-generation Affymetrix GeneChip Scanner 3000. Data 
analysis was performed using Partek software. Data is sub-
mitted in the Gene Expression Omnibus database under 
accession number GSE197406.

Immunofluorescence

Liver pieces were fixed (4% paraformaldehyde), cryo-
sectioned (7–10 μm), and stained with anti-tubulin (Rat 
monoclonal #ab6160), anti-desmin (Rabbit monoclonal 
#ab32362), anti-SMA (Rabbit monoclonal #ab32362) and 
anti-albumin (Goat polyclonal #NB600-41532) antibod-
ies as detailed in the Table S3. Images were acquired by 
using LSM800 confocal laser microscope. TIFF files were 
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imported into Adobe Photoshop, and the entire field was 
enhanced and sharpened by using the levels command.

Immunohistochemistry

Liver tissue pieces were fixed (10% formalin), processed, 
embedded (paraffin), and cut at the Johns Hopkins Pathology 
Core. Sections undergo antigen retrieval (GTX 30396; Cit-
rate buffer, pH-6.0), blocking (normal goat serum), staining 
with anti-tubulin (ab6160; 1:250) overnight at 40C followed 
by biotinylated secondary antibody (BP9400; 1:1000) incu-
bation for 1 h at RT and developed using ABC reagent (PK-
4000) and DAB (BD-550880). Sections were counterstained 
with hematoxylin (14166S). Images were acquired using an 
Olympus light color microscope.

Statistics

Statistical analysis was performed using Prism 10 (Graph-
Pad). Results are presented as mean ± SD unless otherwise 
stated. Students t-test, two-tailed t-test, and ANOVA were 
used for analysis. Correlation between tubulin and fibrotic 
markers, tubulin (de)acetylases, and fibrotic markers were 
analyzed using Pearson’s correlation and linear regres-
sion. Pearson correlation coefficient (r) and p-value were 
calculated using Prism 10. P-value < 0.05 was considered 
significant.

Results

Cytoskeleton proteins are upregulated 
in Atp7b−/− mice while microtubule acetylation 
is decreased

Our previous studies demonstrated activation of HSC asso-
ciated with collagen production and extracellular matrix 
formation in murine WD [3, 22]. To better understand 
the role of the cytoskeleton in WD pathology we first per-
formed Western blotting of liver tissue homogenates from 
control Atp7b+/− animals, which do not have liver disease, 
and Atp7b−/− animals when their liver disease is fully estab-
lished at 20 weeks after birth [4]. We observed a significant 
increase in α-tubulin (fourfold) and β-actin (4.2-fold) pro-
teins in KO liver as compared to Het control at 20 weeks 
(Fig. 1A). Increases in α-tubulin protein abundance may also 
increase post-translational modification (PTM) such as acet-
ylation, essential for microtubules (MTs) function. Accord-
ingly, an abundance of acetylated α-tubulin was found higher 
(5.96-fold) in the KO liver as compared to Het (Fig. 1A-B). 
These results suggest that the cytoskeleton system is induced 
in a murine model of WD.

Acetylated α-tubulin is a marker of stable MTs. To test 
the mechanism of MTs stabilization and cytoskeletal dynam-
ics, first, we immunoblotted for α-tubulin and acetylated 
α-tubulin simultaneously. There was a significant increase 
in α-tubulin and acetylated α-tubulin suggesting increased 
tubulin mass and stability, however, there was about ~ 40% 
decrease in α-tubulin acetylation when normalized to total 
α-tubulin in KO mice compared to Het (Fig. 1C) which is 
potentially due to higher acetylated α-tubulin (2.5-fold) 
expression than α-tubulin in Het control samples (Fig. 1A, 
left side Het panels). To test how early cytoskeletal system is 
induced and microtubule acetylation is affected, we analyzed 
Atp7b−/− mice liver samples from 6-, 12-, and 20-weeks age 
groups. Results suggest that cytoskeletal proteins: α-tubulin 
(2 to fivefold), acetylated α-tubulin (2.8 to 9.6-fold), and 
β-actin (3.4 to 16-fold) protein expression is induced 
whereas α-tubulin acetylation (Ac-α-tubulin/α-tubulin ratio) 
decreased ~ 27–47% from 12 to 20 weeks as compared to 
6 weeks Atp7b−/− mice in age-dependent manner (Fig. 1D-
F). However, changes in cytoskeletal proteins and the Ac-α-
tubulin/α-tubulin ratio were not statistically significant 
at 12 weeks versus 6 weeks in the Atp7b−/− mice. Taken 
together, these results suggest that in Atp7b−/− mice with 
established liver disease (20 weeks after birth) cytoskel-
eton system is induced with a significant decrease in MTs 
acetylation.

Tubulin is induced in Atp7b−/− mice 
but not in Atp7b△Hep without liver fibrosis

To understand whether the increase in total α-tubulin and 
decrease in α-tubulin acetylation is unique to Atp7b−/− mice, 
and if is there a similar phenomenon in hepatocyte-specific 
Atp7b△Hep mice, we performed immunoblot analysis. Tar-
geted inactivation of Atp7b in hepatocytes causes hepatic Cu 
accumulation and steatosis without fibrosis [25]. Before the 
development of steatosis or other liver injury, there were no 
significant changes in α-tubulin, acetylated α-tubulin, and 
β-actin protein levels in Atp7b−/− and Atp7b△Hep mice at 
6 weeks (Fig. 2A-C). This data suggests that the cytoskel-
eton system is not altered in Atp7b−/− and Atp7b△Hep mice at 
an early age despite copper accumulation. Furthermore, total 
α-tubulin was also not significantly altered in Atp7b△Hep 
mice even at 20 weeks. Tubulin and acetylated α-tubulin 
expression were induced in KO mice as compared to Het 
whereas a decrease in α-tubulin acetylation (Ac-α-Tub/α-
Tub) occurs significantly in KO (~ 78%) and Atp7b△Hep 
mice (~ 48%) at 20-weeks (Fig. 2D-F). We next explored 
tubulin and fibrotic markers in Atp7b△Hep mice at 45 weeks 
by qRT-PCR. There was no change in α-tubulin, β-tubulin 
(Tub1a1, Tubb1), and fibrotic markers (Col1a1, Timp1) 
mRNA levels observed in Atp7b△Hep mice even at older 
age (Fig. 2G). More than ~ 99% reduction in Atp7b mRNA 
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Fig. 1   Cytoskeleton system induced in Atp7b−/− mice with decreased 
⍺-tubulin acetylation. A. Liver tissue lysates from Atp7b+/− (Het) 
and Atp7b−/− (KO) mice of C57BL/6 (B6) background were immu-
noblotted with acetylated ⍺-tubulin, ⍺-tubulin, β-actin specific anti-
bodies, and membrane stained with Coomassie brilliant blue (CBB; 
n = 4 mice/group, 20  weeks). Each lane represents an individual 
mice sample. B. Densitometry of the cytoskeletal proteins was per-
formed and normalized with CBB stain using image J. C. Acety-
lated ⍺-tubulin/⍺-tubulin levels were significantly reduced in KO 
liver compared to Het control at 20  weeks. D. Cytoskeleton pro-

teins are induced in an age-dependent manner. Liver tissue lysates 
from Atp7b−/− mice were immunoblotted with acetylated ⍺-tubu-
lin, ⍺-tubulin, and β-actin antibodies (n = 3–4 mice/age group). 
E. Relative quantification of cytoskeletal proteins with CBB stain 
was performed in Atp7b−/− mice from 6–20  weeks. F. Acetylated 
⍺-tubulin/⍺-tubulin ratio was reduced with age in Atp7b−/− mice at 
12 and 20 weeks compared to 6-week-old Atp7b−/− mice. Value rep-
resents mean ± SD. *P = 0.05, **P = 0.01, ***P = 0.001 between KO 
vs Het; KO mice in different age groups
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expression confirms the deletion of Atp7b in Atp7b△Hep 
mice compared to the floxed control (Fig. 2G). At the same 
time, Cu storage (metallothionein) and lipid (fatty acid syn-
thase) genes were significantly upregulated in Atp7b△Hep 
mice (Suppl. Figure 1) indicating Cu accumulation and ste-
atosis. All these results demonstrate that tubulin is induced 
in Atp7b−/− but not in Atp7b△Hep mice without liver fibrosis.

Tubulin induction occurs at the transcriptional level 
& hepatocyte is the main source of tubulin induction

To determine the mechanism of tubulin induction and 
whether tubulin is regulated only at translation and post-
translational (acetylation) levels, we initially examined a 
bulk RNA-sequencing dataset from Atp7b−/− mice liver. 
There was a significant upregulation in α-tubulin, β-tubulin 
family transcripts, and actin in KO mice as compared to 
Het control at 20 weeks (Fig. 3A). We further confirmed 
α-tubulin and β-tubulin mRNA expression by qRT-PCR. 
There was a significant increase in Tub1a1 (~ 2.4-fold) 
and Tubb1 (~ 2.45-fold) mRNA levels in KO mice liver 
(Fig. 3B). Both these results suggest that tubulin expression 
is regulated at the transcriptional level.

To investigate the cellular source of tubulin induction in 
Atp7b−/− mice liver, we performed immunostaining on fro-
zen liver sections using specific anti-α-tubulin (monoclonal) 
and observed under a confocal microscope. There was an 
increase in α-tubulin immunostaining in Atp7b−/− mice liver 
as compared to wild-type (WT) mice at 7 weeks. However, 
albumin (hepatocyte marker) staining was reduced in KO as 
compared to WT (Fig. 3C). Since hepatocytes are parenchy-
mal liver cells that constitute the bulk of liver mass, these 
data demonstrate that tubulin and albumin expression is 
inversely regulated in Atp7b−/− mice, and hepatocytes are the 

primary source of tubulin expression. We further examined 
α-tubulin by immunohistochemistry. Immunohistochemi-
cal analysis of Atp7b−/− mouse liver tissue revealed strong 
α-tubulin staining in Atp7b−/− hepatocytes and non-paren-
chymal liver cells as compared to Het at 20 weeks (Fig. 3D). 
However, α-tubulin staining in ballooned (enlarged) hepat-
ocytes was less intense compared to adjacent hepatocytes 
reflecting an altered cytoskeleton.

Tubulin induction with a decrease in α‑tubulin 
acetylation facilitates HSC activation

To understand the role of tubulin induction in fibrosis, we 
performed co-immunostaining of tubulin with fibrotic mark-
ers. Activation of HSCs is an important hallmark of liver 
fibrosis and desmin is a marker of stellate cells. At 7 weeks, 
there was no change in desmin, however, there was an appar-
ent increase in α-tubulin immunostaining observed in KO 
compared to WT mice. (Fig. 4A). This result demonstrates 
that α-tubulin induction starts before fibrotic changes in the 
KO liver. Tubulin was colocalized with desmin in HSCs irre-
spective of the genotype. At 20 weeks, there was a massive 
induction in both desmin as well as α-tubulin immunosignal 
in KO mice (Fig. 4B). There were significant changes in 
hepatocyte morphology at 20 weeks as well. We also per-
formed α-tubulin co-immunostaining with α-smooth muscle 
actin (SMA). SMA is another well-known marker of acti-
vated HSCs [26]. We observed a similar phenomenon. There 
was a substantial induction in SMA along with α-tubulin at 
20 weeks (Suppl. Figure 2). All these results suggest that 
an increase in tubulin expression correlated with fibrotic 
changes in Atp7b−/− mice liver at 20 weeks.

Transcriptomic analysis of Atp7b−/− mice (RNA-seq) 
and WD patients (microarray) liver demonstrated that an 
increase in the tubulin expression correlated positively with 
fibrosis. There was a strong positive association between 
α-tubulin and fibrotic markers such as secreted phosphopro-
tein 1 (Spp1), collagen 1 alpha 2 (Col1a2), tissue inhibitor of 
metalloproteinase 1 (Timp1), lysyl oxidase-like 2 (Loxl2), 
vimentin (Vim) and α-smooth muscle actin (Acta2). A 
significant positive correlation between Tuba1a and Spp1 
(p < 0.0001), Tuba1a and Col1a2 (p = 0.003), Tuba1a 
and Timp1 (p = 0.001), Tuba1a and Loxl2 (p < 0.0001), 
and Tuba1a and Vim (p = 0.002), and Tuba1a and Acta2 
(p = 0.036) found in Atp7b−/− mice liver at 20 weeks com-
pared to Het control (Suppl. Figure  3A-F). Similarly, 
significant positive correlation between Tuba1a and Spp1 
(p = 0.002), Tuba1a and Col1a2 (p = 0.001), Tuba1a and 
Timp1 (p = 0.04), Tuba1a and Loxl2 (p = 0.043), Tuba1a and 
Vim (p = 0.05), and Tuba1a and Acta2 (p = 0.068) found in 
WD patients’ liver (Suppl. Figure 4A-F). The most signifi-
cantly (fold-change) and consistently (p-value) up-regulated 
transcripts in murine WD and WD patients’ liver among 

Fig. 2   Tubulin is induced in Atp7b−/−  mice but not in Atp7b△Hep 
without liver disease. A-B. Liver tissue lysates from Atp-
7bLox/Lox, Atp7b△Hep, Atp7b+/− (Het) & Atp7b−/− (KO) mice at 6 week-
old (n = 3 mice/group from B6 background) were immunoblotted 
with acetylated ⍺-tubulin, ⍺-tubulin and β-Actin specific antibodies. 
No change in cytoskeletal proteins was observed in Atp7b△Hep and 
KO mice at 6  weeks. Cytoskeletal proteins were normalized with 
CBB stain C. Acetylated ⍺-tubulin/⍺-tubulin ratio was unaltered at 
6 weeks in Atp7b△Hep and KO mice. D-E. Acetylated ⍺-tubulin and 
⍺-tubulin were significantly induced in KO mice as compared to Het 
whereas acetyl ⍺-tubulin was reduced in Atp7b△Hep as compared to 
lox control at 20  weeks. ⍺-tubulin was not significantly changed in 
Atp7b△Hep mice compared to lox. F. Acetylated ⍺-tubulin/⍺-tubulin 
ratio was significantly reduced in both KO and Atp7b△Hep mice as 
compared to respective controls. G. qRT-PCR analysis demonstrates 
no change in tubulin (Tub1a1, Tub1b1) and fibrotic markers (Col1a1, 
Timp1) mRNA levels in Atp7b△Hep mice liver at 45  weeks. Atp7b 
mRNA was more than 99% reduced in Atp7b△Hep mice as compared 
to floxed control. Results were normalized to Rpl19. (n = 4 male 
mice/group). Value represents mean ± SD. *P = 0.05, **P = 0.01, 
***P = 0.001 between KO vs Het; Atp7b△Hep vs Lox mice respec-
tively; ns, nonsignificant

◂
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tubulin are Tuba1a, Tuba1b, Tuba1c, Tubb2b, Tubb4b and 
fibrotic markers Spp1, Col1a2, Timp1, Loxl2, Vim, Acta2, 
and other cytoskeletal genes (Fig. 4C). All these data sug-
gest that hepatic cytoskeleton changes are essential for liver 
fibrogenesis in WD irrespective of species and genotype.

Loss of α-tubulin acetylation affects MTs stabilization 
and causes TGF-β induced EMT [15]. We observed a sig-
nificant decrease in α-tubulin acetylation in murine WD 
(Fig. 1C, F and Fig. 2F). To determine whether enzymes 
involved in acetylation and deacetylation are playing a 
pivotal role in this PTM, we examined their expression in 
Atp7b−/− mice using our RNA-sequencing dataset. There 
was no significant change in the α-tubulin acetylase Atat1, 
whereas there was a more than 1.5-fold increase in tubulin 
deacetylase expression; histone deacetylase 6 (~ 1.65-fold) 
and sirtuin 2 (~ 1.58-fold) in KO mice compared to Het con-
trol at 20 weeks (Fig. 4D). This data suggests that increases 
in total α-tubulin along with its deacetylases cause decreased 
Ac-α-Tub/α-Tub level, hence acetylated MTs are reduced 
in KO mice. Microtubule-associated proteins (MAPs) are 
important for the stabilization and destabilization of MTs. 
Significant induction in microtubule destabilizers mRNA 
expression especially ~ tenfold increase in stathmin 1 (Stmn1 
which binds α & β-tubulin dimers and prevents polymeriza-
tion), ~ 45-fold increase in Kif2c (fraying and depolymeri-
zation along the MTs), ~ threefold increase in Eml2 (binds 
MTs and promotes disassembly). Microtubules severing 
enzymes such as Katnb1 (2.71 fold) and Katnbl1 (2.4 fold) 
were also significantly upregulated. On the other hand, there 
was ~ 1.5–3.5 fold increase in MTs stabilizers (such as Map4, 
Map7, Mapre1-3, Clip1, Clasp1-2, Camsap1-3) expres-
sion observed in KO mice liver as compared to Het control 
(Suppl. Figure 5A). Furthermore, there was a significant 
increase in MTs motor proteins kinesin and dynein family 

transcripts in KO liver (Suppl. Figure 5B). These results 
suggest that MAPs are dysregulated and overall hepatic 
microtubule stability is affected in murine WD.

To strengthen our findings and better understand the rela-
tionship of MTs (de)acetylation role in fibrosis, we exam-
ined their association between α-tubulin deacetylases and 
fibrotic markers. There was a significant positive correlation 
between Hdac6 and Spp1 (p = 0.059), Hdac6 and Col1a2 
(p = 0.04), Hdac6 and Timp1 (p = 0.04); Hdac6 and Loxl2 
(p = 0.011), and Hdac6 and Vim (p = 0.056) in Atp7b−/− mice 
liver compared to Het control at 20 weeks (Fig. 5A-F). 
Similar positive associations were observed between Sirt2 
and Spp1 (p = 0.014); Sirt2 and Col1a2 (p = 0.014), Sirt2 
and Timp1 (p = 0.015); Sirt2 and Loxl2 (p = 0.007); Sirt2 
and Vim (p = 0.01), and Sirt2 and Acta2 (p = 0.048) in 
Atp7b−/− mice liver (Fig. 5G-L). On the other hand, there 
was a non-significant negative correlation between tubulin 
acetylase Atat1 and fibrotic markers (Suppl. Figure 6A-F). 
These data indicate that MTs destabilization by modulat-
ing acetylation is associated with fibrosis. Taken together, 
impairment of MTs stability leads to hepatic cytoskeleton 
reorganization and facilitates HSC activation in WD.

Discussion

WD caused by inactivation of ATP7B leads to Cu accumu-
lation that triggers pathomorphological changes in the liver 
ranging from hepatocyte dysfunction to hepatic stellate cell 
(HSCs) activation and fibrosis, ultimately causing cirrhosis 
and death if untreated. Activation of HSCs from a quiescent 
state is essential for liver fibrogenesis. Hepatic fibrosis is 
a potentially life-threatening complication associated with 
chronic liver conditions including WD. Hepatic cytoskel-
etal dynamics might play an important role in their cellular 
transformation. The molecular mechanisms of how elevated 
Cu involves cytoskeletal dynamics in liver fibrogenesis are 
not clear. In this study, we provide strong evidence of altered 
cytoskeletal dynamics in WD and the mechanism of tubu-
lin regulation and microtubule destabilization in facilitating 
HSCs activation and fibrosis in murine WD. We also found a 
significant positive correlation between microtubule regula-
tion and fibrosis.

We show that in Atp7b−/− mice with established liver 
disease, cytoskeleton proteins are induced with significant 
upregulation in α-tubulin, acetylated α-tubulin, and β-actin 
at the translational level. α/β-Tubulin heterodimers are build-
ing blocks of microtubules (MTs) and acetylation (post-
translational modification, PTM) of α-tubulin in the luminal 
side results in acetylated MTs which are long-lived and con-
sidered stable [9]. This stabilization process is important for 
MT cytoskeleton dynamics. Here, we identified that despite 
the increase in total α-tubulin and corresponding acetylated 

Fig. 3   Tubulin induction occurs at the transcriptional level & hepato-
cyte is the main source of early tubulin induction. A. Heatmap analy-
sis of cytoskeletal transcripts was generated using SRplot with row 
scaling and clustering of transcript abundances in KO mice com-
pared to Het controls at 20 weeks. Positive value in red denotes up-
regulation, whereas negative value in blue denotes down-regulation 
(n = 4 male mice/group of C57BL/6 × 129S6/SvEv background). B. 
qRT-PCR analysis demonstrates upregulation of Tub1a1 and Tub1b1 
mRNA in KO mice liver at 20 weeks (n = 4–6 female mice/group of 
B6 background). C. Immunostaining of ⍺-tubulin (green) in tissue 
sections revealed a stronger signal in KO mice liver compared to WT 
mice at 7  weeks before pathologic onset. Hepatocyte marker albu-
min (red) expression decreased. DAPI (4’,6-diamidino-2-phenylin-
dole; blue) stains nuclei. Scale bar, 10 µm. D. Immunohistochemical 
analysis demonstrates upregulation of ⍺-tubulin protein expression 
in hepatocytes (black arrow) and non-parenchymal liver cells (red 
arrow) whereas ⍺-tubulin staining in ballooned hepatocytes (purple 
arrow) was less compared to adjacent cells indicated in the zoomed 
view in KO mice at 20 weeks. Scale bar, 200 μm; n = 3 mice/group. 
Value represents mean ± SD. **P = 0.01, ***P = 0.001 between KO 
vs Het mice
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α-tubulin, the acetylated α-tubulin/α-tubulin protein ratio 
levels were reduced significantly in Atp7b−/− mice liver 
suggesting reduced acetylated MTs. Also, this decrease in 
α-tubulin acetylation is exacerbated in advanced murine WD 
(Fig. 1F).

Understanding the mechanism of tubulin regulation, tubu-
lin expression was examined using RNA-sequencing data. In 
agreement with sequencing data, tubulin induction was con-
firmed at the mRNA level by qPCR. Our findings revealed 
that the increase in cytoskeletal protein expression was due 
to a higher transcription rate in Atp7b−/− mice (Fig. 3). This 
study suggests that tubulin is regulated at transcriptional as 
well as post-translational levels. PTM of α-tubulin, espe-
cially acetylation/deacetylation, is essential for MTs stabi-
lization [10]. This reaction is carried out by the α-tubulin 
acetylase Atat1 [11] and deacetylases via Hdac6 and Sirt2 
[12, 13]. We found no change in Atat1 expression. In con-
trast, we found a significant induction in Hdac6 and Sirt2. 
Our data suggest that reduction in acetylated MTs (long-
lived, stable, and protected from mechanical strain) is medi-
ated via tubulin deacetylase action.

Previous evidence shows that MTs stabilization reduces 
fibrosis after spinal cord injury in rodents [14], and MTs 
destabilization due to loss of α-tubulin acetylation is asso-
ciated with TGF-β induced EMT in vitro [15]. Our study 
suggests that MTs destabilization due to increased α-tubulin 
with a reduction in α-tubulin acetylation may facilitate HSC 
activation and fibrosis. Immunofluorescence analysis found 
an increase in α-tubulin starts before fibrotic changes in 
Atp7b−/− mice in hepatocytes (primarily) and non-paren-
chymal liver cells at ~ 7 weeks whereas tubulin, along with 
desmin and SMA (markers of HSCs activation) expression 
is significantly increased at 20 weeks. RNA sequencing 
revealed that tubulin induction correlated positively with 
fibrotic markers (Spp1, Col1a2, Timp1, Loxl2, Vim, and 
Acta2) in Atp7b−/− mice and patients with WD. Additionally, 

we also found similar positive correlations of tubulin dea-
cetylase with fibrosis in Atp7b−/− mice and a negative cor-
relation with Atat1. An increase in Hdac6 activity without 
affecting its expression in response to TGF-β causes tubu-
lin deacetylation, promotes cytoskeletal reorganization, 
and favors EMT in epithelial cell (MCF-10A, HME) lines 
[15]. RNA-seq data in Atp7b−/− mice liver revealed a sig-
nificant upregulation in EMT biomarkers such as cadherins 
(E, N), β-catenin, Fsp1, vimentin, collagens, Zeb2 etc. in 
murine WD (Suppl. Table 5). So, MTs rearrangement in 
Atp7b−/− mice may promote EMT. Our findings highlight 
that MTs destabilization due to increased tubulin deacetyla-
tion via Hdac6, and Sirt2 contributes to HSC activation and 
fibrosis in the murine model of WD.

Our RNA-seq data revealed about a ~ 31-fold increase 
in tubulin alpha 8 (Tuba8) expression in Atp7b−/− mice 
liver which was hardly detectable in Het control (Suppl. 
Figure 7). Tuba8 is a marker of HSCs induced in murine 
NASH and expressed by transformed hepatocytes in HCC 
[27]. This finding suggests that Tuba8 induction is associ-
ated with fibrotic changes and should be explored as a prom-
ising marker in hepatic fibrosis in the future. Another study 
reported that tubulin beta 3 and 4 are involved in the early 
fibrotic changes via endothelial-mesenchymal transition 
(Endo-MT) in human microvascular endothelial (HMEC-
1) cells [28]. These studies suggest the importance of early 
tubulin induction in fibrogenesis and are concordant with 
our observations in murine WD.

Elevated Cu induces kidney fibrosis by lysyl oxidase-
mediated matrix crosslinking in vitro and in vivo fibrosis 
models [20]. Lysyl oxidase-like 2 (Loxl2) is a Cu-dependent 
enzyme and we observed a significant positive correlation 
between fibrotic marker Loxl2 and tubulin expression in 
mouse and human WD. In the CCl4-induced liver fibrosis 
murine model, MT acetylation prominently appeared in the 
fibroblast-like cells near the blood vessels [29]. However, 
they did not find any change in total α-tubulin including 
hepatocyte involvement, unlike our study. Previously, we 
reported that liver fibrosis in Atp7b−/− mice occurs via 
TGF-β and other signaling pathways. TGF-β signaling is 
mediated by canonical SMAD and non-canonical SMAD 
(MAPK and Rho GTPase-Rac/CDC42) signaling path-
ways in murine WD [3]. TGF-β signaling is important for 
cytoskeletal reorganization and EMT. In this study, we found 
a plausible mechanism of cytoskeletal reorganization and 
EMT in Cu-overloaded conditions. Hepatic cytoskeleton is 
altered in animal model of WD with age and we delineated 
the mechanism of α-tubulin dysregulation leading to MT 
destabilization in Atp7b−/− mice.

Conditional deletion of Atp7b only in hepatocytes has 
no tubulin induction and no fibrotic changes despite stea-
tosis and Cu accumulation even at 45 weeks. This could be 
due to not having enough Cu overload-mediated oxidative 

Fig. 4   Tubulin induction with a decrease in α-tubulin acetylation 
facilitates HSC activation in Atp7b−/−  mice. A. Immunostaining of 
⍺-tubulin (green) in tissue sections revealed a stronger signal in KO 
mice liver compared to WT mice at 7  weeks whereas desmin (red) 
remains unchanged. DAPI (4’,6-diamidino-2-phenylindole; blue) 
stains nuclei. (n = 3 mice/group of B6 background). B. Both ⍺-tubu-
lin and desmin immunosignal intensity is increased in KO mice at 
20 weeks as compared to Het mice. DAPI is used as a nuclear marker. 
Colocalization of ⍺-tubulin and desmin in HSCs indicated by the 
bright red arrow in KO. Scale bar, 10  µm. (n = 3 mice/group of B6 
background). C. Most significantly changed cytoskeletal and fibrotic 
markers in mouse (RNA-seq) and human WD (microarray) dataset; 
values represent relative fold change, n = 4 male mice/group for KO 
vs Het; n = 7–8 patients/group for WD vs Normal liver. D. Tubulin 
deacetylases Hdac6 and Sirt2 are significantly induced in KO mice 
whereas ⍺-tubulin acetylase Atat1 is unaltered (n = 4 male mice/
group of C57BL/6 × 129S6/SvEv background). Value represents 
mean ± SD. **P = 0.01 between KO vs Het; TPM, Transcript per mil-
lion; ns, nonsignificant
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stress, increased antioxidant defense, and normal Cu homeo-
stasis in the non-parenchymal liver cells especially HSCs in 
Atp7b△Hep mice [21, 25]. On the other hand, transcriptomics 
analysis in WD patient liver revealed a significant positive 
correlation between tubulin induction and fibrotic markers 
(Suppl. Figure 4). Though there were no significant changes 
in Atat1, Hdac6, and Sirt2 mRNA expression in the WD 
dataset, there was a trend of significant positive correlation 
between Sirt2 and fibrosis and negative correlation between 
Atat1 and fibrosis similar to murine WD.

Recent literature and publicly available transcriptomics 
reveal that there is a general trend of MTs gene upregu-
lation in fibrosis. However, Hdac6 and Sirt2 essential for 
tubulin deacetylation and overall microtubules instability 
are differentially regulated in fibrotic conditions. A recent 
report in CCl4 and TAA-induced liver fibrosis animal mod-
els demonstrated tubulin genes upregulation by 12 weeks 
of toxins exposure and significant down-regulation of tubu-
lin concomitant with upregulation of Sirt3, Hdac5 in CCl4 
model and Sirt2, Sirt4, Sirt5, Sirt8 and Hdac8, Hdac10, 
Hdac11 in TAA model within 1–2 weeks following regres-
sion [30; Array express EMTAB-13804]. Another study 
reported that hepatocyte-specific Sirt2 deletion promotes 

hepatic fibrosis in CCl4-treated mice highlighting the role of 
Sirt2 in hepatic fibrosis [31]. The renal fibrosis UUO model 
has more than ~ 2.37-fold increase in Tub1a and 1.6-fold 
increase in Hdac6 expression whereas Sirt2 expression was 
unchanged within 2-day ligation [32; GSE79443]. Hdac6 is 
induced in animal models of renal fibrosis [33] and cardiac 
fibrosis [34], and in human idiopathic pulmonary fibrosis 
[35]. Primary sclerosing cholangitis and or primary biliary 
cholangitis patients from grade 1 to 4 fibrosis progression 
induces Tub1a expression without Hdac6 and Sirt2 [36; 
https://​zenodo.​org/​recor​ds/​13990​103]. Additionally, our 
recent study and other microarray data could not find change 
in Hdac6 expression at presymptomatic age at 12 weeks [37, 
38] whereas upregulated in Atp7b−/− mice with established 
liver disease (at 20 weeks) in this study. Enzyme expression 
per se may not be changed rather Hdac6 and Sirt2 activ-
ity might be critical for regulating acetylation/deacetylation 
status and fibrogenesis.

In conclusion, we identified cytoskeletal system is altered 
in the WD liver, and a significant increase in α-tubulin 
expression is associated with its decreased acetylation result-
ing in MTs destabilization. The increase in α-tubulin protein 
is due to heightened transcription rate and MTs destabili-
zation is due to Hdac6, Sirt2 mediated deacetylation. Our 
study shows that MTs instability-led cytoskeletal rearrange-
ment in Atp7b−/− mice may promote EMT and induction 
of fibrotic markers positively correlated with α-tubulin in 
Atp7b−/− mice liver including WD patients. Tubulin deacety-
lation also positively correlated with fibrosis in murine WD 
(Fig. 6). No significant changes in MTs and fibrotic markers 
occur in hepatocyte-specific Atp7b△Hep mice and before the 

Fig. 5   Microtubule deacetylation positively correlated with fibrosis 
in Atp7b−/−  mice. RNA expression (relative fold change) of fibrotic 
markers Spp1, Col1a2, Timp1, Loxl2, Vim, and Acta2 with respect to 
tubulin deacetylases Hdac6 (A-F) and Sirt2 (G-L) in the liver tissue 
from Atp7b+/− (n = 4) and Atp7b−/− (n = 3) mice at 20 weeks. Tubulin 
deacetylase induction was positively correlated with fibrosis markers 
upregulation in Atp7b.−/−  mice liver. Pearson correlation coefficient 
(r) and p-value were calculated from Graph pad prism 10

◂

Fig. 6   Proposed model of hepatic microtubule destabilization facili-
tates liver fibrosis in the murine WD. In Atp7b−/− mice, hepatic 
cytoskeletal system is altered with a significant increase in α-tubulin 
expression is associated with its decreased acetylation resulting in 
MTs destabilization. MTs destabilization is mediated via tubulin dea-
cetylases (Hdac6 and Sirt2) and Stmn1 induction. MTs instability-

led cytoskeletal rearrangement in Atp7b−/− mice may promote EMT 
in Cu-overloaded conditions and induction of fibrotic markers posi-
tively correlated with MTs instability in Atp7b−/− mice liver including 
WD patients. Red arrow denotes the up-regulation and green arrow 
denotes the down-regulation

https://zenodo.org/records/13990103


544	 Journal of Molecular Medicine (2025) 103:531–545

pathological onset in Atp7b−/− mice. Thus, these findings 
further illustrate that MTs destabilization is crucial to facili-
tate liver fibrogenesis and disease progression in WD.
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