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Abstract: Hepatocellular carcinoma (HCC) is a prevalent cancer with limited effective treatments. Eribulin mesylate 
is a novel chemotherapy drug that inhibits microtubule elongation and may impact the tumor microenvironment 
and immune pathway. This study aims to investigate the impact of changes in microtubule acetylation levels on HCC 
development and treatment outcomes. Clinical and molecular data were aggregated from databases, with survival 
analysis conducted to evaluate the relevance of microtubule acetylation. In vitro experiments using HCC cell lines 
and a tumor cell transplantation model in C57BL/c mice were performed to investigate the effects of microtubule 
acetylation on Eribulin treatment. A significant correlation was found between the level of lysine 40 acetylation of 
α-tubulin (acetyl-α-tubulin-lys40) and overall survival of HCC patients, with a better prognosis associated with a 
lower level of acetyl-α-tubulin-lys40. Knocking down ATAT1 or overexpressing HDAC6 reduced the level of acetyl-
α-tubulin-lys40 and sensitized Eribulin treatment both in vitro and in vivo. In summary, acetyl-α-tubulin-lys40 was 
increased in HCC and was associated with a shorter overall survival of HCC patients. Reducing the level of acetyl-
α-tubulin-lys40 can enhance sensitivity to Eribulin treatment both in vitro and in vivo, thereby establishing acetyl-α-
tubulin-lys40 as a potential prognostic marker and predictive indicator for Eribulin treatment in HCC patients.
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Introduction

According to the Global Cancer Incidence, 
Mortality and Prevalence (GLOBOCAN) 2020 
database version 1.0, hepatocellular carcino-
ma (HCC) is a malignant tumor with a notably 
high incidence and mortality worldwide. In 
2020, HCC ranked sixth among all cancers in 
terms of incidence and was the third leading 
cause of cancer death globally, following lung 
and colorectal cancers [1]. In China, HCC inci-
dence ranked second and seventh in males 
and females respectively, while mortality rates 
ranked second and fourth [2]. Recent statisti-
cal results have indicated that HCC patients in 
China often present with a higher proportion of 
advanced-stage disease at their initial clinical 
visit, with 1-, 3-, and 5-year survival rates for 
patients in stages III-IV being 68.50%, 47.00%, 

and 40.00% respectively [3]. Currently, HCC 
systemic therapy predominantly relies on 
molecular targeting, immunotherapy combined 
with anti-angiogenic therapy, and local treat-
ment [4-9]. There are limited treatment options 
available after the emergence of treatment 
resistance [10, 11]. Chemotherapy for HCC 
patients is typically based on fluorouracil and 
platinum drugs, but traditional chemotherapy 
drugs have shown low efficacy. Taxanes, as  
representative drugs targeting microtubules, 
have demonstrated anti-tumor activity and 
improved prognosis in multiple tumor treat-
ments, but their efficacy in HCC studies has 
been unsatisfactory [12, 13]. Due to the limited 
effective treatment options for advanced HCC, 
there is an urgency to explore more effective 
treatment methodologies [13-15]. A computa-
tional framework study, which mentioned 
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Eribulin as a potential drug for HCC treatment, 
piqued our interest [16].

Eribulin mesylate (also known as Halaven®, 
E7389, NSC 707389, ER-086526, hereafter 
referred to as Eribulin) is a novel microtubule-
targeting anti-tumor drug, structurally modified 
from the marine natural product Halichondrin  
B following optimization [17, 18]. It has been 
approved for the treatment of metastatic breast 
cancer and liposarcoma [19-24]. Additionally, 
several studies have recently focused on 
Eribulin for therapeutic treatment of other 
tumor types such as uterine leiomyosarcoma, 
gastric cancer, colorectal cancer, and hemato-
logic neoplasms [25-30]. Eribulin’s pharmaco-
logical effect differs from other microtubule-
targeting chemotherapy drugs, such as pacli-
taxel or vincristine [31-33], and has demon-
strated particular efficacy in tumors that are 
insensitive to paclitaxel [17, 34]. In vitro ex- 
periments have shown that Eribulin has a  
more pronounced effect of inhibiting cell grow- 
th compared with other microtubule-targeting 
drugs [35]. Previous studies have indicated 
that its primary mechanism of action is to inhib-
it microtubule polymerization rather than depo-
lymerization, leading to irreversible microtubule 
elongation arrest [36, 37]. Eribulin’s mecha-
nism of action also encompasses inhibition of 
microtubule spindle dynamics, mitotic arrest 
(G2-M phase cell cycle arrest), induction of 
apoptosis, and aggregation of non-productive 
microtubule proteins [35, 38, 39].

Microtubules, formed by the polymerization of 
α-tubulin and β-tubulin [40, 41], are the major 
components of the eukaryotic cell cytoskele-
ton. They play crucial roles in cytoskeleton for-
mation, maintenance of cell shape, signal 
transduction, and mitosis, which are highly con-
served through evolution [42, 43]. In cancer 
cells, microtubules participate in various physi-
ological processes such as growth, prolifera-
tion, and migration [44-46]. Thus, microtubules 
are considered one of the critical targets in  
current anti-cancer drug development [42, 47]. 
Targeting microtubules can affect their assem-
bly or disassembly, effectively disrupting micro-
tubule dynamics, further interfering with cell 
mitosis and spindle formation, and ultimately 
inducing apoptosis [48-51]. Numerous post-
translational modifications (PTMs) occur on 
microtubule proteins, including acetylation, 

polysaccharide glycosylation, polyglutamyla- 
tion, and tyrosination, which significantly 
impact microtubule assembly, structure, and 
stability [52, 53] and play vital roles in the 
development of some human diseases, includ-
ing tumorigenesis [54, 55]. Currently, limited 
research exists on the functional role of micro-
tubule acetylation in cells [54]. Lysine acetyla-
tion modification on microtubule proteins was 
first discovered in 1983 [56, 57], and this  
modification has been found to be a conserved 
PTM in evolution [58]. The lysine at position  
40 of α-tubulin can be acetylated by cytoplas-
mic acetyltransferase ATAT1 (Alpha Tubulin 
Acetyltransferase 1) [59] and deacetylated  
by cytoplasmic deacetylase HDAC6 (Histone 
Deacetylase 6) [60, 61]. Studies have revealed 
that HDAC6 can deacetylate α-tubulin and 
induce microtubule depolymerization, resulting 
in microtubule instability [62]. ATAT1, having a 
high affinity for microtubules, can effectively 
catalyze microtubule protein acetylation [63]. It 
can also be regarded as a “slow clock” for the 
microtubule lifespan [63]. Depletion of ATAT1 
increases the frequency of mechanical stress-
induced microtubule breakage [64]. The above 
studies suggest that acetylation increases the 
mechanical elasticity of microtubules, enhanc-
es their flexibility and resilience against 
mechanical breakage, and ensures their long-
term lifespan [63, 65]. Apart from increasing 
the microtubule stability, the role of microtu-
bules acetylation modification in cancer and 
chemotherapy resistance still needs to be fur-
ther explored.

This study aims to explore the efficacy and 
mechanism of action of Eribulin in HCC and pro-
vide new strategies for the treatment of HCC. 
We found that high level of acetyl-α-tubulin-
lys40 correlated with a poor survival prognosis 
in HCC patients, and decreasing the level of 
acetylation modification of microtubules could 
enhance the sensitivity of Eribulin both in vitro 
and in vivo.

Materials and methods

Cell culture

All cells in this experiment were cultured in 
DMEM medium containing 10% FBS and 1% 
penicillin/streptomycin, and were maintained in 
a cell culture incubator at 37°C with 5% CO2.
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Animal experiments

The experimental mice used in the animal 
experiments were C57BL/6 mice, 5 to 6-week-
old, weighing 16-20 g. They were purchased 
and housed at the Experimental Animal Center 
of Sir Run Run Shaw Hospital, Zhejiang Uni- 
versity School of Medicine. The animal facility 
of the Experimental Animal Center is at SPF 
level, with a room temperature of 23-25°C, 
humidity of 67%-75%, light from 7:00 to 21:00 
and darkness from 21:00 to 7:00 the next day, 
and a light/dark cycle ratio of 14 h/10 h. Mice 
were provided with unlimited access to food 
and water. All animal experimental protocols in 
this study were approved by the Animal Ethics 
Committee of Sir Run Run Shaw Hospital, 
Zhejiang University School of Medicine.

The mice were transplanted with the Hepa1-6 
knockdown Atat1 stable transfection strain  
and the overexpression Hdac6 stable transfec-
tion strain into the mice subcutaneously at  
the number of 2 × 105 cells per mouse to es- 
tablish mice tumor cell transplantation model, 
and subsequent treatment with Eribulin. The 
dosage of treatment was 6.3 μg Eribulin/20 g 
mouse everyday (refer to 2.3 Dosage calcula-
tion for detail). The cells were transplanted in 
the right armpit of the mice on day 0, then the 
mice were randomly divided into two groups 
according to their body weight, and the therapy 
began on the 1st day after the subcutaneous 
injection (the treatment group received intra-
peritoneal injection of Eribulin, and the control 
group received intraperitoneal injection of nor-
mal saline at the same dose according to the 
body weight). The body weight and subcutane-
ous tumor size of the mice were measured and 
recorded every day. The end point of the experi-
ment: the size of the subcutaneous tumor 
reaching the ethical requirement, or there is a 
significant difference in the size of the subcuta-
neous tumor between the treatment group and 
the control group. After reaching the end point, 
the mice are humanely killed in a carbon diox-
ide environment, and the subcutaneous tumor 
is dissected.

Dosage calculation

According to the instructions of Eribulin, in 
breast cancer, the recommended dosage for a 
70 kg adult (approximately 1.73 m2 body sur-
face area) is 1.4 mg/m2, which is equivalent to 

0.0346 mg/kg. In previous preclinical experi-
ments, the dosages used for different tumor 
cell mouse transplantation models ranged from 
0.125 mg/kg to 1 mg/kg [35]. In subsequent 
phase I clinical trials, the dosages used for  
HCC patients ranged from 0.25 mg/m2 to 1.4 
mg/m2 [19, 20]. Based on experience pooled 
from multiple studies, the conversion ratio 
between mouse and human doses is 9.1:1 
[66], the dosage for mice based on the recom-
mended dosage in the package insert is 
approximately 0.315 mg/kg, which translates 
to 6.3 μg Eribulin/20 g mouse. This dosage is 
closer to the dosages used in preclinical experi-
ments and clinical trials.

Proteomic and gene expression datasets

We downloaded gene expression data, muta-
tional information, and clinical data for 365 
liver hepatocellular carcinoma (LIHC) from The 
Cancer Genome Atlas (TCGA) network project 
via cbioportal online tool (available online: 
http://www.cbioportal.org/, accessed on May 
1, 2022), proteomic data for 179 LIHC from  
The Cancer Proteome Atlas (TCPA) network 
project (available online: https://www.tcpapor-
tal.org/, accessed on May 1, 2022).

Human tissue samples, immunohistochemistry

Surgical pathological samples of HCC patients 
were collected from the People’s Hospital of 
Dongyang County, Zhejiang Province. All pa- 
tients signed informed consent forms, and the 
sample collection was approved by the  
hospital’s ethics review committee and fol-
lowed the principles of the Helsinki Declaration. 
Immunohistochemistry results were completed 
by the pathology department. The result inter-
pretation was as follows: unstained was 0, the 
most robust staining was 3+, and the interme-
diate levels were 1+ and 2+.

Protein extracts, western blot

The lysed cell extracts were adjusted to an 
appropriate concentration using a lysis buffer. 
Subsequently, a mixture of sample buffer and 
cell extracts was loaded onto a 10% SDS-
polyacrylamide gel, and electrophoresis was 
run for 30 minutes at 80 volts, followed by 90 
minutes at 120 volts. The PVDF membrane  
was then used for transfer, which was trans-
formed at 120 mA for 120 minutes. Next, the 
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membrane was blocked with 5% non-fat milk in 
TBST for 60 minutes at room temperature, fol-
lowed by incubation with the primary antibody 
at 4°C overnight. After washing thrice in TBST, 
the membrane was incubated with a secondary 
antibody for one hour at room temperature. 
Images were captured using the Amersham 
Imager 680 (GE, USA). The primary antibodies 
used in this study are listed below: anti-ATAT1 
antibody (dilution 1:2000) (No. NBP2-48860, 
Novus Biologicals, USA); anti-acetyl-alpha tu- 
bulin (Lys40) antibody (dilution 1:2000) (No. 
322700, life technologies, USA); anti-α-tubulin 
antibody (dilution 1:2000) (No. t5168, Sigma, 
USA); anti-GAPDH antibody (dilution 1:5000) 
(No. 2251-1, Epitomics, USA); anti-HDAC6 anti-
body (dilution 1:2000) (No. ET1701-66, HUAAN, 
China).

Cell viability assay

The Cell Counting Kit-8 assay (CCK-8, FDbio, 
Hangzhou, China) was conducted following the 
manufacturer’s instructions. Briefly, 1 × 104 
cells were seeded in a 96-well plate with 100 
µL of medium and subjected to various treat-
ments for specified durations, as detailed in 
the Results section. Afterward, 100 µL of 10% 
CCK-8 reagent was added and incubated at 
37°C for 0.5~2 hours, and the absorbance  
was measured at 450 nm using a microplate 
reader. The differences in cell viability were 
examined. Each experiment would be conduct-
ed for at least three times of biological 
replications.

Drug-sensitive crystal violet staining

Uniformly seeded 2 × 105 cells into a 12-well 
plate, treated with different concentrations of 
Eribulin the following day, and stained the cells 
in the wells with crystal violet 48 hours later. 
Images were taken under a microscope and 
processed using ImageJ software.

Molecular cloning

Molecular cloning in cell experiments involves 
the construction of recombinant DNA expres-
sion vectors, plasmid transformation and iden-
tification, and plasmid amplification and extrac-
tion. Firstly, total RNA is extracted from cells, 
and cDNA is synthesized using reverse tran-
scription PCR (RT-PCR). Using the designed 
primers for the corresponding gene fragment 

(i.e., upstream primer F and downstream prim-
er R), the coding sequence of the gene region is 
PCR amplified using a high-fidelity DNA poly-
merase (Pfu Ultra II Fusion HS, Agilent, USA). 
After PCR, the product should be purified and 
recovered by gel electrophoresis separation 
according to the different molecular weight 
sizes and a DNA gel recovery kit (Gel DNA 
Recovery Kit, Zymoclean, China). The plasmid is 
constructed using double enzyme digestion, in 
which the cDNA fragment and the empty vector 
are subjected to double enzyme digestion to 
obtain linear DNA fragments with the same 
sticky ends, which are then recovered by gel 
electrophoresis. The target plasmid is trans-
formed, identified, and amplified using DH5α 
competent E. coli (Weidibio, China) as a vector. 
HDAC6 primer: Upstream primer F: 5’-GG- 
CTAGCGCCACCATGACCTCAACCGGCCAGGA-3’, 
Downstream primer R: 5’-CGGATCCTTAGTGT- 
GGGTGGGGCATATCCTCC-3’.

Generation of ATAT1-knockdown and HDAC6-
overexpressing cell lines

To knockdown ATAT1 gene (ATAT1-KD) in HCC 
cell lines, small interfering RNA (siRNA) trans-
fection experiments are performed using the 
following siRNA (GenePharma, China): siCon- 
trol (silencer select negative control), siATAT1 
#1 (sense: 5’-GCCAAGGCCCAGAAUCUUUTT-3’, 
antisense: 5’-AAAGAUUCUGGGCCUUGGCTT-3’, 
GenePharma, China), siATAT1 #2 (sense: 5’- 
GGAUGAUCGUGAGGCUCAUTT-3’, antisense: 5’- 
AUGAGCCUCACGAUCAUCCTT-3’, GenePharma, 
China). Lipofectamine RNAiMAX (ThermoFisher 
SCIENTIFIC, USA) is used as transfection 
reagent.

The HDAC6-overexpressing (HDAC6-OE) cell 
lines are stable cell lines constructed by lentivi-
ral vector infection, and the plasmids are  
constructed by “Molecular cloning” described 
above.

Cellular immunofluorescence assay

Target cells are seeded in a 12-well or 24-well 
plate with cell culture slides before the experi-
ment, with a cell density of 50% to 70% on the 
day of slide preparation. The cell culture slid- 
es are washed three times with 1 × PBS, fixed 
with 4% paraformaldehyde for 30 minutes, 
washed three times with 1 × PBST, and blocked 
with 5% BSA for 30 minutes. The primary anti-
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body is diluted in 5% BSA and incubated over-
night at 4°C, followed by washing and incuba-
tion with the secondary antibody at room tem-
perature for 1 hour. The cell nuclei are stained 
with DAPI and washed. The slides are sealed 
with the anti-fluorescent quencher. Images are 
captured using a fluorescence-inverted micro- 
scope.

Cell apoptosis detection

The Annexin V-FITC/PI apoptosis kit (Lianke 
Biology, China) was used to detect cell apopto-
sis levels. Cells were seeded into a 12-well 
plate, treated accordingly, and then collected 
and processed according to the kit instruc-
tions. Cell apoptosis was detected using a flow 
cytometer, and FlowJo software (version 
10.8.1) was used for analysis.

Cell cycle detection

The Cell Cycle Staining Kit (by LIANKO, China) 
was used to detect cell cycle distribution. Cells 
were seeded in a 12-well plate, treated accord-
ingly, and collected and processed according  
to the manufacturer’s instructions. Cell cycle 
detection was performed using a flow cytome-
ter, and the data were analyzed using ModFit 
(version 3.0).

Microtubule aggregation semi-quantitative 
detection

The Cytoskeleton #BK004P kit was used to 
perform microtubule aggregation semi-quanti-
tative detection. The microtubule protein buffer 
and paclitaxel positive control reagents were 
prepared according to the kit instructions. The 
drug at the appropriate concentration to be 
tested was selected, and a 100 μL reaction 
system was equipped and added to the 96-well 
plate provided in the kit. The absorbance was 
measured every 30 seconds at 37°C, and 121 
data points were collected over 60 minutes, 
including the initial reading at time 0. The 
absorbance data were processed and plotted 
to generate a curve showing the change in 
absorbance over time.

Survival analysis

Survival analysis was performed based on  
data from TCGA, TCPA, and clinical follow-up 
data. The R packages “survival”, “survminer”, 

“RColorBrewer”, “dplyr”, “plyr”, “glmnet”, “rms”, 
“VIM”, etc. were used to analyze survival, draw 
survival curves, perform Cox regression analy-
sis, calculate and draw column charts, and so 
on.

Statistical analysis

All statistical analyses in this study were per-
formed using GraphPad Prism (version 9.5.1) 
software and R (version 4.1.0), with R running 
in the RStudio (version 2022.02.3+492) envi-
ronment. The results were analyzed by non-
paired Student’s t-test, one-way ANOVA, two-
way ANOVA, and χ2 (and Fisher’s exact) test. 
Univariate and multivariate Cox regression 
analyses were employed to evaluate the im- 
pact of relevant factors on survival prognosis. 
Kaplan-Meier survival curve analysis was used 
to compare survival differences between differ-
ent groups. Each experiment was independent-
ly repeated at least three times. Significance 
level was represented by p-values, with “*” 
indicating P < 0.05, “**” indicating P < 0.01, 
“***” indicating P < 0.001, and “****” indicat-
ing P < 0.0001.

Results

High level of acetyl-α-tubulin-lys40 is corre-
lated with poor prognosis of HCC patients

We downloaded the reverse protein array 
(RPPA) level 4 data for 179 LIHC samples from 
HCC patients from the TCPA and standardized 
the data to obtain basic patient information 
(Supplementary Table 1). We selected data 
containing patient IDs, levels of acetyl-α-
tubulin-lys40, patient survival time, and surviv-
al status. Using R, we calculated the optimal 
cutoff point for the level of acetyl-α-tubulin-
lys40 to be -0.2184. We divided the data into 
high- and low-level groups based on this cutoff 
value and found a significant correlation 
between the level of acetyl-α-tubulin-lys40 and 
patient prognosis through further analysis of 
the overall survival (OS) of patients in each 
group (Figure 1A). A high level of acetyl-α-
tubulin-lys40 was associated with shorter over-
all survival, indicating that acetyl-α-tubulin-
lys40 might be an applicable prognostic bio-
marker in HCC.

A further stratified analysis of the TCPA data-
base calculated OS curves for acetyl-α-tubulin-
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lys40 levels in HCC patients at different stages 
(Figure 1B, Supplementary Figure 1A-C). We 

excluded N1 and M1 stage patients from this 
survival analysis due to the potential for signifi-

Figure 1. High level of acetyl-α-tubulin-lys40 correlated with poor prognosis in HCC patients. A. Overall survival (OS) 
analysis was performed on acetyl-a-tubulin-lys40 in HCC patients using data from the TCPA database, with a cutoff 
value of -0.2184 and P = 0.00022, showing significant differences; B. Survival curve for T1 stage HCC patients with 
a cutoff of 0.152 and P = 0.00013; C. Multivariate Cox regression analysis was performed by a forest plot. The level 
of acetyl-α-tubulin-lys40 was identified as an independent risk factor for OS of HCC patients (P = 0.028); D. The 
nomogram was constructed based on data from TCGA and TCPA database to predict 1, 3, 5-year survival of LIHC.
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cant confounding bias from the small sample 
size of these stages. In T1-stage HCC patients, 
a significant correlation between acetyl-α-
tubulin-lys40 level and prognosis was observ- 
ed (Figure 1B). However, no significant differ-
ence was detected in the survival analysis of 
T2-stage HCC patients, possibly due to limited 
hypoacetylation cases (Supplementary Figure 
1A). Our further stratified survival analysis 
revealed a poorer prognosis for patients with 
higher levels of acetyl-α-tubulin-lys40 in the 
early stages (T1 and T2) of HCC (Supple- 
mentary Figure 1B), but acetyl-α-tubulin-lys40 
level did not impact the prognosis of advanced 
(T3 and T4) HCC patients (Supplementary 
Figure 1C). This provides a further demonstra-
tion of the prognostic ability of acetyl-α-tubulin-
lys40 level in HCC patients, especially in early-
stage HCC.

We constructed a prognostic prediction model 
using publicly available databases that in- 
corporated various patient parameters, includ-
ing age, gender, tumor stage, follow-up period, 
and acetyl-α-tubulin-lys40 level. Initially, our 
univariate Cox regression analysis revealed 
that acetyl-α-tubulin-lys40 level and tumor 
stage were significant prognostic indicators for 
the overall survival of HCC patients (Table 1). 
Subsequently, we performed multivariate Cox 
regression analysis on these two indicators, 
along with our previously identified risk fac- 
tor, and confirmed that the level of acetyl-α-
tubulin-lys40 was an independent risk factor 
for patient survival and prognosis (Table 1; 
Figure 1C). Consequently, we developed a 
nomogram to predict the overall survival of HCC 
patients, achieving a concordance index of 
0.63 (Figure 1D).

High level of acetyl-α-tubulin-lys40 is corre-
lated with poor prognosis in clinical data

We collected information and surgical patho-
logical samples from HCC patients at Dong- 
yang People’s Hospital between September 
2014 and September 2020. After thorough fol-
low-up and screening procedures, 59 clinical 
surgical pathological samples from HCC 
patients were utilized to develop tissue micro-
arrays (TMAs). Immunohistochemical staining 
and interpretation were performed on the 
TMAs, which included patient tumor speci-
mens, paracancerous specimens, and normal 
tissue control specimens. Patient survival  
was monitored until January 31, 2023. 
Supplementary Table 2 displays the clinical 
characteristics of the patients included in our 
study. Immunohistochemical staining (IHC) of 
acetyl-α-tubulin-lys40 on pathological speci-
mens using TMAs revealed higher levels in 
tumor tissues compared to adjacent non-tumor 
control tissues (Figure 2A and 2B).

We utilized univariate Cox regression analysis 
to analyze survival differences across various 
factors including gender, age, T stage (clinical 
stage and T stage were considered consistent 
since both N stage and M stage were 0),  
acetyl-α-tubulin-lys40 level (categorized by the 
cutoff of 2), and histological grade (Supple- 
mentary Table 3); all factors showed no signifi-
cant difference in OS. In the OS prognosis  
analysis, patients in the acetyl-α-tubulin-lys40 
low-level group exhibited a relatively better sur-
vival prognosis than those in the high-level 
group (Supplementary Figure 2). Further strati-
fied survival analysis revealed significantly bet-
ter survival prognosis in stage T1 patients from 

Table 1. Univariate and multivariate Cox regression analysis of LIHC patients

Group
Univariate Cox Multivariate Cox

HR CI95 p HR CI95 p
Acetyl-α-tubulin-lys40 1.55 1.09-2.19 0.015 1.51 1.05-2.19 0.028
Age 0.99 0.98-1.01 0.32
Gender 0.7 0.46-1.07 0.097
Histological 1.63 0.43-6.19 0.471
Surgery 1.03 0.87-1.23 0.716
T Stage 1.52 1.22-1.89 < 0.001 1.5 0.69-3.3 0.309
N Stage 1.19 0.29-4.88 0.808
M Stage 2.42 0.59-9.9 0.219
AJCC Grade 1.49 1.17-1.91 0.001 0.96 0.42-2.19 0.92



Suppress α-tubulin acetylation potentiated Eribulin’s therapeutic efficacy

5705 Am J Cancer Res 2023;13(11):5698-5718

the low-level group (Figure 2C), indicating that 
acetyl-α-tubulin-lys40 level serves as a predic-
tor for overall survival, particularly in early-
stage HCC, T1 stage.

High level of acetyl-α-tubulin-lys40 is corelated 
with lower sensitivity to Eribulin in HCC cell 
lines

In clinical practice, anti-microtubule depolymer-
ization drugs like paclitaxel are not considered 
front-line chemotherapy regimens due to their 
clinical trial failures [12, 67]. Eribulin, an anti-
microtubule polymerization drug, inhibits tubu-
lin polymerization and pharmacologically dif-
fers from paclitaxel. Therefore, we conducted  
a comparative experiment on paclitaxel and 
Eribulin in HCC cell lines. Results indicate that 
both HCCLM3 and Li-7 cell lines exhibit higher 
sensitivity to Eribulin than to paclitaxel (Supple- 
mentary Figure 3A), leading us to consider 
Eribulin’s potential in HCC treatment over tradi-
tional anti-microtubule drugs like paclitaxel.

Prior research has suggested that α-tubulin 
acetylation enhances tubulin stability [64]. 
Consequently, we postulated that Eribulin 
might exhibit varied therapeutic effects on cells 
with different α-tubulin acetylation levels. 

Initially, we assessed acetyl-α-tubulin-lys40 
levels across various unselected HCC cell lines, 
discovering variability in acetyl-α-tubulin-lys40 
levels across different HCC cell lines (Figure 
3A). We questioned whether cell lines demon-
strate different sensitivities to Eribulin treat-
ment based on their respective acetyl-α-
tubulin-lys40 levels. After treating HCC cells 
with Eribulin and using the CCK-8 method to 
evaluate cell viability, we found that distinct 
HCC cell lines possess varied sensitivities to 
Eribulin (Figure 3B). Specifically, higher acetyl-
α-tubulin-lys40 levels correlated with lower 
sensitivity to Eribulin treatment (Figure 3B). 
Thus, we theorize that HCC cell lines with ele-
vated levels of acetyl-α-tubulin-lys40 are less 
sensitive to Eribulin treatment (Figure 3A and 
3B).

Subsequently, we categorized the HCC cell 
lines into three groups based on their sensitivi-
ty to Eribulin: resistant, moderately resistant, 
and sensitive (Figure 3B). To validate our 
hypothesis, we selected representative cell 
lines from each group for further testing. 
Results from CCK-8 and drug-sensitivity crystal 
violet staining revealed that cell lines with high-
er acetyl-α-tubulin-lys40 levels had higher via-

Figure 2. The level of acetyl-α-tubulin-lys40 was higher in liver tumors, correlated with poor prognosis in clinical 
data. A. The distribution of levels of acetyl-α-tubulin-lys40. The left part of the figure shows violin plots of protein 
distribution and the right part shows heat maps of protein levels (Legend: Ace-K40_T: level of acetyl-α-tubulin-lys40 
in tumor tissue, Ace-K40_N: level of acetyl-α-tubulin-lys40 in adjacent non-tumor tissue, the x-axis of the violin plots 
represents the acetyl-α-tubulin-lys40 level, while the x-axis of the heat maps represents each sample from different 
cases, except for two lost samples. A total of 56 cases are included in the analysis, with different colors indicating 
different levels of acetyl-α-tubulin-lys40, specifically 0: black, 1: purple, 2: orange, 3: light yellow); B. Example of 
acetyl-α-tubulin-lys40 immunohistochemical staining results on tissue microarray (TMA) (50 × and 200 × magnifica-
tion for each group); C. The OS analysis. The group with acetyl-α-tubulin-lys40 level ≤ 2 was classified as the low-level 
group, while the group with acetyl-α-tubulin-lys40 level = 3 was classified as the high-level group. The p-value was 
0.021.
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bility under the same Eribulin concentration 
(Figure 3C and 3D). This reaffirmed our earlier 
observation that acetyl-α-tubulin-lys40 levels 
are inversely related to Eribulin sensitivity.

To investigate differences in apoptosis among 
these cell lines, we employed flow cytometry 
and observed that apoptosis levels in plc/prf/5 
cells were significantly elevated compared to 
other resistant lines (Supplementary Figure 3B 
and 3C). Based on these findings, we conclud-
ed that cells with low levels of acetyl-α-tubulin-
lys40 were more vulnerable to Eribulin-induced 
apoptosis.

Prior studies have indicated that while Eribulin 
affects microtubule assembly, its impact dif-
fers from taxanes. To understand Eribulin’s 
influence on microtubule morphology, we treat-
ed HCCLM3 cells with Eribulin (0.1 μg/mL for 
48 hours) and performed immunofluorescen- 
ce staining (Figure 3E and 3E’). Eribulin treat-
ment appeared to disrupt microtubule assem-
bly, leading to discontinuous, scattered, and 
loose structures. To further investigate the role 
of Eribulin in microtubule polymerization, we 
conducted a semi-quantitative analysis of 
microtubule polymerization (Supplementary 
Figure 3D). We found that, in contrast to pacli-

Figure 3. High level of acetyl-α-tubulin-lys40 corelated with lower sensitivity to Eribulin in HCC cell lines. (A) Differ-
ent HCC cell lines exhibited differential levels of acetyl-α-tubulin-lys40; (B) Sensitivity analysis by CCK-8 of different 
HCC cells to Eribulin treatment at gradient concentration of 0~1 μg/mL; According to the relative cell viability at 
Eribulin concentrations of 0.001~0.01 μg/mL, the cell lines were classified into three groups with different sensitivi-
ties: resistant (red), moderate resistant (green), and sensitive (blue); (C) Sensitivity analysis of different HCC cells 
to Eribulin treatment at gradient concentrations of 0~1 μg/mL. Validation was carried out using crystal violet drug 
sensitivity experiments; (D) Visualizations of (C); (E) Visualization of immunofluorescence staining shown the differ-
ent structure of microtubules between negative control and Eribulin treatment; (E’) Statistics of tubulin length in (E) 
(measuring for 50 microtubules of each group).
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taxel, Eribulin interfered with microtubule 
assembly in a dose-dependent manner.

Based on our previous results, which discov-
ered a negative correlation between acetyl-α-
tubulin-lys40 levels in HCC cells and their sen-
sitivity to Eribulin, we speculated whether 
reducing acetyl-α-tubulin-lys40 levels in HCC 
cells might enhance Eribulin’s therapeutic 
efficacy.

Reducing the level of acetyl-α-tubulin-lys40 
could disturb the stability of microtubules

Previous studies have shown [59-62, 68] that 
Histone Deacetylase 6 (HDAC6) and Alpha 
Tubulin Acetyltransferase 1 (ATAT1) are key 
deacetylases and acetyltransferases, respec-
tively, regulating acetylation levels of lysine 40 
on α-tubulin (acetyl-α-tubulin-lys40) (Figure 
4A). We further downloaded RNA expression 
data and associated clinical information for 
365 LIHC tumor samples from TCGA, and per-
formed an OS curve analysis on the HDAC6  
and ATAT1 datasets without filtering. Results 
revealed that elevated HDAC6 expression and 
reduced ATAT1 expression correlated with 
improved overall survival (Supplementary 
Figure 4A and 4B). Given that elevated HDAC6 
and reduced ATAT1 expression both suggest 
diminished acetyl-α-tubulin-lys40 levels, we 
further probed the relationship between ace- 
tyl-α-tubulin-lys40 and HCC patient OS. In our 
clinical surgical pathological samples, we con-
ducted immunohistochemical staining for both 
ATAT1 and HDAC6 using TMAs (Supplementary 
Figure 4C). We observed a significantly higher 
level of ATAT1 in tumor tissues compared to 
adjacent non-tumor tissue, with no discernible 
difference in HDAC6 levels (Figure 4B). Given 
that elevated acetyl-α-tubulin-lys40 levels 
enhance microtubule stability, we performed 
immunofluorescence staining to examine tubu-
lin morphology after knocking down ATAT1 and 
overexpressing HDAC6 in different HCC cells 
(Figures 4C-E and 4C’-E’, 5A, 5E, 5I, 6A, 6E,  
6I). We observed that in negative control cells, 
tubulin primarily exhibited a continuous linear 
structure with few punctate structures. How- 
ever, in ATAT1 knockdown cells, tubulin was 
mostly distributed as scattered dots, with mini-
mal visible cord-like microtubules. Overexpres- 
sing HDAC6 produced results consistent with 
ATAT1 knockdown findings (Figure 4F-H and 

4F’-H’). Thus, we inferred that reducing acetyl-
α-tubulin-lys40 levels may impact tubulin 
assembly or microtubule stability.

Knockdown of ATAT1 reduces acetyl-α-tubulin-
lys40 and sensitizes HCC cells to eribulin treat-
ment

As previously mentioned, acetyltransferase 
ATAT1 mediates the acetylation of α-tubulin 
(Figure 4A). Given the influence of endogen- 
ous levels of acetyl-α-tubulin-lys40 on sensitiv-
ity to Eribulin (Figure 3), we examined if ATAT1-
knockdown (ATAT1-KD) could improve Eribulin’s 
efficacy. We knocked down ATAT1 in HCC cell 
lines such as Li-7, HCCLM3, and Hepa1-6, 
observing a reduction in acetyl-α-tubulin-lys40 
levels (Figure 5A, 5E, 5I). We then assessed 
the Eribulin sensitivity of these HCC cell lines 
and found that ATAT1-KD as associated with 
increased viability loss induced by Eribulin 
(Figure 5B-D, 5F-H, 5J-L). Based on these 
experimental results, we concluded that dimin-
ishing ATAT1 levels in HCC cells effectively 
reduces acetyl-α-tubulin-lys40 levels, height-
ening the responsiveness of HCC cells to 
Eribulin treatment. Further tests on cell cycle 
and apoptosis revealed that Eribulin induced 
G2/M arrest and apoptosis more effectively in 
ATAT1-KD cells (Supplementary Figure 5A-F). 
Moreover, higher Eribulin concentrations had 
were associated with a more pronounced 
effect. Based on these findings, we conclude 
that ATAT1-KD can reduce acetyl-α-tubulin-
lys40 levels, further enhancing the therapeutic 
efficacy of Eribulin in HCC cells via cell cycle 
arrest and apoptosis.

Overexpression of HDAC6 reduces acetylation 
level of acetyl-α-tubulin-lys40 and sensitizes 
HCC cells to eribulin treatment

Conversely, HDAC6 is known to remove 
α-tubulin acetylation (Figure 4A). Therefore, we 
also studied the effects of exogenous HDAC6 
overexpression (HDAC6-OE) on Eribulin sensi-
tivity in HCCLM3, Li-7, and Hepa1-6 cell lines. 
As anticipated, HDAC6-OE decreased the level 
of acetyl-α-tubulin-lys40 (Figure 6A, 6E, 6I) 
and enhanced Eribulin’s efficacy, as indicated 
by reduced cell viability (Figure 6B-D, 6F-H, 
6J-L). We concluded that HDAC6-OE can dimin-
ish acetyl-α-tubulin-lys40 levels in HCC cells, 
thereby boosting the sensitivity of these cells to 
Eribulin treatment. We also explored the influ-
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Figure 4. Reducing the level of acetyl-α-tubulin-lys40 could disturb the stability of microtubules. A. The left panel 
shows a schematic diagram of microtubules structure composed of a series of α-tubulin and β-tubulin subunits. 
Acetyl-a-tubulin-lys40 is a modification present at the 40th site of α-tubulin, which can be regulated by ATAT1 and 
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ence of HDAC6 overexpression on cell cycle 
and apoptosis in HCC cells. The results paral-
leled those observed with ATAT1 knockdown 
(Supplementary Figure 6A-F). We observed an 
increase in G2/M phase arrest in HCCLM3  
and Hepa1-6 Hdac6-OE cells, although no 
definitive trend was discerned in Li-7 cells. 
Quantification of apoptosis following treatment 
revealed that Eribulin led to an increased rate 
of apoptosis in HDAC6-OE HCC cells, particu-
larly in early and late apoptosis stages. These 
outcomes suggest that HDAC6-OE reduces 
acetyl-α-tubulin-lys40 levels thereby potentiat-
ing the therapeutic efficacy of Eribulin.

Reduction of acetyl-α-tubulin-lys40 increases 
the sensitivity to Eribulin of HCC xenograft 
mice

In previous in vitro experiments, we confirmed 
that either ATAT1-KD or HDAC6-OE can reduce 
the level of acetyl-α-tubulin-lys40, thereby sen-
sitizing cells to Eribulin treatment. To investi-
gate if these results translated in vivo, we 
established a mouse tumor cell transplantation 
model by subcutaneously transplanting engi-
neered Atat1-KD or Hdac6-OE Hepa1-6 cells  
to C57BL/6 mice (Supplementary Figure 7A). 
We then conducted statistical analyses on the 
size of formed subcutaneous tumors. In mice 
implanted with Atat1-KD cells, the tumors in 
the treatment group were significantly smaller 
than those in the control group. Analysis  
using the χ2 (and Fisher’s exact) test showed a 
significant trend, wherein tumors in Atat1-KD 
Eribulin-treated mice were the smallest among 
all groups starting from day 7 (Figure 7A). At the 
study’s conclusion, we compared tumor sizes 
and tumor weight using the χ2 (and Fisher’s 
exact) test (Figure 7B-D); tumors from Atat1-KD 

Eribulin-treated mice were found to be the 
lightest.

In the Hdac6-OE tumor cell transplantation 
model, the growth rate of tumors with Hdac6-
OE cells treated with Eribulin was the slowest, 
with a significant difference observed among- 
st all groups from day 7 onward (Figure 7F). 
Further statistical analyses on tumor weight at 
the end of the experiment revealed a similar 
trend (Figure 7G-I). Immunohistochemistry 
results (Figure 7E and 7J) showed that knock-
ing down Atat1 or overexpressing Hdac6 
decreased the levels of acetyl-α-tubulin-lys40 
(Ace-K40). Additionally, Ki-67 expression in 
Eribulin-treated groups with low Ace-K40  
levels was lower than in those with high Ace-
K40 levels, indicating a reduced proliferation 
rate. These findings demonstrate that lowering 
acetyl-α-tubulin-lys40 levels in tumor cells can 
enhance their sensitivity to Eribulin treatment 
in vivo.

Eribulin has demonstrated considerable safety 
in preclinical experiments and clinical trials  
[19-22]. Throughout our study, we monitored 
changes in mouse body weight during treat-
ment (Supplementary Figure 7B and 7C). We 
observed that, whether in the Atat1 knockdown 
or Hdac6 overexpression groups, there was no 
significant difference in body weight compared 
to the negative control group. This suggests 
that Eribulin treatment at the administered con-
centration did not exhibit noticeable toxicity.

Discussion

Microtubule-targeted drugs have become a 
focal point in anti-tumor chemotherapy. As new 
anti-microtubule drugs continue to be devel-

HDAC6 enzymes to maintain a dynamic balance of acetylation level; B. The distribution of protein expression levels 
of ATAT1 and HDAC6. The left part of the figure shows violin plots of expression distribution and the right part shows 
heat maps of protein expression levels (Legend: ATAT1_T: expression level of ATAT1 in tumor tissue, ATAT1_N: expres-
sion level of ATAT1 in adjacent non-tumor tissue, HDAC6_T: expression level of HDAC6 in tumor tissue, HDAC6_N: 
expression level of HDAC6 in adjacent non-tumor tissue, the x-axis of the violin plots represents the protein ex-
pression level, while the x-axis of the heat maps represents each sample from different cases, except for two lost 
samples. A total of 56 cases are included in the analysis, with different colors indicating different levels of protein 
expression, specifically 0: black, 1: purple, 2: orange, 3: light yellow); C-E. Knocking down ATAT1 in HCC cell lines, 
the microtubule shapes were observed and photographed under immunofluorescence microscopy (60 × oil objec-
tive lens) by staining cell nuclei with blue (DAPI) and tubulin with green. The merged images showed two different 
forms of microtubules: linear microtubules (with cavity and strip-like shape) and punctate microtubules (short, free 
microtubule fragments); C’-E’. Statistics of tubulin length in each group (measuring for 50 microtubules); C. Knock-
ing down ATAT1 in HCCLM3; D. Knocking down ATAT1 in Li-7; E. Knocking down Atat1 in Hepa1-6; F-H. Overexpress-
ing HDAC6 in HCC cell lines, the microtubule shapes were observed and photographed under immunofluorescence 
microscopy (60 × oil objective lens) by staining cell nuclei with blue (DAPI) and tubulin with green; F’-H’. Statistics of 
tubulin length in each group (measuring for 50 microtubules); F. Overexpressing HDAC6 in HCCLM3; G. Overexpress-
ing HDAC6 in Li-7; H. Overexpressing Hdac6 in Hepa1-6.
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Figure 5. Loss of ATAT1 could increase the sensitivity to Eribulin of HCC cells. A-D. Knockdown of ATAT1 in human 
HCC cell line Li-7 by transient transfection with siATAT1 construct increased the sensitivity of HCC cells to Eribulin 
treatment; A. Level changes of acetyl-α-tubulin-lys40 in Li-7 cells after knockdown of ATAT1; B. Detection of changes 
in sensitivity of ATAT1-knockdown Li-7 cells to Eribulin treatment using the CCK-8 assay; C. Microscopic observation 
of crystal violet drug sensitivity experiments in ATAT1-knockdown Li-7 cells; D. Visualization of data of crystal violet 
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oped, a significant portion of current research 
is dedicated to understanding drug resistance 
mechanisms. Consequently, reversing drug 
resistance has emerged as a crucial research 
direction. Our study began with the aim to iden-
tify populations sensitive to Eribulin treatment 
and to understand the impact of the 40th- 
site-lysine acetylation level of α-tubulin on drug 
sensitivity. We discovered that the acetyl-α-
tubulin-lys40 level serves as both a survival 
and prognosis indicator in HCC, and also as a 
marker for Eribulin treatment sensitivity. 
Specifically, a reduction in acetyl-α-tubulin-
lys40 enhances tumor sensitivity to Eribulin. 
This finding has potential guiding significance 
for clinical treatment.

Based on the statistical analysis of HCC patient 
data in the public database, we found a signifi-
cant negative correlation between the level of 
acetyl-α-tubulin-lys40 and HCC patient progno-
sis. Subsequent data analysis indicated that 
the acetyl-α-tubulin-lys40 level is an indepen-
dent risk factor for survival and prognosis in 
HCC patients. We further established a prog-
nostic assessment nomogram after screening 
the corresponding data. However, since the 
interpretation of acetyl-α-tubulin-lys40 in clini-
cal samples cannot be aligned with the pro- 
tein RPPA data in TCPA database, it is impossi-
ble to use these data for external verification of 
the nomogram, which is a shortcoming of this 
study.

We collected pathological specimens from  
HCC patients in our center and conducted long-
term follow-ups, constructed TMAs of the path-
ological specimens, and performed IHC on 
acetyl-α-tubulin-lys40, ATAT1 and HDAC6. We 
observed that the survival curves of patients 
with low levels of acetyl-α-tubulin-lys40 and 
those with high levels did not yield statistically 
significant results. However, the survival curves 

separated from each other, revealing that high-
level group patients had a worse trend of sur-
vival. In comparison with the public database, 
we were unsuccessful in obtaining similar 
results in our comprehensive HCC patient data 
analysis. Potential reasons include a short  
follow-up duration, fewer patients in the high-
level group, most follow-up patients being at 
stage I, based on TNM staging, which may 
cause a substantial admission rate bias, and 
the limited scale of our clinical cohort. How- 
ever, we can expand the sample size or collect 
cases from multiple centers. Furthermore, by 
quantifying the acetyl-α-tubulin-lys40 score in 
patient pathological specimens, patients with 
high and low acetyl-α-tubulin-lys40 levels  
would be more accurately distinguished by cal-
culating the cutoff value.

Although Eribulin has been used in clinical 
practice for more than three years since its 
introduction to China, the number of patients 
who have received this treatment remains  
limited. This scarcity of patients makes it chal-
lenging to obtain comprehensive data from 
either clinical practices or databases. Addi- 
tionally, further research is essential to clarify 
the relationship between changes in acetyl-α-
tubulin-lys40 levels before and after Eribulin 
treatment with its therapeutic efficacy.

In clinical practice, selective HDAC inhibitors, 
such as Vorinostat, Romidepsin, Belinostat, 
Panobinostat, Entinostat, and Epidaza, are 
employed to treat lymphoma and breast can-
cer. The HDAC family comprises four classes 
containing 18 types of HDACs [69]. Selective 
HDAC inhibitors typically target various HDACs; 
for example, Epidaza targets HDAC1, 2, 3,  
10, while Vorinostat targets HDAC1, 2, 3, 5, 6, 
8, 9, 10, 11. When targeting HDACs, the activity 
of selective HDAC inhibitors reduces histone 
acetylation, leading to the compaction of the 

drug sensitivity experiments in ATAT1-knockdown Li-7 cells; E-H. Knockdown of ATAT1 in human HCC cell line HC-
CLM3 by transient transfection with siATAT1 construct increased the sensitivity of HCC cells to Eribulin treatment; E. 
Level changes of acetyl-α-tubulin-lys40 in HCCLM3 cells after knockdown of ATAT1; F. Detection of changes in sen-
sitivity of ATAT1-knockdown HCCLM3 cells to Eribulin treatment using the CCK-8 assay; G. Microscopic observation 
of crystal violet drug sensitivity experiments in ATAT1-knockdown HCCLM3 cells; H. Visualization of data of crystal 
violet drug sensitivity experiments in ATAT1-knockdown HCCLM3 cells; I-L. Knockdown of Atat1 in mouse HCC cell 
line Hepa1-6 by stable transfection with shRNA construct increased the sensitivity of cells to Eribulin treatment; I. 
Level changes of acetyl-α-tubulin-lys40 in Hepa1-6 cells after knockdown of Atat1; J. Detection of changes in sensi-
tivity of Atat1-knockdown Hepa1-6 cells to Eribulin treatment using the CCK-8 assay; K. Microscopic observation of 
crystal violet drug sensitivity experiments in Atat1-knockdown Hepa1-6 cells; L. Visualization of data of crystal violet 
drug sensitivity experiments in Atat1-knockdown Hepa1-6 cells.



Suppress α-tubulin acetylation potentiated Eribulin’s therapeutic efficacy

5712 Am J Cancer Res 2023;13(11):5698-5718



Suppress α-tubulin acetylation potentiated Eribulin’s therapeutic efficacy

5713 Am J Cancer Res 2023;13(11):5698-5718

Figure 6. HDAC overexpression could increase the sensitivity to Eribulin in HCC cells. A-D. Overexpressing HDAC6 
in Li-7 by stable transfection increased the sensitivity of cells to Eribulin treatment; A. Level changes of acetyl-α-
tubulin-lys40 in Li-7 cells after overexpressing HDAC6; B. Detection of changes in sensitivity of HDAC-OE Li-7 cells to 
Eribulin treatment using the CCK-8 assay; C. Microscopic observation of crystal violet drug sensitivity experiments 
in HDAC6-OE Li-7 cells; D. Visualization of data of crystal violet drug sensitivity experiments in HDAC6-OE Li-7 cells; 
E-H. Overexpressing HDAC6 in HCCLM3 by stable transfection increased the sensitivity of cells to Eribulin treatment; 
E. Level changes of acetyl-α-tubulin-lys40 in HCCLM3 cells after overexpressing HDAC6; F. Detection of changes in 
sensitivity of HDAC-OE HCCLM3 cells to Eribulin treatment using the CCK-8 assay; G. Microscopic observation of 
crystal violet drug sensitivity experiments in HDAC6-OE HCCLM3 cells; H. Visualization of data of crystal violet drug 
sensitivity experiments in HDAC6-OE HCCLM3 cells; I-L. Overexpressing Hdac6 in Hepa1-6 by stable transfection 
increased the sensitivity of cells to Eribulin treatment; I. Level changes of acetyl-α-tubulin-lys40 in Hepa1-6 cells 
after overexpressing Hdac6; J. Detection of changes in sensitivity of Hdac6-OE Hepa1-6 cells to Eribulin treatment 
using the CCK-8 assay; K. Microscopic observation of crystal violet drug sensitivity experiments in Hdac6-OE Hepa1-
6 cells; L. Visualization of data of crystal violet drug sensitivity experiments in Hdac6-OE Hepa1-6 cells.
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DNA/histone complex. This compaction further 
promotes growth arrest, differentiation, and 
apoptosis of tumor cells [70]. Previous studies 
have predominantly focused on the chromatin 
histone acetylation of HDAC inhibitors. Fewer 
studies have concentrated on HDAC6, which 
can also regulate the acetylation of microtu-
bules. Our research revealed that overexpress-
ing HDAC6 can decrease the acetyl-α-tubulin-
lys40 level, impacting the assembly process of 
microtubules, and thereby enhancing the thera-
peutic efficacy of Eribulin.

In this study, we focused on investigating the 
impact of acetyl-α-tubulin-lys40 levels on the 
prognosis of HCC patients. Our findings sug-
gest that decreasing the acetyl-α-tubulin-lys40 
level can augment Eribulin-induced cell cycle 
arrest and apoptosis, especially in cells with 
elevated acetyl-α-tubulin-lys40 levels. This 
reduction also enhances sensitivity to Eribulin 
treatment. Moreover, in our in vivo experi- 
ments, Eribulin treatment was more effective  
in tumors with reduced acetyl-α-tubulin-lys40 
levels, evident in both ATAT1-KD and HDAC6- 
OE groups. Since our model utilized a murine 
cell line, additional in vivo studies using human 
HCC cell lines are warranted. Given these 
insights, our goal was to determine if diminish-
ing the acetylation level could render patients 
more receptive to Eribulin treatment, amplify-
ing the benefits especially for those with elevat-
ed acetyl-α-tubulin-lys40 levels. We started 
screening potential drugs on CellMiner to 
achieve this aim but found no corresponding 
medicines. Subsequent literature searches on 
PubMed, however, and found some existing 
medicines in clinical practice, such as estradi-
ol, tamoxifen, and metformin, which can reduce 
the level of acetyl-α-tubulin-lys40 by increasing 
the expression level of HDAC6. Notably, these 
drugs have good safety profiles in clinical appli-
cation. Preliminary investigations revealed their 
distinct influence on the protein expression lev-
els of HDAC6 [71-75]. However, the effective 

concentration and mechanism of action are 
still being explored. We hope to continue explor-
ing these drug candidates to achieve the goal 
of sensitizing Eribulin treatment through the 
new application of these known drugs. If we 
identify a capable of reducing the level of 
acetyl-α-tubulin-lys40 and sensitize Eribulin 
treatment, it may lay the foundation for a wider 
application of Eribulin, as currently its treat-
ment indications are limited to advanced breast 
cancer and liposarcoma. Our research may 
pave the way for further experimental explora-
tion and clinical practice in the future, particu-
larly for expanding the use of Eribulin in patients 
with low acetyl-α-tubulin-lys40 levels.

Conclusion

Our findings indicate that lowering acetyl-α-
tubulin-lys40 levels in HCC can amplify the 
therapeutic efficacy of Eribulin, both in vitro 
and in vivo. Furthermore, we demonstrate that 
acetyl-α-tubulin-lys40 could be a potential 
prognostic marker and predictive indicator for 
Eribulin treatment benefit in HCC patients.
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Figure 7. Loss of ATAT1 or HDAC6 overexpression could increase the treatment effect of Eribulin in vivo. (A) Knock-
down of Atat1 in Hepa1-6 cells for cell tumor transplantation model in C57BL/6 mice. Administration started on day 
1, and tumor size change curve was observed; (B) Macroscopic photo of transplanted tumors in mice before dissec-
tion; (C) Macroscopic observation of transplanted tumors in dissected mice; (D) Final tumor weight of experimental 
mice with Atat1 knockdown; (E) The immunohistochemistry results of the tumors in (C), stained with Ace-K40, Ki-
67 and HE (hematoxylin-eosin); (F) Overexpression of Hdac6 in Hepa1-6 cells for tumor transplantation model in 
C57BL/6 mice. Administration started on day 1, and tumor size change curve was observed; (G) Macroscopic photo 
of transplanted tumors in mice before dissection; (H) Macroscopic observation of transplanted tumors in dissected 
mice; (I) Final tumor weight of experimental mice with Hdac6 overexpression; (J) The immunohistochemistry results 
of the tumors in (H), stained with Ace-K40, Ki-67 and HE (hematoxylin-eosin).
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Supplementary Table 1. Clinical information from TCPA database

Group Subgroup
Ace-K40

Group Subgroup
Ace-K40

Low High Low High
Age < 40 11 10 T Stage 1 41 30

41~60 23 32 2 22 20
> 60 56 47 3 22 34

Gender Male 51 60 4 4 5
Female 39 29 Unknown 1 0

Histological Fibrolamellar Carcinoma 2 0 N Stage 0 83 81
Hepatocellular Carcinoma 87 88 1 1 2

Hepatocholangiocarcinoma 1 1 Unknown 6 6
Surgery Extended Lobectomy 6 10 M Stage 0 85 83

Lobectomy 31 42 1 1 1
Segmentectomy, Single 14 10 Unknown 4 5

Segmentectomy, Multiple 27 15 I 40 28
Other (specify) 11 11 II 20 18

Unknown 1 1 III* 2 1
Tumor Grade G1 20 11 AJCC Grade IIIA 18 27

G2 36 46 IIIB 1 4
G3 30 31 IIIC 2 4
G4 0 1 IV* 0 1

Unknown 4 0 IVB 1 0
Tumor Resist R0 71 74 Vascular Invasion Unknown 6 6

R1 6 6 Macro 3 5
R2 0 1 Micro 19 21
RX 8 6 None 53 42

Unknown 5 2 Unknown 15 21
*: III, IV represent those patients who do not have substage, apart from IIIA, IIIB, IIIC, IVB.

Supplementary Figure 1. A. Overall survival (OS) analysis was performed on acetyl-a-tubulin-lys40 for T2 stage HCC 
patients with a cutoff of -0.63572 and P = 0.059; B. Survival curve for T1+T2 (early stage) HCC patients with a 
cutoff of -0.20037 and P = 0.0012; C. Survival curve for T3+T4 stage (advanced stage) HCC patients with a cutoff 
of -0.23763 and P = 0.078.
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Supplementary Table 2. Clinical information from Dongyang people’s hospital
Group Number Group Number
Gender Male 52 Ace-K40 0 9

Female 7 1+ 8
Age ≤ 40 7 2+ 29

41~60 24 3+ 11
> 60 28 Loss 2

Surgery Segmentectomy, Single 14 T Stage 1a 2
Segmentectomy, Multiple 9 1b 43
Lobectomy 11 2 3
Extended Lobectomy 9 3 0
Other (specify) 16 4 11

Histological differentiated Poorly 2 N Stage 0 59
Moderately to poorly 9 1 0
Moderately 24 M Stage 0 59
Well to moderately 7 1 0
Well 5 AJCC Grade 2 3
Unknown 12 1A 2

1B 43
3B 11

Supplementary Table 3. Univariate Cox regression of clinical patients

Group
Univariate Cox Regression

HR CI95 P
Age 0.99 0.93-1.05 0.662
Histological 1.11 0.49-2.5 0.799
Acetyl-α-tubulin-lys40 2.62 0.62-11.02 0.188
Gender 0.84 0.1-6.85 0.872
T Stage 1.43 0.87-2.33 0.154

Supplementary Figure 2. The results of overall survival analysis for clinical cases, with acetyl-α-tubulin-lys40 level 
≤ 2 as the low-level group, and acetyl-α-tubulin-lys40 level = 3 as the high-level group, showed a p-value of 0.172.
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Supplementary Figure 3. (A) Different drug sensitivity be-
tween paclitaxel and Eribulin in LIHC cell lines; (B) Cell apop-
tosis in HCC cells with different sensitivities at 0.01 μg/mL 
of Eribulin treatment; (C) Visualization of the results in (B) 
shown the statistical analysis of early and late apoptosis 
levels in different cell lines; (D) The effect of Eribulin on mi-
crotubule assembly was investigated using a microtubule 
polymerization assay kit (Cytoskeleton #BK004P). Controls 
included a negative control without treatment and a positive 
control treated with 10 μM paclitaxel. Two concentrations of 
Eribulin (5 μg/mL and 0.5 μg/mL) were tested. The absor-
bance at 340 nm was measured every 30 seconds for 60 
minutes using a microplate reader, and a plot of absorbance 
versus time was generated. 
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Supplementary Figure 4. A, B. The TPGA database was used to analyze the effect of mRNA levels of ATAT1 and 
HDAC6 on OS in HCC patients, with p-values of < 0.0001 and 0.038, respectively; C. Example of ATAT1 and HDAC6 
immunohistochemical staining results on tissue microarray (TMA) (50 × and 200 × magnification for each group). 
The upper panel shows ATAT1 staining scored as 1+ in the adjacent non-tumor tissue (left) and 3+ in the HCC tissue 
(right). The lower panel shows HDAC6 staining scored as 2+ in the adjacent non-tumor tissue (left) and 3+ in the 
HCC tissue (right).
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Supplementary Figure 5. A. Results of cell cycle analysis in ATAT1-knockdown Li-7 cells after treatment with Eribulin 
at different concentrations, with values on the vertical axis representing the absolute percentage of cells in each 
cell cycle phase; the sum of the percentage of G0/G1, S, and G2/M phase cells equals 100%; B. Results of cell 
apoptosis in ATAT1-knockdown Li-7 cells after treatment with Eribulin at different concentrations, with subtraction 
of the baseline (Eribulin 0 μg/mL) as reference and increment on the vertical axis representing the change in cell 
ratio; C, D. Data for ATAT1-knockdown HCCLM3 cell; E, F. Data for Atat1-knockdown Hepa1-6 cell.
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Supplementary Figure 6. A. Results of cell cycle analysis in HDAC6-OE HCCLM3 cells after treatment with Eribulin 
at different concentrations, with values on the vertical axis representing the absolute percentage of cells in each 
cell cycle phase; the sum of the percentage of G0/G1, S, and G2/M phase cells equals 100%; B. Results of cell 
apoptosis in HDAC6-OE HCCLM3 cells after treatment with Eribulin at different concentrations, with subtraction of 
the baseline (Eribulin 0 μg/mL) as reference and increment on the vertical axis representing the change in cell ratio; 
C, D. Data for HDAC6-OE Li-7 cell; E, F. Data for Hdac6-OE Hepa1-6 cell.
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Supplementary Figure 7. A. Mice experimental procedure diagram; B. Weight curve of experimental mice with Atat1 
knockdown; C. Weight curve of experimental mice with Hdac6 overexpression.


