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TUBB2B facilitates progression of hepatocellular carcinoma by
regulating cholesterol metabolism through targeting HNF4A/

CYP27A1
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Cholesterol metabolism plays a critical role in the progression of hepatocellular carcinoma (HCC), but it is not clear how cholesterol
metabolism is regulated. The tubulin beta class | genes (TUBBs) are associated with the prognosis of many different cancers. To
confirm the function of TUBBs in HCC, the Kaplan—Meier method and Cox analyses were performed using TCGA and GSE14520
datasets. A higher expression of TUBB2B is an independent prognostic factor for shorter over survival in HCC patients. Deletion of
TUBB2B in hepatocytes inhibits proliferation and promotes tumor cell apoptosis, while over-expression of TUBB2B has the opposite
function. This result was confirmed in a mouse xenograft tumor model. Mechanistically, TUBB2B induces the expression of
CYP27A1, an enzyme responsible for the conversion of cholesterol to 27-hydroxycholesterol, which leads to the up-regulation of
cholesterol and the progression of HCC. In addition, TUBB2B regulates CYP27A1 via human hepatocyte nuclear factor 4alpha
(HNF4A). These findings indicated that TUBB2B functions as an oncogene in HCC, and plays a role in promoting cell proliferation

and anti-apoptosis through targeting HNF4A/CYP27A1/cholesterol.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most prevalent
malignancies, and results in more than 700,000 deaths worldwide
every year [1]. Although the treatment such as tumor ablation,
resection, chemoembolization, and liver transplantation have
substantially improved the prognosis for patients with HCC over
the past decade [2], patients with HCC are usually diagnosed with
a poor prognosis due to high recurrence and metastasis [3]. Thus,
it is important to further elucidate the molecular mechanism of
HCC in order to develop more efficient treatment.

The tubulin beta class | genes (TUBBs) encode several beta
tubulin proteins that are essential components of microtubules.
TUBBs are related to growth, infiltration, and drug resistance in
several different malignancies [4]. For example, mutation of TUBBs
impacts taxane resistance in breast cancer [5], and higher
expression of TUBBs is correlated with worse survival in non-
small cell lung cancer (NSCLC) by regulating chemoresistance
[5, 6]. Moreover, TUBBs are involved in the carcinogenesis and
progression of NSCLC and pancreatic cancer [7]. However, little is
known about the function of TUBB family members in HCC.

Alteration of lipid metabolism is considered to be one of the
hallmarks of cancer, and a key event during tumor initiation and
progression [8]. Epidemiological studies have indicated that

cholesterol intake is an independent risk factor for HCC [9].
Cholesterol is primarily synthesized in the liver and is an essential
lipid for maintaining cellular homeostasis [10]. Dysregulation of
cholesterol metabolism is frequently observed in HCC [11], and
activation of cholesterol synthesis drives tumorigenesis [12]. Thus,
reducing cholesterol level via inhibiting its biosynthesis or
promoting its degradation may be an effective strategy to
suppress HCC progression.

In this study, we identified the prognostic value of TUBBs in HCC
patients. Then we confirmed that higher TUBB2B expression is
associated with a poor prognosis in HCC patients, and that sh-
TUBB2B inhibits proliferation and promote apoptosis in human HCCs.
We also found that TUBB2B modulates cholesterol metabolism via
targeting CYP27A1, an enzyme responsible for the conversion of
cholesterol to 27-hydroxycholesterol, to promote tumor progression.
Finally, we showed that TUBB2B regulates CYP27A1 via human
hepatocyte nuclear factor 4alpha (HNF4A). These findings may
provide the basis for new targeted treatments for HCC.

MATERIALS AND METHODS

Patients and HCC tissue samples

Clinical information and transcriptomic data of HCC samples were
downloaded from The Cancer Genome Atlas (TCGA) data portal
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(https://portal.gdc.cancer.gov/), and from the Gene Expression Omnibus
(GEO) (https://www.ncbi.nIm.nih.gov/gds/) for bioinformatic analysis. For
this study, the data were referred to as entire TCGA cohort (n = 365) and
the GSE14520-GPL3921 (GSE14520) cohort (n=221), respectively. For
validation, tumor tissues and matched normal tissues at 6 cm from the
tumor margin were collected from 74 patients with HCC who received
curative surgery at the First Affiliated Hospital, Sun Yat-sen University. The
samples were stored in liquid nitrogen until use, and tested for TUBB2B by
quantitative real-time PCR (RT-PCR). This research was approved by the
Ethical Review Committee. Written informed consent was received
according to the guidelines of the Declaration of Helsinki.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from HCC cell lines and fresh tumor tissues using
TRIzol Reagent (Thermo Scientific, USA) according to the manufacturer’s
protocol. A total of 2 ug RNA was reverse-transcribed to cDNA with Oligo(dT)
(synthesized by Life Technologies), and RevertAid Reverse Transcriptase
(Thermo Scientific). Expression of specific genes was calculated by the
comparative cycle threshold method using SuperReal PreMix SYBR Green
(FP204-02; TIANGEN) in an Applied Biosystem 7500 Fast RT-PCR system (Life
Technologies). Primer sequences are shown in the Supplementary material.

Cell culture and reagents

Cell lines were purchased from American Type Culture Collection and
Shanghai Institute of Cell Biology, and none of the cells used are listed in
the database of commonly misidentified cell lines maintained by the
International Cell Line Authentication Committee (Version 8.0). All cell lines
were authenticated by the short tandem repeat (STR) assay, and were
confirmed to be without mycoplasma contamination. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% (vol/vol) fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Cells were cultured in a humidified atmosphere with 5% CO, at 37°C.
Exponentially growing cells were used for the subsequent experiments.

Knock-down and over-expression in HCC cell lines

Cells were plated at a density of 200,000 cells per well of a six-well plate, 24 h
prior to transfection. Transfection of Hep3B and Huh7 cells was performed
using Lipofectamine™ 2000 (Thermo Fisher Scientific), in serum- and
antibiotic-free  OptiMem™ | Reduced Serum medium (Thermo Fisher
Scientific), according to manufacturer’s instructions. Plasmids containing short
hairpin RNA (shRNA) molecules directed against human TUBB2B, HNF4A, and
CYP27A1 mRNA, or a scrambled shRNA (Thermo Fisher Scientific) were used.
At 24, 48 and 72 h post-transfection, the cells were collected for Western blot
analysis. Sequences of the shRNA used are shown in Supplementary file 3.

Western blotting

Total protein was extracted from tissues or cells using ice-cold radio-
immunoprecipitation assay (RIPA) buffer containing protease and phos-
phatase inhibitors (Cell Signaling Technology, USA). Protein samples were
separated using sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE), transferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, Burlington, MA, USA), and blocked with 5% skim milk in
Tris-buffered saline containing Tween-20 (TBST) at room temperature for
1 h. Membranes were probed with primary antibodies at 4 °C overnight
with gentle rocking, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1h at room temperature
before visualization using ECL kits (Thermo Scientific, USA). The
membranes were visualized with a ChemiDoc XRS + System (Bio-Rad)
using Immobilon Western Chemiluminescent HRP Substrate (Millipore).
Full and uncropped western blots are in Supplemental Material 3.

Cell counting kit-8 (CCK8) assay

Cells were seeded into 48-well culture plates (1 x 10* cells/well). After 12 h
of cultivation, the cells were transfected with siRNAs. CCK-8 solution (30 L,
Dojindo, Kumamoto, Japan) was added to each well at different time
points, and the cells were cultured of an additional for 1.5 h. Samples’
optical density (OD) at 450 nm was then measured.

Cell-light 5-ethynyl-2-deoxyuridine (EdU) assay

The EdU Apollo567 In Vitro kit (Ribobio, China) was used to assess cell
proliferation. Cells transfected with miRNA mimics for 24 h were seeded
into 6-well plates (2 x 10° cells/well). After culture for 12 h cultivated, the
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cells were transfected for 24 h and were cultivated for 40 h. The cells were
then incubated in EdU working solution for 2h, fixed with 4%
paraformaldehyde, permeabilized, washed, and stained with 1x Apollo
solution and 1x Hoechst33342 solution, according to the manufacturer’s
instructions. Results were analyzed from microphotographs taken using a
fluorescence microscope.

Xenograft studies in nude mice

Four-week-old male BALB/c nude mice were purchased from Shanghai
Experimental Animal Center of the Chinese Academic of Sciences
(Shanghai, China). A total of 4 x 10° Huh7 and Hep3B cells suspended in
100 pl PBS were subcutaneously injected into the flanks of the mice (4
mice per group, randomly selected). Four weeks after injection, the mice
were killed and the tumors were surgically dissected and collected. All
animal experiments were approved by the Ethics Committee for
Laboratory Animals of the First Affiliated Hospital, Sun Yat-sen University.

Cholesterol concentration determination

Total cholesterol determination was carried out as previously reported [13].
Briefly, 10 mg of cell lysate was saponified with alcoholic KOH in a 60°C
heating block for 30 min. Then 3 ml of hexane and 600 pl of distilled water
were added and the mixture was shaken to ensure complete mixing. After
evaporation, cholesterol was detected with O-phthalaldehyde dissolved in
acetic acid (0.5 mg/ml). Then, sulfuric acid (1 ml) was added, and then the
OD at 550 nm was read using a spectrophotometer.

Statistical analysis

Statistical analyses were performed using SPSS version 22.0 software (SPSS,
Chicago, IL, USA), Prism 7.0 software (GraphPad Software, La Jolla, CA, USA)
and R language version 3.6.1. Data were presented as the mean + standard
deviation of at least three independent experiments. Quantitative data
were compared using a two-sided Student’s t-test or Wilcoxon matched-
pairs test. Categorical data compared with Fisher exact test. Over survival
(OS) was evaluated by the Kaplan-Meier (K-M) survival curve and the log-
rank test. Prognostic factors were estimated using a univariate Cox
proportional hazards regression model and a multivariate Cox model. A
two-tailed p < 0.05 was considered statistically significant.

RESULTS

Expression and prognostic value of TUBBs in patients with
HCC

To determine the expression of TUBBs in HCC, we compared data
between normal tissue and tumor tissue using TCGA and
GSE14520 databases. We found that TUBB, TUBB2A, TUBB2B,
and TUBB3 exhibited higher expression in HCC tissues than
normal tissues in both databases (Fig. 1A, B). Next, the K-M
method was used to determine the prognostic values of the
expressions of TUBBs. As shown in Fig. 1C-E, analysis revealed that
the higher expression levels of TUBB2A, TUBB2B, and TUBB3 were
associated with shorter OS (p <0.05) in the TCGA HCC cohort,
while higher mRNA levels of TUBB2B and TUBB3 were associated
with shorter OS in the GSE14520 cohort (p <0.05) (Fig. 1F, G).
Others TUBBs did not exhibit significant differences in prognosis
when stratified by expression level (Fig. STA-G).

To assess the independent prognostic value of TUBBs expression
in HCC patients, we conducted Cox survival regression analysis.
Patient clinical characteristics are summarized in Supplementary
Tables 4 and 5. Univariate analysis showed that TUBB2B was
significantly related to OS in both TCGA (hazard ratio [HR] = 1.06,
95% confidence interval [Cl]: 1.02-1.10, and p = 0.004) and GSE14520
HCC patients (HR=136, 95% Cl: 1.10-1.69, and p=0.005)
(Supplementary Tables 6 and 7). Multivariate analysis showed similar
results for TCGA (HR=1.05, 95% ClI: 1.00-1.09, and p =0.039)
(Supplementary Table 6) and GSE14520 HCC patients (HR = 1.40,
95% Cl: 1.09-1.79, and p = 0.009) (Supplementary Table 7).

The discrepancies of the results for expression and prognostic
value of TUBBs between TCGA and GSE14520 datasets are likely
due to varying analysis platforms analyzing different gene sets. To
address this, we merged all data by taking the intersection of the
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Expression and prognostic value of TUBBs in HCC. A, B The expression levels of TUBB family genes in HCC patients from TCGA and

GSE14520 databases. C-G Kaplan-Meier curves show the impact of the genes on survival outcomes from TCGA and GSE14520 databases.
H Quantitative real-time PCR analysis indicated significantly increased TUBB2B expression in HCC tissue compared with matched normal
tissue in 74 HCC patients. 1 Kaplan-Meier survival curves comparing the outcome of 74 HCC patients stratified by TUBB2B expression.

*p < 0.05, **p < 0.01, **p < 0.001.

two databases, and analyzed TUBB2B expression in 74 HCC
patients. Then results showed that the expression of TUBB2B was
higher in HCC tissue than paired normal tissue (Fig. 1H). K-M
analysis also showed that higher TUBB2B expression was
associated with shorter OS (Fig. 11). Taken together, these results
indicated that high expression of TUBB2B may be a reliable
indicator of a poor prognostic for patients with HCC.

TUBB2B under-expression suppresses tumor proliferation and
promoted tumor cell apoptosis in vitro and in vivo

We examined the function of TUBB2B in Huh7 and Hep3B cell
lines by knock-down and over-expression of TUBB2B (Fig. S2A,
B). CCK-8 assay results indicated that TUBB2B deficiency
decreased cell viability in Huh7 cells (Fig. 2A) and Hep3B cells
(Fig. 2B) (both, p < 0.05), while TUBB2B overexpression increased
cell viability. The EdU assay results suggested that sh-TUBB2B
inhibited cell proliferation while TUBB2B-OE increased cell
proliferation (Fig. 2C, D). In addition, sh-TUBB2B significantly
increased apoptosis and TUBB2B-OE significantly decreased
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apoptosis, which studied by the detection of BCL2, BAX, and
Caspase3 (Fig. 2E, F).

To confirm the role of TUBB2B in vivo, a tumor xenograft
models was constructed by subcutaneously injecting HCC cells
with either sh-TUBB2B or TUBB2B-OE into nude mice. As shown in
Fig. 2G, H, TUBB2B knock-down significantly reduced tumor
growth rate, while over-expression TUBB2B increased the tumor
growth rate resulting in bigger and heavier tumors.

CYP27A1 is a potential target of TUBB2B in HCC

To determine the mechanism by which TUBB2B affects HCC, data
from TCGA and GSE14520 were divided into a high-expression
group and a low-expression group based on median TUBB2B
expression (high > median expression, low < median expression).
Differential expression gene analysis and gene set enrichment
analysis (GSEA) of KEGG pathways were performed. The GSEA
analysis revealed that most of the enriched pathways were
correlated with lipid metabolism (Fig. S2C, D), suggesting that
TUBB2B expression may affect lipid metabolism in tumor
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Fig.2 TUBB2B deficiency suppresses HCC proliferation, and promotes apoptosis in vitro and in vivo. A-D The function of TUBB2B on cell
proliferation was determined by CCK8 assay and EdU quantification in Hep3B and Huh7 cells (n = 3/per group). E, F Effects of TUBB2B on
apoptosis biomarkers (n = 3/per group). G, H Image of Hep3B and Huh7 xenografted mice sacrificed at 1 month (n = 4/per group). I, J Tumor
weight in control, sh-TUBB2B, and TUBB2B-OE groups are shown (n = 4/per group). Experimental group compared to control group: *p < 0.05,

**p < 0.01.

development. In addition, the peroxisome proliferator-activated
receptor (PPAR) pathway, which is essential for lipid metabolism
[14], was significantly downregulated in the TUBB2B high-
expression groups (Fig. 3A, B).

Next, we assessed the role of TUBB2B in the PPAR signaling
pathway. The PPAR-related genes enriched in the high- and low-
expression TUBB2B group, and the correlation between TUBB2B
expression and other enriched genes in the two datasets were
studied (threshold: correlation coefficient < —0.15 and p <0.01).
The intersection of the four results was identified (Fig. 3C). Five
PPAR-related genes, CYP27A1, HMGCS2, PCK2, SLC27A2, and
APOC3 were closely associated with TUBB2B (Fig. 3C). Quantitative
RT-PCR was performed to assess the impact of TUBB2B in on each
candidate, and the results showed that silencing TUBB2B
significantly upregulated CYP27A1 expression, while TUBB2B
over-expression downregulated CYP27A1 (Fig. 3D). The Western

SPRINGER NATURE

blot analysis validated the results in Huh7 and Hep3B cell lines
(Fig. 3E, F).

In addition, the expression of CYP27A1 was lower in HCC tumor
than adjacent normal tissue (Fig. S3A, B), and lower expression of
CYP27A1 in tumor tissue was associated with worse OS in TCGA
and GSE14520 cohorts (Fig. S3C, D).

CYP27A1 promotes HCC progression through modulating
cholesterol degradation

As CYP27A1 is an important enzyme involved in regulating cellular
cholesterol homeostasis by converting cholesterol to 27-
hydroxycholesterol [15], we considered that CYP27A1 might
mediate HCC progression by regulating cholesterol metabolism.
As expected, sh-CYP27A1 resulted in an increase in cholesterol
level in both HCC cell lines, while CYP27A1-OE decreased
cholesterol level in both HCC cell lines (Fig. 4A, B). Moreover,

Cell Death and Disease (2023)14:179
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CYP27A1-OE cell viability (Fig. 4C, D) and proliferation (Fig. 4E, F) in
Huh?7 cells and Hep3B cells, while sh-CYP27A1 overexpression
increased cell viability and proliferation (all, p < 0.05). CYP27A1-OE
significantly increased apoptosis and sh-CYP27A1 significantly
decreased apoptosis (Fig. 4G, H). But exogenous cholesterol could
counteract the effect of CYP27A1-OE on cell viability, proliferation,
and the levels of apoptosis markers (BCL2, BAX, and Caspase3)
(Fig. 4C-H). Taken together, these results indicated that CYP27A1
inhibits HCC progression by lowering cholesterol level.

TUBB2B regulates CYP27A1 to affect cholesterol degradation,
cell proliferation, and apoptosis

Based on the prior results, we determined if TUBB2B regulates
cholesterol metabolism, cell proliferation, and apoptosis through
affecting CYP27A1. Cholesterol levels were increased by TUBB2B-
OE and decreased by sh-TUBB2B, and this effect was reversed by
sh-CYP27A1 or CYP27A1-OE in Huh7 cells and Hep3B cells (Fig. 5A,
B). CCK-8 assay showed that CYP27A1 knock-down reversed the
effect of sh-TUBB2B on cell viability, while CYP27A1 over-
expression reversed the suppressive effect of TUBB2B-OE on cell
viability (Fig. 5C, D). Finally, knock-down of CYP27A1 reversed the
effect of sh-TUBB2B on cell proliferation and apoptosis (detected
by apoptotic biomarkers, BCL2, BAX, and Caspase3), and over-
expression of CYP27A1 reversed the effect of TUBB2B-OE on cell
proliferation and apoptosis (Fig. 5E-G).

Cell Death and Disease (2023)14:179

TUBB2B suppresses CYP27A1 and cholesterol degradation by
regulating HNF4A
Hepatocyte nuclear factors (HNFs) are transcription factors that have
been demonstrated to regulate CYP27A1 [16, 17]. The HNF family
includes HNF1A/B, FOXA1/2/3, HNF4A/G, and ONECUT1/2. To under-
stand whether TUBB2B regulated CYP27A1 via HNFs, we explored the
association of TUBB2B and CYP27A1 with HNFs. The results showed
that HNF4A was negatively related to TUBB2B expression, and
positively related to CYP27A1 expression in TCGA and GSE14520
cohorts, while other HNFs exhibited no relations (Fig. 6A, B).
Therefore, we hypothesized that TUBB2B may regulate
CYP27A1 through HNF4A. Knock-down of HNF4A decreased
the expression of CYP27A1, while over-expression of HNF4A
increased the expression of CYP27A1 (Fig. 6C, D). In both HCC
cell lines, sh-TUBB2B caused an increase in HNF4A expression,
TUBB2B-OE decreased HNF4A expression (Fig. 6E, F). Further-
more, knock-down of HNF4A reversed the effect of sh-TUBB2B
on CYP27A1, and HNF4A over-expression reversed the suppres-
sive effect of TUBB2B-OE on CYP27A1 (Fig. 6E, F).

DISCUSSION

Our study demonstrated that TUBB2B plays a role in promoting
HCC progression. Over-expression of TUBB2B promotes HCC
growth and reduces apoptosis by increasing cholesterol level via
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group: #p < 0.05, ##p < 0.01, ###p < 0.001.

inhibiting CYP27A1. Furthermore, over-expression of TUBB2B
increases the expression of CYP27A1 through HNF4A in HCC cell
lines. Thus, TUBB2B might be a potential target for decreasing
cholesterol degradation in HCC.

TUBBs encode dimeric proteins that are the major components
of microtubules, their roles have been primarily studied in cortical
development. Currently, evidence is accumulating that they play a
role in the progression of malignancies. A quantitative comparison
of tubulin isotype protein levels showed that TUBBs predominate
among tubulin family member in normal and breast cancer tissue
[18], and all TUBBs significantly increased in paclitaxel-resistant
lung cancer cells [19]. TUBB2B is highly expressed and associated
with poor OS in endometrial cancer [20] and neuroblastoma [21].
Consistently, by analyzing expression and prognostic value of
TUBBs in TCGA and GSE14520 data, we found that TUBB2B
expression was higher in HCC tissue than adjacent normal tissue
and expression was correlated with the HCC prognosis. These
results were confirmed in tissue samples from 74 patients with
HCC. Gain-of-function experiments demonstrated that over-
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expression of TUBB2B promoted proliferation and inhibited
apoptosis in Hep3B and Huh7 cells, and knock-down of TUBB2B
resulted in the opposite results. A xenograft murine model
confirmed that TUBB2B played a functional regulatory role in the
pathogenesis of HCC. Our findings suggest the promising
prospect of in vivo delivery of siRNA targeting TUBB2B to promote
OS for patients with HCC.

Cholesterol is an essential lipid component of cell membranes,
which assists maintaining the integrity and fluidity of the
membrane, and can form membrane microstructures [22].
Preclinical studies support that cholesterol homeostasis can
modulate tumor development [23]. A recent study showed that
high serum cholesterol levels reduced the growth of liver tumors
in mice [24]. However, loannou et al. believed that cholesterol
consumption was associated with a higher risk of cirrhosis or liver
cancer, whereas serum cholesterol level was not associated with a
risk of cirrhosis or liver cancer [9]. Montero et al. thought that
mitochondrial cholesterol contributes to increase chemotherapy
resistance in HCC [25]. In addition, several studies have
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demonstrated TUBBs have a capacity of regulating lipid metabo-
lism. In mice fed a high-fat diet, the expression of TUBB2A and
TUBB6 were significantly increased [26]. In humans, TUBB was
reported to increase the risk of dyslipidemia and predict
hypertension [27]. In the present study, we found that TUBB2B
increased the cholesterol level in HCC cell lines, leading to an
increase of proliferation and decrease of apoptosis.

Cell Death and Disease (2023)14:179

A primary metabolite of cholesterol is 27-hydroxycholesterol,
and CYP27A1 is the enzyme responsible for conversion of
cholesterol to 27-hydroxycholesterol [28]. A study found that
higher expression of CYP27A1 is associated with a higher grade of
breast cancer and lower circulating cholesterol levels, but these
changes were not related to prognosis [29]. Inhibiting cholesterol
conversion to 27-hydroxycholesterol via CYP27A1 has been
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indicated treatment.

suggested to prevent breast cancer tumor progression [29].
However, a study of estrogen receptor positive primary breast
cancer showed that high CYP27A1 expression is associated with
favorable prognosis [30]. Studies demonstrated that CYP27A1
deficiency increased the proliferative activity of melanoma cells
[31] and prostate cancer cells [32]. The present study found that
CYP27A1 has a similar function in HCC. In addition, we found that
TUBB2B plays an important role in the control of lipid metabolism,
cell growth, proliferation, and apoptosis through regulating
CYP27A1. Finally, we determine that HNF4A inhibits HCC by
regulating CYP27A1, and TUBB2B regulates CYP27A1 through
HNF4A. Other studies also demonstrated that HNF4A is an
important transcription factor in hepatic lipid metabolism

SPRINGER NATURE

[33, 34], and HNF4A achieves this function by stimulating CYP27A1
gene transcription [35].

In conclusion, the current study identified an HCC-promoting
effect of TUBB2B in patients, cell lines, and in vivo. TUBB2B
functions by promoting CYP27A1 expression through facilitating
HNF4A expression, which results in cholesterol degradation. The
results suggest that a novel treatment for HCC may be targeting
cholesterol degradation via TUBB2B/HNF4A/CYP27A1.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author upon reasonable request.

Cell Death and Disease (2023)14:179



REFERENCES

1.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality World-
wide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71:209-49.

. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, et al. Hepa-

tocellular carcinoma. Nat Rev Dis Prim. 2021;7:6.

. Kulik L, El-Serag HB. Epidemiology and management of hepatocellular carcinoma.

Gastroenterology. 2019;156:477-91.

. Romaniello R, Arrigoni F, Fry AE, Bassi MT, Rees MI, Borgatti R, et al. Tubulin genes

and malformations of cortical development. Eur J Med Genet. 2018;61:744-54.

. Nami B, Wang Z. Genetics and expression profile of the tubulin gene superfamily

in breast cancer subtypes and its relation to taxane resistance. Cancers.
2018;10:274.

. Yu X, Zhang Y, Wu B, Kurie JM, Pertsemlidis A. The miR-195 axis regulates che-

moresistance through tubb and lung cancer progression through BIRC5. Mol Ther
Oncolytics. 2019;14:288-98.

. Luo W, Cao Z, Qiu J, Liu Y, Zheng L, Zhang T. Novel discoveries targeting pathogenic

gut microbes and new therapies in pancreatic cancer: does pathogenic E. coli
infection cause pancreatic cancer progression modulated by TUBB/Rho/ROCK sig-
naling pathway? A bioinformatic analysis. Biomed Res Int. 2020,2020:2340124.

. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.

2011;144:646-74.

. loannou GN, Morrow OB, Connole ML, Lee SP. Association between dietary

nutrient composition and the incidence of cirrhosis or liver cancer in the United
States population. Hepatology. 2009;50:175-84.

. Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol homeostasis.

Nat Rev Mol Cell Biol. 2020;21:225-45.

. Calvisi DF, Wang C, Ho C, Ladu S, Lee SA, Mattu S, et al. Increased lipogenesis,

induced by AKT-mTORC1-RPS6 signaling, promotes development of human
hepatocellular carcinoma. Gastroenterology. 2011;140:1071-83.

. Wang Y, Wang J, Li X, Xiong X, Wang J, Zhou Z, et al. N(1)-methyladenosine

methylation in tRNA drives liver tumourigenesis by regulating cholesterol
metabolism. Nat Commun. 2021;12:6314.

. Rudel LL, Morris MD. Determination of cholesterol using o-phthalaldehyde. J

Lipid Res. 1973;14:364-6.

. Cohen JC, Horton JD, Hobbs HH. Human fatty liver disease: old questions and

new insights. Science. 2011;332:1519-23.

. Cali JJ, Russell DW. Characterization of human sterol 27-hydroxylase. A mito-

chondrial cytochrome P-450 that catalyzes multiple oxidation reaction in bile
acid biosynthesis. J Biol Chem. 1991,266:7774-8.

. Crestani M, De Fabiani E, Caruso D, Mitro N, Gilardi F, Vigil Chacon AB, et al. LXR

(liver X receptor) and HNF-4 (hepatocyte nuclear factor-4): key regulators in
reverse cholesterol transport. Biochem Soc Trans. 2004;32:92-6.

. Memon RA, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR. In vivo and in vitro

regulation of sterol 27-hydroxylase in the liver during the acute phase response.
potential role of hepatocyte nuclear factor-1. J Biol Chem. 2001;276:30118-26.

. Dozier JH, Hiser L, Davis JA, Thomas NS, Tucci MA, Benghuzzi HA, et al. Beta class

Il tubulin predominates in normal and tumor breast tissues. Breast Cancer Res.
2003;5:R157-69.

. Kavallaris M, Burkhart CA, Horwitz SB. Antisense oligonucleotides to class Ill beta-

tubulin sensitize drug-resistant cells to Taxol. Br J Cancer. 1999;80:1020-5.
Wang Z, Wang H, Wang Z, He S, Jiang Z, Yan C, et al. Associated analysis of PER1/
TUBB2B with endometrial cancer development caused by circadian rhythm dis-
orders. Med Oncol. 2020;37:90.

Liu J, Li Y. Upregulation of MAPK10, TUBB2B and RASL11B may contribute to the
development of neuroblastoma. Mol Med Rep. 2019;20:3475-86.

Espinosa G, Lopez-Montero |, Monroy F, Langevin D. Shear rheology of lipid
monolayers and insights on membrane fluidity. Proc Natl Acad Sci USA.
2011;108:6008-13.

Kuzu OF, Noory MA, Robertson GP. The role of cholesterol in cancer. Cancer Res.
2016;76:2063-70.

Qin WH, Yang ZS, Li M, Chen Y, Zhao XF, Qin YY, et al. High serum levels of
cholesterol increase antitumor functions of nature killer cells and reduce growth
of liver tumors in mice. Gastroenterology. 2020;158:1713-27.

Montero J, Morales A, Llacuna L, Lluis JM, Terrones O, Basafez G, et al. Mito-
chondrial cholesterol contributes to chemotherapy resistance in hepatocellular
carcinoma. Cancer Res. 2008;68:5246-56.

Ryyti R, Pemmari A, Peltola R, Hdméldinen M, Moilanen E. Effects of Lingonberry
(Vaccinium vitis-idaea L.) supplementation on hepatic gene expression in high-fat
diet fed mice. Nutrients. 2021;13:3693.

Liu CX, Yin RX, Shi ZH, Zheng PF, Deng GX, Guan YZ, et al. Associations between
TUBB-WWOX SNPs, their haplotypes, gene-gene, and gene-environment inter-
actions and dyslipidemia. Aging. 2021;13:5906-27.

Umetani M, Shaul PW. 27-Hydroxycholesterol: the first identified endogenous
SERM. Trends Endocrinol Metab. 2011;22:130-5.

Cell Death and Disease (2023)14:179

X. Wang et al.

29. Nelson ER, Wardell SE, Jasper JS, Park S, Suchindran S, Howe MK, et al. 27-
Hydroxycholesterol links hypercholesterolemia and breast cancer pathophysiol-
ogy. Science. 2013;342:1094-8.

30. Inasu M, Bendahl PO, Ferné M, Malmstrom P, Borgquist S, Kimbung S. High CYP27A1
expression is a biomarker of favorable prognosis in premenopausal patients with
estrogen receptor positive primary breast cancer. NPJ Breast Cancer. 2021;7:127.

31. Cho H, Shen Q, Zhang LH, Okumura M, Kawakami A, Ambrose J, et al. CYP27A1-
dependent anti-melanoma activity of limonoid natural products targets mito-
chondrial metabolism. Cell Chem Biol. 2021;28:1407-19.

32. Alfagih MA, Nelson ER, Liu W, Safi R, Jasper JS, Macias E, et al. CYP27A1 loss dys-
regulates cholesterol homeostasis in prostate cancer. Cancer Res. 2017;77:1662-73.

33. Watt AJ, Garrison WD, Duncan SA. HNF4: a central regulator of hepatocyte dif-
ferentiation and function. Hepatology. 2003;37:1249-53.

34. Fang B, Mane-Padros D, Bolotin E, Jiang T, Sladek FM. Identification of a binding
motif specific to HNF4 by comparative analysis of multiple nuclear receptors.
Nucleic Acids Res. 2012;40:5343-56.

35. Chen W, Chiang JY. Regulation of human sterol 27-hydroxylase gene (CYP27A1) by
bile acids and hepatocyte nuclear factor 4alpha (HNF4alpha). Gene. 2003;313:71-82.

ACKNOWLEDGEMENTS

Supported by grants as follows: National Natural Science Foundation of China
(81570587 and 81700557), the Guangdong Provincial Key Laboratory Construction
Projection on Organ Donation and Transplant Immunology (2013A061401007 and
2017B030314018), Guangdong Provincial Natural Science Funds for Major Basic
Science Culture Project (2015A030308010), and Guangdong Provincial Funds for
High-end Medical Equipment (2020B1111140003), and Science and Technology
Program of Guangzhou (201704020150), the Natural Science Foundations of
Guangdong province (2016A030310141 and 2020A1515010091), Young Teachers
Training Project of Sun Yat-Sen University (K0401068) and Colin New Star of Sun Yat-
Sen University (R08027).

AUTHOR CONTRIBUTORS

XBW, JWS, MMH, JHC, JD, YHT, ZYG, XSH, and QZ contributed reagents, protocols,
samples, or experiments. XBW, JWS, and QZ performed the experiments. XBW, JD,
YHT, ZYG, and XSH analyzed, discussed, and interpreted the data. XBW, JWS, MMH,
ZYG, XSH, and QZ wrote the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-023-05687-2.

Correspondence and requests for materials should be addressed to Zhiyong Guo,
Xiaoshun He or Qiang Zhao.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE


https://doi.org/10.1038/s41419-023-05687-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TUBB2B facilitates progression of hepatocellular carcinoma by regulating cholesterol metabolism through targeting HNF4A/CYP27A1
	Introduction
	Materials and methods
	Patients and HCC tissue samples
	RNA extraction and quantitative RT-PCR
	Cell culture and reagents
	Knock-down and over-expression in HCC cell lines
	Western blotting
	Cell counting kit-8 (CCK8) assay
	Cell-light 5-ethynyl-2-deoxyuridine (EdU) assay
	Xenograft studies in nude mice
	Cholesterol concentration determination
	Statistical analysis

	Results
	Expression and prognostic value of TUBBs in patients with HCC
	TUBB2B under-expression suppresses tumor proliferation and promoted tumor cell apoptosis in�vitro and in�vivo
	CYP27A1 is a potential target of TUBB2B in HCC
	CYP27A1 promotes HCC progression through modulating cholesterol degradation
	TUBB2B regulates CYP27A1 to affect cholesterol degradation, cell proliferation, and apoptosis
	TUBB2B suppresses CYP27A1 and cholesterol degradation by regulating HNF4A

	Discussion
	References
	Acknowledgements
	Author contributors
	Competing interests
	ADDITIONAL INFORMATION




