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KEY WORDS Abstract Despite therapy with potent antiviral agents, chronic hepatitis B (CHB) patients remain at
high risk of hepatocellular carcinoma (HCC). While metabolites have been rediscovered as active drivers

Hepatocellular carcinoma; of biological processes including carcinogenesis, the specific metabolites modulating HCC risk in CHB

Metabolomics; . . .

H;I?l:' omies patients are largely unknown. Here, we demonstrate that baseline plasma from CHB patients who later
CUT &fag. developed HCC during follow-up exhibits growth-promoting properties in a case—control design nested
Chemoprevention; within a large-scale, prospective cohort. Metabolomics analysis reveals a reduction in long-chain acylcar-
Long-chain acylcarnitine; nitines (LCACs) in the baseline plasma of patients with HCC development. LCACs preferentially inhibit
KLF6; the proliferation of HCC cells in vitro at a physiological concentration and prevent the occurrence of HCC
Acetyl coenzyme A in vivo without hepatorenal toxicity. Uptake and metabolism of circulating LCACs increase the intracel-

lular level of acetyl coenzyme A, which upregulates histone H3 Lys14 acetylation at the promoter region
of KLF6 gene and thereby activates KLF6/p21 pathway. Indeed, blocking LCAC metabolism attenuates
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the difference in KLF6/p21 expression induced by baseline plasma of HCC/non-HCC patients. The defi-
ciency of circulating LCACs represents a driver of HCC in CHB patients with viral control. These in-
sights provide a promising direction for developing therapeutic strategies to reduce HCC risk further

in the antiviral era.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hepatocellular carcinoma (HCC), the predominant primary ma-
lignancy of the liver, is one of the most malignant human can-
cers'~. Chronic infection with hepatitis B virus (HBV) plays a
pivotal role in the etiology of HCC, and the prevalence of HCC is
high in epidemic areas of chronic hepatitis B (CHB)’. Fortunately,
therapy with nucleos(t)ide analogues (NAs), has proven effective
in inhibiting the replication of HBV and reducing HCC risk™”.
However, despite the use of current first-line NAs, long-term
follow-up studies have indicated that approximately 0.9%—5.4%
of CHB patients with cirrhosis still develop HCC annually®.
Therefore, beyond antiviral treatment, identifying new targets for
the prevention of HCC remains an unmet medical need.

In recent years, metabolites have been rediscovered as signaling
molecules”®. Cells can perceive changes in metabolites in the
external environment and perform correspondingly to response via
reorganizing the metabolic network and modulating cell signaling’”
°. Particularly, a series of studies have provided compelling evi-
dence that metabolite signaling affects the biological behavior of
tumors'*'". For example, Gomes et al.'* have revealed that accu-
mulation of methylmalonic acid makes the blood of older people
favor cancer aggressiveness via inducing SOX4 expression. Indeed,
identifying the bioactive metabolites involved in HCC development
might provide new clues for HCC prevention. Several prospective
studies have recently established the statistical association between
circulating metabolites and HCC risk'*'>. However, it is still un-
clear whether specific metabolites have modulated the HCC risk of
patients with chronic liver disease.

Long-chain acylcarnitines (LCACs) are esters of L-carnitine
and long-chain fatty acids and function as transporters of long-
chain acyl groups from the cytosol into the mitochondrial ma-
trix for B-oxidation. Although several studies have evaluated the
association between blood levels of LCAC and HCC risk, the
results are conflicting'®'®. Recently, Cheng et al.'” reported that
accumulated LCACs in HCC tissues might induce dysregulation
of invariant natural killer cells, while the comprehensive effect of
LCACs on hepatocarcinogenesis was not evaluated. Hence, the
role of circulating LCACs in hepatocarcinogenesis warrants
further investigation.

In this study, utilizing a large-scale, prospective CHB cohort,
we demonstrated that baseline plasma from those who developed
HCC during follow-up was growth promotive. Through unbiased
metabolomics analysis, we revealed that LCACs were reduced in
baseline plasma from patients with HCC development. Further
functional studies showed that LCACs exerted anti-tumor activity
in HCC by increasing histone H3 acetylation in the KLF6 pro-
moter region. Together, our findings reveal that in addition to
antiviral therapy, a healthy metabolome and specifically, LCACs,
is a promising target to further prevent HCC in CHB patients.

2. Materials and methods

2.1.  Human samples

This was a nested case—control study in a real-life, prospective
cohort (Clinical Trial Number 02167503). Between May 2014 and
January 2018, 3368 CHB patients were recruited from Nanfang
Hospital, Southern Medical University. All patients received NAs
treatment and achieved complete viral suppression (HBV DNA
<20 IU/mL). Patients were excluded in cases of coinfection with
hepatitis C, hepatitis D or human immunodeficiency virus, inter-
feron-a treatment, or diagnosis with HCC before study enroll-
ment. We additionally excluded patients who received interferon-
« treatment during follow-up. Every six months, patients were
assessed for the development of HCC with liver ultrasound. New
cases of HCC identified based on liver ultrasound were confirmed
via histopathology or imaging (CT or MRI). During a median
follow-up of 43.5 months, a total of 98 CHB patients developed
HCC. After excluding 21 HCC cases diagnosed within the first six
months of follow-up and 1 case with unavailable baseline plasma,
76 HCC cases were included. For each case, a control matched for
age, sex, total bilirubin, platelet, albumin, and body mass index
was selected from the remaining CHB patients who did not
develop HCC. The baseline plasma of cases and controls were
used for metabolomics analyses.

The study protocol was approved by the ethics committee of
Nanfang Hospital, Southern Medical University (Ethical Com-
mittee Approval Code: NEFC-2014-017). All patients signed
informed consent before enrollment.

2.2.  Metabolite detection

For untargeted metabolomics, the human plasma samples were
sent to Shanghai Applied Protein Technology (Shanghai, China)
for analysis. Human plasma samples stored at —80 °C were pre-
treated according to previously reported procedures®’. All plasma
samples were thawed at 4 °C overnight and vortexed for 30 s.
Next, a 100 pL sample aliquot was mixed with 200 pL acetonitrile
and 200 pL methanol for deproteinization. The mixture was
incubated at —20 °C for 1 h, followed by vortexing (30 s) and
centrifugation (14,000x g, 4 °C for 20 min). Supernatant fractions
were collected, dried under a stream of nitrogen at 45 °C, and
redissolved in 50% acetonitrile—water solution for mass spec-
trometry analysis. Separation and analysis were performed using
an Agilent 1290 Infinity Liquid chromatography column (Agilent
Technologies, Santa Clara, USA) and an AB Triple TOF 5600
mass spectrometer (AB SCIEX, Framingham, USA), respectively.

Quantitative measurement of LCACs was performed using a
Q300 kit at Human Metabolomics Institute, Inc. (Shenzhen,
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China) based on a previously published method”'. Plasma samples
were slowly dissolved at 4 °C, and 25 pL aliquots were mixed
with 120 pL pre-cooled methanol solution containing internal
standard. The mixture was stirred for 5 min and centrifuged at a
low temperature for 4000xg and 30 min. Cell samples were
slowly dissolved on ice, mixed with 150 pL pre-cooled methanol
solution containing internal standard, ultrasonicated, and cen-
trifugated at 18,000xg for 30 min at 4 °C. The supernatant
(30 pL) was further mixed with 20 pL derivatization reagent at
30 °C for 60 min. A 330 pL aliquot of 50% pre-cooled methanol
solution was used to resuspend the derivative mixture, followed by
incubation at —20 °C for 20 min and centrifugation at 4 °C at
4000x g for 30 min. A 135 pL aliquot of supernatant was mixed
with a 10 pL internal standard. Ultra-performance liquid chro-
matography coupled to tandem mass spectrometry (UPLC—MS/
MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp., Mil-
ford, USA) was used to quantitate the metabolite. Formic acid
(0.1%) and acetonitrile and isopropanol solution (7:3) were used
as mobile phase A and mobile phase B, respectively.

The levels of acetyl-CoA and CoA were analyzed using liquid
chromatography-tandem MS analysis for targeted analysis. Cells
were inoculated on a 10 cm? dish. At ~70% confluence, cells
were treated with LCAC-16:0 for 24 h. Cells were washed with
ice-cold PBS that was aspirated off the dish, and cells were
washed again with ice-cold physiological saline that was aspirated
off. Ice-cold physiological saline (1 mL) was added to the culture
dish, and cells were scraped into the cold physiological saline,
snap-frozen in liquid nitrogen, and transferred to —80 °C until
analysis. Samples were thawed on ice and centrifuged at 4 °C, cell
pellets were resuspended with acetonitrile/methanol/water mixture
(2:2:1, 1 mL) and ultrasonicated at 4 °C, followed by incubation at
—20 °C for 20 min and centrifugation at 4 °C at 15,800x g for
30 min. The supernatant was transferred to clean tubes dried under
a stream of nitrogen at 45 °C, redissolved in 50%
acetonitrile—water solution, and ultrasonicated at 4 °C, followed
by centrifugation at 4 °C at 15,800 g for 30 min. The supernatant
was collected and subjected Q-TRAP 6500 mass spectrometer
(AB SCIEX, Framingham, USA), and separation was achieved on
a UPLC BEH Amide column (2.1 mm x 5 mm, Waters Corp.,
Milford, USA). Ammonium acetate ammonium hydroxide (1:1,
20 mmol/L) and acetonitrile were used as mobile phase A and
mobile phase B, respectively.

2.3.  HCC models, treatment, and analysis

For the xenograft mouse model, SMMC-7721 or MHCC97H cells
6 x 106)/ 100 pLL PBS were subcutaneously inoculated into the
right flanks of BALB/c nude mice randomized into two groups.
After one week, the experimental groups received an intraperito-
neal injection of LCAC-16:0 (25 mg/kg/day) every day while the
control group received PBS daily for 14 days. Tumor-bearing mice
were sacrificed on Day 21 after inoculation. Tumor volumes (V)
were measured using a digital caliper and calculated according to
Eq. (1):

V=LxW/ (1

where L is length, W is width.

For the orthotopic mouse model, 1 x 10° Hepal-6 cells were
inoculated into the liver of C57BL/6 mice. After one week, the
experimental groups received an intraperitoneal injection of

LCAC-16:0 (25 mg/kg/day) every day while the control group
received PBS daily for 14 days. Tumor-bearing mice were sacri-
ficed on Day 21 after inoculation. Tumor volumes were measured
using a digital caliper and calculated according to Eq. (1).

For the oncogene mouse model, 6 to 8-week-old C57BL/6J
mice were administered 20 pg pT3-EFla-myr-AKT, 20 pg
NRasV12/pT2-CAGGS, and 1.6 pg pCMV/SB by hydrodynamic
injection (HDI). HDI was performed as described®>*’. After one
week, the experimental groups received an intraperitoneal injec-
tion of LCAC-16:0 (25 mg/kg/day) every day while the control
group received PBS daily for 28 days. All mice were sacrificed on
Day 35 after HDI, and liver and blood samples were collected for
further experiments. Liver samples were further weighed and
digital images were obtained to detect HCC development. Two
independent researchers evaluated macroscopic malignant nodules
(diameter >0.5 mm).

For the diethylnitrosamine (DEN)/tetrachloromethane (CCly)-
induced mouse model, C57BL/6]J mice were intraperitoneally
administered DEN (Sigma, Saint Louis, MO, USA; 25 mg/kg,
dissolved in PBS) once on Day 14 after birth, followed by weekly
injections of CCly (Macklin, Shanghai, China; 0.5 mL/kg, dis-
solved in olive oil) starting at 4 weeks of age. Mice received PBS
or LCAC-16:0 (25 mg/kg/day) daily for 6 weeks via intraperito-
neal injection, beginning at 12 weeks of age. Body weights were
measured every week after the PBS/LCAC-16:0 intervention. All
mice were sacrificed at 18 weeks and liver samples were collected
for further experiments. Liver samples were further weighed and
digital images were obtained to detect HCC development. Two
independent researchers evaluated macroscopic malignant nodules
(diameter >0.5 mm).

2.4.  3C-labeled LCAC-16:0 tracing analysis

Isotope labeling experiments were performed as described previ-
ously, with minor modifications>*. '3 C-1,2,3,4-LCAC-16:0 hydro-
chloride (662127-VAR) was purchased from Sigma. Briefly, Huh7
cells were seeded in six-well plates. After 24 h, the medium was
replaced with Krebs Ringer Buffer (135 mmol/L. NaCl, 5 mmol/L
KCl, 1 mmol/LL MgSO4, 4 mmol/L K,HPO,, 5.5 mmol/L
Glucose, 20 mmol/L HEPES, 1 mmol/L CaCl,, pH 7.4) containing
7.5 pmol/L '>C-LCAC-16:0 or 7.5 pmol/L '3C-1,2,3,4- LCAC-
16:0 hydrochloride. After a 6 h incubation period, cells were
washed three times with pre-cold PBS and collected for metabolic
tracer analysis. Afterward, the metabolites were extracted and
subjected to Metabo-Profile (Shanghai, China) analysis.

2.5.  Cleavage under targets and Tagmentation (CUT&Tag)

The CUT&Tag assay was performed using the Hyperactive In-Situ
ChIP Library Prep Kit for Illumina (Vazyme Biotech Co., Nanj-
ing, China) according to the manufacturer’s instructions. Briefly,
cells were sequentially incubated with ConA Beads, primary
antibody (anti-H3K14ac antibody, ABclonal, Wuhan, China),
secondary antibody (IgG, ABclonal, Wuhan, China), and Hyper-
active pA-Tn5 Transposase. The fragmented DNA was extracted
from the samples and amplified by PCR. After an assessment
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA), these libraries were sequenced on the Illumina
NovaSeq6000 platform (Illumina, San Diego, CA, USA), and 150
bp paired-end reads were generated for analysis.
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2.6.  Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted with a ChIP kit (BersinBio,
Guangzhou, China). Briefly, 2 x 107 cells were crosslinked with
1% formaldehyde and sonicated for 15 min at 35% power to
reduce the average DNA length to 200—600 bp. Samples were
precleared using protein A/G beads for 1 h, followed by overnight
incubation at 4 °C with anti-histone H3K14 acetylation (ABclo-
nal, Wuhan, China). The next day, samples and magnetic beads
were incubated for 30 min at room temperature. ChIP DNA
products were obtained following washing, elution, de-
crosslinking, and extraction steps. DNA template enrichment
was analyzed via agarose gel electrophoresis and qPCR using
primers specific for each target gene promoter. The primers used
are listed in Supporting Information Table S1.

2.7.  Statistical analysis

To evaluate the differences between groups, we employed one-
way ANOVA or Wilcoxon’s rank-sum test for continuous vari-
ables, and chi-square test for categorical variables. For time-to-
event analysis, cumulative HCC incidences were calculated using
the Kaplan—Meier method, and groups were compared with the
log-rank test. Univariable (unadjusted) and multivariable
(adjusted) Cox regression models were used to estimate HR for
HCC at a 4.5-year follow-up and corresponding 95% CI. In a
multivariable model, we adjusted traditional HCC risk factors
including age, sex, total bilirubin, platelets, albumin, and elevated
alanine aminotransferase (ALT). All data are presented as
mean + standard error of mean (SEM). Statistical tests used to
compare conditions are indicated in figure legends. GraphPad
PRISM version 10.0 and R 3.5.3 were used for the generation of
graphs and statistics. Differences were considered statistically
significant at P < 0.05 vs. Control, expressed as *P < 0.05 vs.
Control; **P < 0.01 vs. Control; ***P < 0.001 vs. Control;
**#%EP < 0.0001 vs. Control.

Additional methods are provided in the
Information.

Supporting

3. Results

3.1.  Baseline plasma from patients who developed HCC is
growth-promotive for liver cancer cells

Among 3368 CHB patients who achieved complete viral sup-
pression (HBV DNA <20 IU/mL), 98 developed HCC during a
median follow-up of 43.5 months. After excluding 21 HCC cases
diagnosed in the first six months and one case without available
baseline plasma, we enrolled a total of 76 patients with HCC and
76 controls without HCC using propensity score matching
(Supporting Information Fig. STA). Baseline characteristics were
comparable between the two groups, except for ALT levels
(Supporting Information Table S2).

To explore the potential roles of circulating metabolites in the
development of HCC, we used baseline plasma from the two
groups of patients to culture HCC cells Huh7 and MHCC97H.
Intriguingly, we observed that baseline plasma from patients who
later developed HCC was favorable to HCC cell proliferation and
clone formation ability (Fig. |A—C). We then performed RNA-seq
on Huh7 cells incubated with baseline plasma from both groups.

Gene set enrichment analysis (GSEA) revealed that baseline
plasma from the HCC group induced genes involved in cell cycle
progression (Fig. 1D). These findings suggest that baseline plasma
from patients who developed HCC during follow-up possesses
growth promotive properties.

3.2.  Baseline plasma-derived LCACs are negatively associated
with HCC risk

To elucidate the inherent differences in baseline plasma from the
two groups, we conducted a non-targeted metabolomics analysis
to examine plasma metabolite compositions. Among the 637 an-
notated compounds, 53 were significantly upregulated, and 39
were downregulated in the baseline plasma of HCC patients
(P < 0.05). Notably, several LCACs showed a significant reduc-
tion in the HCC group (Fig. 1E and Fig. SIB—SI1G).

While non-targeted metabolomics analyses provide valuable
insights, they are inherently semiquantitative®”. To validate and
quantify our observations, we conducted targeted mass spec-
trometry analyses for palmitoylcarnitine (LCAC-16:0), stear-
oylcarnitine (LCAC-18:0), oleoylcarnitine (LCAC-18:1) and
linoleylcarnitine (LCAC-18:2) (Fig. S1H). Plasma LCAC levels
were positively correlated with liver cirrhosis and total bilirubin,
and negatively correlated with albumin (Fig. S11). Kaplan—Meier
survival analyses showed negative correlations between baseline
LCAC levels and HCC risk (Fig. 1F). Specifically, individuals
with LCAC-16:0 (hazard ratio [HR], 0.33; 95% confidence in-
terval [CI], 0.16—0.66), LCAC-18:0 (HR, 0.43; 95% CI,
0.21-0.86), LCAC-18:1 (HR, 0.58; 95% CI, 0.30—1.08) or
LCAC-18:2 (HR, 0.54; 95% CI, 0.28—1.04) levels in the third
tertiles exhibited a decreased risk of HCC (Fig. 1G). Moreover,
higher LCAC levels remained an independent predictor of incident
HCC risk even after adjusting for traditional HCC risk factors
(Fig. 1G).

3.3.  LCACs inhibit liver tumorigenesis

To explore the physiological function of LCACs in vitro, we
exposed HCC (Huh7, MHCC97H, SMMC-7721, HepG2, and
HepG2) and immortalized hepatocyte cell lines (MIHA and L02)
to LCACs. LCACs inhibited the proliferation of HCC cells at a
dose of 3.75—7.5 pumol/L (Fig. 2A and Supporting Information
Fig. S2A—S2E). What should be noted, the absolute concentra-
tion of LCAC (the sum of LCAC-16:0, LCAC-18:0, LCAC-18:1,
and LCAC-18:2) in the plasma of 152 CHB patients was
0.34—5.72 pmol/L (Fig. S2F), indicating that LCACs possess anti-
tumor effect at a physiological concentration. Notably, immor-
talized hepatocyte cell lines exhibited significantly lower sensi-
tivity to LCACs compared to HCC cell lines (Fig. 2A and
Fig. S2A—S2E). The colony formation assay showed that LCAC-
16:0 significantly inhibited the clone formation ability of HCC
cells (Fig. 2B). We next used “human-in-mouse” xeno-
transplantation HCC models to evaluate the effect of LCACs on
HCC growth in vivo. As expected, intraperitoneal administration
of LCAC-16:0 (25 mg/kg/day) significantly inhibited tumor
growth in both SMMC-7721 and MHCC97H nude mouse xeno-
graft models (Fig. S2G—S2I). Consistently, in mice bearing an
orthotopic Hepal-6 cell-derived hepatoma, LCAC-16:0 (25 mg/
kg/day) also effectively suppressed hepatoma growth (Fig. 2C).
Further, we evaluated the effect of LCACs on hepatocarcino-
genesis in a primary HCC mouse model induced through
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hydrodynamic delivery of the Sleeping Beauty transposon system
with oncogene Ras and Akr*®. We observed that mice treated with
LCAC-16:0 (25 mg/kg/day) displayed fewer and smaller tumors
compared to the control mice (Fig. 2D). Besides, LCAC-16:0
resulted in a reduction of liver weight without a change in body
weight, leading to decreased liver body ratio (Fig. 2D and
Fig. S2J). In addition, we established another primary HCC mouse
model induced by DEN in combination with CCly. This model
incorporates chronic injury, inflammation, fibrosis, and elevated
endotoxin levels mediated by CCly, sharing several characteristics
with the microenvironment of human HCC”’. The mice were
administered with an intraperitoneal injection of LCAC-16:0
(25 mg/kg/day) for 6 weeks™. Similar to the observation in
AKT/Ras mice, although the body weight was similar between
groups, fewer and smaller tumors, decreased liver weight, and
liver body weight ratio were found in treated mice (Fig. 2E and
Fig. S2K). Consistently, the hepatic lobule structures of the con-
trol mice were more disordered than those of the LCAC-16:0
treated DEN/CCl, mice (Fig. 2F), and the expression of Ki67
was decreased in the treated group (Fig. 2G). Collectively, our
data suggest that LCACs are effective in preventing HCC
tumorigenesis.

Examination of the liver and kidney functions of AKT/Ras
mice revealed no significant differences in serum ALT, aspartate
aminotransferase (AST), creatinine, and urea between LCAC-
16:0-treated and control group, suggesting that LCAC-16:0
administered at a dose of 25 mg/kg/day does not induce obvious
hepatorenal toxicity in mice (Fig. S2L).

3.4.  Uptake and metabolism of LCACs are required for their
anti-tumor effect

LCACs, formed in the mitochondria as intermediates of
B-oxidation, are typically metabolized into acetyl coenzyme A
(acetyl-CoA)*’. However, it remains unclear whether hepatocytes
uptake extracellular LCACs. Our findings showed that incubation
with LCAC-16:0 led to a remarkable increase of intracellular
LCAC-16:0, acetyl-CoA, and acetyl-CoA/CoA ratio in Huh7 cells
(Fig. 3A and B, Supporting Information Fig. S3A). Meanwhile,
Huh?7 cells were treated with medium containing '*C-LCAC-16:0
or '*C-(1,2,3,4)-LCAC-16:0, and incorporation of '*C into intra-
cellular acetyl-CoA and citrate was measured through liquid
metabolic flux detection. The m+-2 isotopomer of acetyl-CoA and
citrate was detected, indicating the LCAC-16:0 was converted to
acetyl-CoA (Fig. 3C and D, Fig. S3B). Very long-chain acyl-co-
enzyme A dehydrogenase (VLCAD), an inner mitochondrial
membrane enzyme, catalyzes the rate-limiting step of conversion
of mitochondrial LCACs into acetyl-CoA®’. We found that the
knockdown of VLCAD by siRNA (Fig. S3C) abolished the in-
crease of acetyl-CoA and the anti-proliferation effect of LCAC-
16:0 (Fig. 3E and Fig. S3D). Moreover, overexpression of
VLCAD reinforced the anti-proliferation effect (Fig. S3E).
Additionally, we employed CTPI-2, an inhibitor of the transport of
acetyl-CoA produced by @ oxidation out of mitochondria, by
blocking the mitochondrial citrate carrier SLC25A1°'. Co-
treatment with CTPI-2 abolished the inhibitory effect of LCAC-
16:0 on HCC cells (Fig. 3F). Finally, the depletion of cyto-
plasmic acetyl-CoA via SB-204990, a specific inhibitor of ATP
citrate lyase (ACLY) enzyme’>, also abrogated the anti-
proliferation effect (Fig. 3G). Collectively, our data demonstrate
that uptake and metabolism of LCACs are required for their anti-
tumor effect.

3.5.  LCACs suppress HCC by modulating H3 histone
acetylation

Given that mitochondrial acetyl-CoA is an essential substrate for
histone acetylation®*, we further analyzed the effect of LCAC-
16:0 on histone H3 acetylation (H3ac) levels. We found that
LCAC-16:0 induced a significant increase of H3ac in HCC cells
(Fig. 4A). Specifically, LCAC-16:0 increased acetylation of H3
Lys14 (H3K14ac), while not affecting H3K9ac, H3K27ac and
H3K56ac (Fig. 4B and Supporting Information Fig. S4A).
Increased H3K14ac was also observed in tumor tissues of DEN/
CCly mice treated with LCAC-16:0 (Fig. S4B). Importantly, the
increase of H3K14ac was found to be abrogated by VLCAD
knockdown (Fig. 4C and Fig. S4C). To further understand the
mechanism, we used C646, a histone acetyltransferase p300 in-
hibitor’>°. C646 treatment abrogated the inhibitory effect of
LCAC-16:0 on HCC cells (Fig. 4D), indicating that LCACs act by
modulating H3 histone acetylation.

To systematically identify candidate target genes of H3K14ac,
we treated Huh7 cells with LCAC-16:0 and conducted RNA-seq
and CUT&Tag assay using H3K14ac antibody. Analysis of the
genome-wide distribution of H3Kl14ac revealed enrichment in
promoter regions of specific genes (Fig. 4E). Subsequently, we
identified KLF6 and SMOX, which were upregulated by both
LCAC-16:0 and incubation with baseline plasma of non-HCC
patients (Fig. 4F, Fig. S4D and S4E). Moreover, these genes dis-
played elevated H3K14ac levels at their promoter regions (Fig. 4F
and G, Fig. S4F). Further GSEA of RNA-seq data showed that the
most suppressed gene sets by LCAC-16:0 were E2F targets, G2M
checkpoint, and MYC target V1 gene sets (Fig. S4G). Given the
coordinated roles of E2F, G2M, and MYC signaling, coupled with
the involvement of KLF6 in cell cycle regulation®’**, we focused
our attention on KLF6. The expression of KLF6 was confirmed by
RT-gPCR (Fig. S4H and S4I). To validate H3K14ac binding in the
KLF6 promoter region, a ChIP assay was performed. ChIP assay
demonstrated that the specific sites —0.5, 0.5, and +1 kb away
from the transcriptional start site (TSS) of the KLF6 gene dis-
played significant binding to H3K14ac (Fig. S4J). ChIP-qPCR
assay further demonstrated that H3K14ac levels at specific sites
of the KLF6 promoter region were significantly enhanced after
LCAC-16:0 treatment (Fig. 4H and I, Fig. S4K). Additionally,
after variable splicing, KLF6 generates three mature transcripts,
wild-type, SV1, and SV2, each playing a different role in onco-
genicity””*. We also verified that LCAC-16:0 promoted the
translation of KLF6 but had no significant effect on its splicing
process (Fig. 4H). Collectively, LCACs exert an anti-proliferation
effect by promoting H3K14ac in the KLF6 promoter region.

3.6. LCACs suppress HCC through KLF6/p21 pathway

We further explored whether LCACs exert their anti-tumor effect
through KLF6. Indeed, LCAC-16:0, LCAC-14:0, LCAC-18:0,
LCAC-18:1 and LCAC-18:2 upregulated KLF6 protein expression
in HCC cells (Fig. 5A and Supporting Information
Fig. SSA—S5D). Consistently, in tumor tissues of DEN/CCl,
mice, treatment with LCAC-16:0 enhanced KLF6 expression as
well (Fig. S5E). In addition, in 12 HCC patients who underwent
surgery, the serum levels of LCAC-16:0 were significantly
correlated with relative protein expression of KLF6 in the cancer
tissues (Fig. 5B and Fig. S5F), providing further support for the
conclusion that LCACs activate the KLF6 in vivo. To establish the
direct involvement of KLF6 in the anti-tumor effect of LCACs, we
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Figure 3  Uptake and metabolism of LCACs are required for their anti-tumor effect. (A) Intracellular LCAC-16:0 levels in Huh7 cells after

incubation with 7.5 pmol/L LCAC-16:0 for 24 h (n = 3). (B) Intracellular acetyl-CoA levels in Huh7 cells after incubation with 7.5 pmol/L
LCAC-16:0 for 24 h (n = 3). (C) Schematic of 13C—(l,2,3,4)—LCAC—16:O facilitating incorporation of 13C into acetyl-CoA. (D) Isotopic tracing
analysis of 13C—(1,2,3,4)—LCAC—16:O in Huh7 cells (n = 3). (E) Inhibitory effect of LCAC-16:0 (15 pmol/L for 120 h) on HCC cells upon siRNA-
mediated inhibition of very long-chain acyl-coenzyme A dehydrogenase (VLCAD) expression (n = 3). (F) Inhibitory effect of LCAC-16:0
(15 pmol/L for 120 h) on HCC cells upon CTPI-2 mediated inhibition of transport of acetyl-CoA out of mitochondria (n = 3). (G) Inhibi-
tory effect of LCAC-16:0 (15 pmol/L for 120 h) on HCC cells upon SB-204990 mediated depletion of cytoplasmic acetyl-CoA (n = 3). Data are
presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, no significance. P values were calculated based on one-

way ANOVA.

knocked down KLF6 (Fig. S5G) in HCC cells and found that
inhibitory effect of LCAC-16:0 on the growth of HCC cells was
abolished upon KLF6 knockdown, signifying that LCACs act
through KLF6 (Fig. 5C). We also verified that knockdown of
VLCAD, inhibition of acetyl-CoA out of mitochondria (using
CPTI-2) or inhibition of histone acetyltransferase p300 (using
C646) attenuated upregulation of KLF6 by LCAC-16:0
(Fig. 5D—F). Finally, we verified whether LCACs in human
plasma are responsible for the regulation of KLF6 expression.
Remarkably, the knockdown of VLCAD attenuated the difference
in KLF6 expression induced by baseline plasma of HCC/non-HCC
patients (Fig. 5G).

To further identify the critical target of the LCAC—KLF6 axis,
we employed the TRRUST database”', a reference database of

human transcriptional regulatory networks. We found that
CDKNIA (p21), a transcriptional target of KLF6, was upregulated
by both LCAC-16:0 and baseline plasma of non-HCC patients
(Fig. 6A, Fig. S4A and S4B, Supporting Information Fig. S6A and
B). We verified that LCAC-16:0 treatment increased the expres-
sion of p21 (Fig. 6B) without affecting subcellular localizations of
p21 protein (Fig. S6C and S6D). In tumor tissues of DEN/CCl,
mice, p21 expression was also enhanced by LCAC-16:0 treatment
(Fig. SSE). Consistently, in HCC patients, serum levels of LCAC-
16:0 were strongly correlated with relative protein expression of
p21 in the cancer tissues (Fig. 6C, Figs. S5F and S6E). To
establish the direct involvement of p21 in the LCAC-induced
inhibitory effect, we depleted p21 by siRNA (Fig. S6F), result-
ing in the abolishment of the inhibitory effect of LCAC-16:0 on
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Figure 4 LCACs act through modulating H3 histone acetylation. (A) ELISA showing acetylation levels of H3 in HCC cells treated with
7.5 pmol/L LCAC-16:0 for 24 h. (B) Western blot showing acetylation levels of H3K14, H3K27, and H3K56 of HCC cells treated with the
indicated concentration of LCAC-16:0 for 24 h. (C) Western blot showing H3K14ac levels in HCC cells with si-NC or si-VLCAD in the presence
or absence of LCAC-16:0 (15 pmol/L for 24 h) treatment. (D) Inhibitory effect of LCAC-16:0 (15 pmol/L for 120 h) on HCC cells upon C646
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in chromatin immunoprecipitation (ChIP) and ChIP-qPCR assays. (I) ChIP-qPCR analysis showing KLF6 gene occupancy by H3K14ac in HCC
cells treated with 7.5 pmol/L LCAC-16:0 for 24 h (n = 3). Data are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
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Figure 5 LCACs inhibit hepatocarcinogenesis via KLF6. (A) Western blot showing KLF6 expression levels of HCC cells treated with

7.5 pmol/L LCAC-16:0 for 96 h. (B) The correlation between relative protein expression of KLF6 in HCC tissues and plasma LCAC-16:0 levels
of HCC patients (n = 12). (C) Inhibitory effect of LCAC-16:0 (15 pmol/L for 120 h) on HCC cells under conditions of siRNA-mediated KLF6
inhibition (n = 3). (D) Western blot showing KLF6 expression levels in HCC cells with si-NC or si-VLCAD in the presence or absence of LCAC-
16:0 (15 pmol/L for 96 h) treatment. (E) Western blot showing KLF6 expression levels in HCC cells with or without CPTI-2 in the presence or
absence of LCAC-16:0 (15 pmol/L for 96 h) treatment. (F) Western blot showing KLF6 expression levels in HCC cells with or without C646 in
the presence or absence of LCAC-16:0 (15 pmol/L for 96 h) treatment. (G) qPCR showing KLF6 expression levels in HCC cells induced by
baseline plasma of HCC/non-HCC patients (48 h) with si-NC or si-VLCAD (rn = 3). Data are presented as mean = SEM. *P < 0.05, **P < 0.01,
¥eEP < 0.001, *¥***P < 0.0001; ns, no significance. P values were calculated based on one-way ANOVA.
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Figure 6 LCAGCs inhibit hepatocarcinogenesis via p21. (A) Analysis of RNA-seq data using the TRRUST database. (B) Western blot showing

p21 expression in HCC cells treated with 7.5 LCAC-16:0 for 96 h. (C) The correlation between relative protein expression of p21 in HCC tissues
and plasma LCAC-16:0 levels of HCC patients (n = 12). (D) Inhibitory effect of LCAC-16:0 on HCC cells upon siRNA-mediated p21 inhibition
(n 3). (E) Inhibitory effect of LCAC-16:0 (25 mg/kg/day) on MHCC97H subcutaneous tumor growth in nude mice in response to shRNA-
mediated inhibition of p21 expression (n = 6). (F) Western blot showing p21 expression levels in HCC cells with si-NC or si-KLF6 in the
presence or absence of LCAC16:0 (15 pmol/L for 96 h) treatment. (G) gPCR showing p21 expression levels in HCC cells induced by baseline
plasma of HCC/non-HCC patients (48 h) with si-NC or si-VLCAD (n 3). Data are presented as mean = SEM. *P < 0.05, **P < 0.01,
#EEP < 0.001, ***#*P < 0.0001; ns, no significance. P values were calculated based on one-way ANOVA.

the proliferation of HCC cells (Fig. 6D). Furthermore, the in vivo
inhibitory effect of LCAC-16:0 on tumor growth was significantly
reduced upon p21 depletion, supporting the conclusion that

LCACs act through p21 (Fig. 6E). We also confirmed that
knockdown of KLF6 (Fig. 6F) and inhibition of histone acetyl-
transferase attenuated upregulation of p21 by LCAC-16:0
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(Fig. S6G). As expected, the knockdown of VLCAD attenuated
the difference in p21 expression induced by baseline plasma of
HCC/non-HCC patients (Fig. 6G).

4. Discussion

The rapid growth in the discovery of active metabolites influ-
encing cell physiology has been noteworthy®. However, it remains
uncertain whether specific endogenous metabolites play an
important role in the development of HCC in CHB patients, even
when viral control is achieved. The Search-B cohort, a prospective
and well-characterized cohort of CHB patients undergoing anti-
viral treatment®’, served as the foundation for our investigation.
Through metabolomics analyses integrated with functional
studies, we identified LCACs as novel metabolites with clinical
and mechanistic relevance to HCC development.

Previous case—control studies have revealed that HCC patients
had higher blood levels of LCAC'®'”. However, in the prospective
Korean Cancer Prevention Study-II, Jee et al.'"® showed that pal-
mitoylcarnitine (LCAC-16:0) was associated with reduced HCC
risk. We revealed that cirrhosis was positively correlated with
plasma LCAC levels, which is consistent with previous
studies™***. Cirrhosis is a powerful risk factor for HCC**. Thus,
cirrhosis can be a key confounder of the association between
blood levels of LCAC and HCC risk. A shortcoming of previous
case—control studies is the failure to balance major HCC risk
factors, particularly cirrhosis'®'’. In our study, after balancing
potential confounders including cirrhosis via propensity score
matching, we found that circulating LCAC levels are associated
with reduced HCC risk.

LCACs are intermediate oxidative metabolites formed by the
esterification of long-chain fatty acids and carnitine®’. Tradition-
ally, LCACs serve as diagnostic markers of fatty acid oxidation
disorder*®. While emerging evidence highlights that LCACs are
bioactive and influence disparate aspects of pathophysiology, such
as inflammation, insulin sensitivity, and protein kinase C
signaling®’, there remains a notable gap in comprehensive
research into the role of LCACs in tumorigenicity. In this study,
we demonstrated that LCACs at concentrations ranging from 3.75
to 7.5 pmol/L, including LCAC-14:0, LCAC-16:0, LCAC-16:1,
LCAC-18:0, LCAC-18:1, and LCAC-18:2, inhibit proliferation
of human HCC cells via KLF6/p21 pathway. However, it is crucial
to note that a recent study reported contrasting results, indicating
that 5 umol/L LCAC-18:1 enhanced the self-renewal of mouse
HCC cells through STAT3 activation, diverging from our find-
ings*®. The conflicting results raise a hypothesis that LCAC-18:1
might have paradoxical effects on hepatocarcinogenesis. While we
showed that LCAC-16:0 inhibited hepatocarcinogenesis in several
mouse models, the evidence regarding the comprehensive role of
LCAGC: other than LCAC-16:0 in vivo is still lacking, necessitating
further investigation.

LCACs have been hypothesized to regulate physiological
processes by altering plasma membrane function or interacting
with specific receptors”’. Using the metabolic tracer '*C-(1,2,3,4)-
LCAC-16:0, we demonstrated that HCC cells take up and
metabolize LCACs into acetyl-CoA, a substrate for protein acet-
ylation. While early studies reported that increased levels of
acetyl-CoA and histone acetylation may be required to sustain the
accelerated proliferation of cancer cells**', our study revealed
contrasting results, indicating that increased levels of acetyl-CoA
and H3 acetylation were associated with proliferation suppression.
This divergence may be attributed to the difference in the carbon

source for histone acetylation’>. Previous studies are focused on
acetyl-CoA derived from glucose and acetate®”', while acetyl-
CoA is also derived from LCACs, in our study. A recent study
highlighted that lipid-derived acetyl-CoA can be a major carbon
source for histone acetylation, and lipid-derived histone acetyla-
tion activates a specific gene expression program distinct from that
induced by glucose-derived histone acetylation®. While further
studies are needed to elucidate the detailed mechanisms of specific
histone acetylation in response to different nutrients, our findings
underscore that LCACs increase levels of acetylated histones and
induce a specific gene expression program to suppress liver
tumorigenesis.

Functional inactivation of tumor suppressor genes is a well-
recognized mechanism capable of driving carcinogenesis™. KLF6
is a ubiquitously expressed zinc finger transcription factor and
tumor suppressor gene that suppresses growth and facilitates dif-
ferentiation by p53-independent up-regulation of p21°*°. Given
that reduction of KLF6 expression is an early and common event
in hepatocarcinogenesis, it is considered a promising target for
HCC prevention in patients with chronic liver disease’”>*. How-
ever, the factors influencing KLF6/p21 expression remain to be
elucidated. In this study, we demonstrated that circulating LCACs
play a role in the regulation of KLF6/p21 expression, providing
critical implications for HCC prevention.

The main source of circulating LCAC:s is still obscure. As body
carnitine mainly exists in skeletal muscle, the body’s acylcarni-
tines are speculated to be synthesized within myocytes. However,
recent studies suggested that there was no correlation between the
profile of acylcarnitine in plasma and skeletal muscle®. A pre-
vious study has revealed that LCAC-16:0 produced by blood cells
was associated with the concentration of circulating acylcarnitine
in healthy overweight women®. Similarly, we found that plasma
LCAC-16:0 levels correlated well with mRNA levels of genes
involved in LCAC metabolism (Cptlb, Cact, Bbox1I) in blood but
not heart, kidney, and liver cells of mice (Supporting Information
Fig. S7), suggesting blood cells might be a predominant regulator
of circulating levels of LCAC.

5. Conclusions

In summary, this study demonstrates that LCACs serve as a pro-
tective factor against the occurrence and progression of HCC. As
natural metabolites in the human body, LCACs hold significant
potential for clinical application in the prevention of HCC.
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