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B-hydroxybutyrate inhibits malignant
phenotypes of prostate cancer cells through
3-hydroxybutyrylation of indoleacetamide-N-
methyltransferase

Yifan Zhang"" and Yunlong Li’

Abstract

Background Prostate cancer (PCa) is one of the most prevalent cancers in men and is associated with high mortality
and disability rates. 3-hydroxybutyrate (BHB), a ketone body, has received increasing attention for its role in cancer.
However, its role in PCa remains unclear. This study aimed to explore the mechanism and feasibility of BHB as a
treatment alternative for PCa.

Methods Colony formation assay, flow cytometry, western blot assay, and transwell assays were performed to
determine the effect of BHB on the proliferation and metastasis of PCa cells. Tumor sphere formation and aldehyde
dehydrogenase assays were used to identify the impact of BHB or indoleacetamide-N-methyltransferase (INMT)

on the stemness of PCa cells. N6-methyladenosine (m6A)-meRIP real-time reverse transcription polymerase chain
reaction and dual luciferase assays were conducted to confirm INMT upregulation via the METTL3-m6A pathway.
Co-IP assay was used to detect the epigenetic modification of INMT by BHB-mediated -hydroxybutyrylation (kbhb)
and screen enzymes that regulate INMT kbhb. Mouse xenograft experiments demonstrated the antitumor effects of
BHB in vivo.

Results BHB can inhibit the proliferation, migration, and invasion of PCa cells by suppressing their stemness.
Mechanistically, INMT, whose expression is upregulated by the METTL3-m6A pathway, was demonstrated to be an
oncogenic gene that promotes the stem-like characteristics of PCa cells. BHB can suppress the malignant phenotypes
of PCa by kbhb of INMT, which in turn inhibits INMT expression.

Conclusions Our findings indicate a role of BHB in PCa metabolic therapy, thereby suggesting an epigenetic
therapeutic strategy to target INMT in aggressive PCa.

Trial registration Not applicable.
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Background

Prostate cancer (PCa) is the second most frequent malig-
nancy in males, is the fifth leading cause of cancer-related
deaths in both developed and developing countries, and
accounts for a significant proportion of the health bur-
den worldwide [1]. Currently, no long-lasting and effec-
tive therapies exist for PCa. PCa treatment via androgen
deprivation therapy and AR antagonists (castration),
along with the emergence of PCa with AR mutations
or lack of AR expressio, has been shown to be effective
only in the short term [1]. Other PCA treatment options
include surgery, chemotherapy, radiation therapy, and
immunotherapy [2—4]. However, with the advent of drug
resistance, cancer metastasis, and vigorous weakening of
immunity, the effectiveness of these treatment options
has decreased. Dietary therapy (or metabolic therapy)
using ketogenic diets (KD) is becoming an alternative or
complementary approach to cancer treatment [5]. Most
cancer cells are characterized by a lack of mitochondrial
enzymes capable of metabolizing ketone bodies and pro-
ducing ATP.

In contrast, normal cells can use ketone bodies instead
of sugar as fuel [6]. KD combats cancer-induced cachexia
and causes minimal side effects [7]. KD disrupts metab-
olism and suppresses the “Warburg effect” on which
tumor growth depends [8]. However, the effects of KD
on PCa remain unclear. Hence, this study mainly aimed
to investigate whether ketone bodies have an anticancer
effect on PCa.

B-hydroxybutyrate (BHB), the primary ketone body,
is predominantly formed in the liver and formed by the
degradation of fatty acids via -oxidation induced by ace-
tyl coenzyme A. BHB is traditionally considered a normal
fuel to support respiration and serve as an alternative
energy resource for the brain and heart during fasting
and prolonged exercise [9]. Increasing evidence indicates
a strong relationship between BHB and cancer. Several
studies have indicated that BHB can suppress the growth
and metastasis of glioma, neuroblastoma, pancreatic can-
cer, and colorectal cancer [5, 10-14] and even enhance
the anticancer effects of cisplatin and PD-1 blockade [15,
16]. In contrast, some studies have demonstrated that
BHB promotes the growth and survival of cancer cells
[17, 18], whereas another study showed no impact on
growth [19]. The BHB paradox and the effect of BHB on
PCa warrant further in-depth exploration.

Cancer stem cells (CSCs) represent a small number
of undifferentiated cells in cancerous tissues. The pres-
ence of CSCs with properties of tumor dissemination
and metastasis promotion can significantly affect dis-
ease progression and clinical management and is a major
cause of metastasis and cancer recurrence [20]. PCa
involves highly heterogeneous cells [21]. CSCs residing
in PCa tissue may constitute an important cause of the
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development and recurrence of PCa as well as the devel-
opment of androgen-independent and refractory pheno-
types [22, 23]. However, cancer cells can switch between
stem and differentiated states in response to treatment
or microenvironmental changes [24, 25]. Therefore, the
development of specific anticancer drugs that can eradi-
cate CSCs or induce their differentiation is an innovative
therapeutic strategy for PCa.

Indoleacetamide-N-methyltransferase (INMT) acts as
a methyltransferase, both as an S-methyltransferase for
thymidine and N-methyltransferase for catalyzing the
N-methylation of indoles such as tryptamine [26, 27].
The colocalization of INMT with the sigma-1 receptor
in primate spinal motor neurons revealed that it may be
a target for treating schizophrenia and amyotrophic lat-
eral sclerosis [28, 29]. In addition to its association with
schizophrenia, the role of INMT in cancer is gradually
being recognized. However, whether INMT is an onco-
gene or cancer suppressor remains controversial in the
recently published studies on PCa [30, 31]. The effect
of INMT on PCa and its molecular mechanisms war-
rant further exploration. B-hydroxybutyrylation (kbhb)
is an emerging post-translational modification (PTM)
induced by BHB. So far, kbhb has been described in
histones and nonhistones [32, 33]. Mass spectrometry
analysis in a previous study showed that INMT might be
B-hydroxybutyrylated [34]. However, the mechanism by
which the kbhb of INMT affects its role in cancer has not
yet been reported, and our study investigated for the first
time the role of INMT kbhb in PCa.

Herein, we aimed to demonstrate that BHB acts as
an important ketone body to inhibit the proliferation,
migration, and invasion of PCa cells by suppressing their
stem-like properties. INMT, whose expression is upregu-
lated by the METTL3-N6-methyladenosine (m6A) axis,
is an oncogene in PCa that promotes the stemness of PCa
cells through SOX2. BHB inhibits the malignant pheno-
types of PCa via kbhb of INMT. Therefore, this study may
provide potential metabolic therapy and molecular tar-
gets for refractory PCa.

Methods

Chemicals and antibodies

The chemical reagents and working concentrations
used were as follows: BHB (for cells: 0, 15, and 25 mM;
for mice: 100 mg/kg; Sigma-Aldrich, cat. 52,017) and
p300 inhibitor A485 (for cells: 2.5 pM; for mice: 30 mg/
kg; Sigma-Aldrich, cat. SML2192). The antibodies used
were as follows: anti-SLUG (Abcam, cat. ab27568), anti-
TWIST1 (Cell Signaling Technology, cat. #90,445),
anti-E-cadherin (Abcam, cat. ab231303), anti-vimentin
(Sigma-Aldrich, cat. V6630), anti-snail (Sigma-Aldrich,
cat. SAB5700806), anti-ZEB1 (Abcam, cat. ab276129),
anti-ZEB2 (Abcam, cat. ab191364), anti-GAPDH
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(Abcam, cat. ab8245), anti-SOX2 (Cell Signaling Tech-
nology, cat. #14,962), anti-BMI1 (Abcam, cat. ab269678),
anti-CD133 (Abcam, cat. ab284389), anti-KLF4 (Abcam,
cat. ab129473), anti-p actin (Cell Signaling Technol-
ogy, cat. #3700), anti-INMT (Abcam, cat. ab181854),
anti-METTL3 (Abcam, cat. ab195352), anti-METTL14
(Abcam, ab220030), anti-ALKBH5 (Abcam, cat.
ab195376), anti-FTO (Abcam, cat. ab280081), anti-m6A
(Invitrogen, cat. MA5-33030), anti-Ki67 (Abcam, cat.
ab15580), and anti-pan BHB-lysine (BHB-K) (PTM Bio-
Labs, China, cat. #PTM-1201RM).

Cell culture

PC3 and LNCaP were purchased from Procell (Wuhan,
China), DU145, RWPE-1, and human embryonic kidney
293E (HEK293E) cells from ATCC were gifted by Dr. Qi
Li (The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, China) and cultured in a humidified envi-
ronment at 37 °C under 5% CO, using their respective
media. RWPE-1 cells were maintained in keratinocyte
SEM (1x) (Invitrogen, cat. 17,005,042). PC3 and LNCaP
cells were cultured in RPMI 1640 supplemented with
15% fetal bovine serum (FBS). DU145 and HEK293E cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 15% FBS. LNCaP and PC3 cells stably
overexpressing control and INMT vectors were cultured
in RPMI 1640 supplemented with 15% FBS and hygro-
mycin (150 pg/ml) [30, 31]. LNCaP and PC3 cells stably
expressing control shRNA (Sigma-Aldrich, cat. SHC016)
and INMT shRNA (Sigma-Aldrich, cat. EHU138831)
were cultured in RPMI 1640 supplemented with 15% FBS
and puromycin (15 pg/ml) [31].

Transfection, plasmids, and siRNA
Lipofectamine 3000 (Invitrogen, cat. L3000015) was used
to transfect plasmids, whereas Lipofectamine RNAIMAX
(Invitrogen, cat. 13,778,030) was used to transfect siR-
NAs, according to the manufacturer’s instructions of the
corresponding kits.

pGL3-INMT-WT, pGL3-INMT-mut, and pGL3-
SOX2 plasmids were constructed by inserting the INMT
3’-UTR with wild-type or mutant m6A sites and SOX2
promoters (—2546/+544) into pGL3 luciferase reporter
plasmids (Promega, cat. E1751).

pFlag-METTL3, pFlag-INMT, pFlag-HDACI1, and
pFlag-HDAC2 plasmids were constructed by cloning
polymerase chain reaction (PCR)-amplified cDNAs of
human METTL3, INMT, HDAC]1, and HDAC?2 into the
pFlag—-CMV2 expression vectors (Sigma-Aldrich, cat.
E7033).

The sequences of METTL3-specific siRNAs were as
follows: #1: 5'-CUGCAAGUAUGUUCACUAUGA-3'
and #2: 5'-AGGAGCCAAGAAAAAUCAA-3).
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Cell viability assay

Cell viability was assessed via the CCK8 assay using a
CCK8 kit (Abcam, cat. ab228554). Cells (1x10*/well)
inoculated in a 96-well plate were treated with varying
concentrations of BHB for 48 h. Then, 20 pl of CCK-8
solution was added to the corresponding wells and incu-
bated for 2 h. Absorbance values at 450 nm were mea-
sured using a 96-well plate reader. The concentration
of the drug that induced 50% of cell growth inhibition
(IC50) was determined.

Colony formation assay

Colony formation assay was performed to assess the cell
proliferation capacity. LNCaP and PC3 cells (2x 10%/well)
were inoculated into 6-well plates and treated with or
without 15 mM BHB for 48 h. After washing the cells
with PBS, the liquid in each well was replaced with fresh
medium without drugs. Two weeks later, using methanol
fixation and crystal violet staining, the number of colo-
nies containing>50 cells were counted using an optical
microscope.

Cell cycle analysis

LNCaP and PC3 cells were inoculated into 6-well plates
at a concentration of 2x10°/well and treated with or
without 15 mM BHB for 48 h. After washing with PBS
and fixing overnight at 4 °C with 75% ethanol, the fixed
cells were incubated for 30 min under dark conditions
with 1 ml of PBS containing propyl iodide (PI) (100 pg/
ml) and RNase (50 pg/ml). Flow cytometry was per-
formed to analyze cell cycle distribution. DNA histo-
grams were constructed to indicate the proportion of
cells in different cell cycle phases, such as GO/G1, S, and
G2/M phases.

Cell apoptosis analysis

Flow cytometric analysis was performed using FITC/
Annexin V apoptosis-detecting kits (BD pharmingen,
cat. NO 556,547) to determine the apoptosis rate follow-
ing BHB treatment. After treatment with 0, 15, or 25 mM
BHB for 48 h, 1x10° cells (LNCaP, PC3, or DU145 cells)
were collected and cleaned twice with ice-cold PBS. After
centrifugation at 500 xg for 5 min, the cells were added
to 100 pl of binding buffer containing 5 pl of PI and 5 pl
of Annexin V-FITC, and the mixture was incubated for
15 min under dark conditions. The apoptosis rate of
stained cells was immediately measured at 488 nm using
BD FACSAria™ II cell sorters (BD Biosciences, California,
USA).

Transwell cell migration and invasion assay

Transwell assay was performed to determine the cell
migration and invasive capacity. For migration assays,
treated cells were harvested and diluted with serum-free
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DMEM (1x10° cells/ml). Then, 100 ml of cell suspen-
sion was inoculated into the small chamber above the
transwell insert (Corning, cat. CLS3464; pore size, 8 um),
whereas the bottom chambers were filled with RPMI-
1640 containing 20% FBS, serving as a chemoattractant.
For invasive assays, the above chambers were precoated
with Matrigel (Millipore, cat. E1270); the other steps
were the same as the migration assays. The cells were
cultured at 37 °C for 24 h under 5% CO,. Migrated and
invaded cells at the bottom of the filter were fixed with
4% paraformaldehyde and stained with 0.5% crystal vio-
let (Sigma-Aldrich, cat. C0775) for 20 min. Cells were
observed and counted under optical microscopes. Five
regions were randomly selected to count the number of
cells.

Western blot assay

Whole-cell lysates were prepared using highly active
radioimmunoprecipitative assay (RIPA) buffer (Beyotime,
cat. PO013B). Protein concentrations were determined
via an enhanced protein concentration assay kit (Beyo-
time, China, P0010S). Whole-cell proteins in the super-
natant were electrophoresed on 10% SDS-PAGE gel and
then transferred onto the PVDF membrane (Millipore,
cat. ISEQ00010). These membranes were subjected to
incubation with the corresponding primary and HRP-
coupled secondary antibodies. The bands were visualized
using BeyoECL plus kit (Beyotime, cat. P0018M).

Real-time reverse transcription PCR (RT-PCR)

Total cellular RNA was purified using Trizol reagent
(Beyotime, cat. R0016). Isolated RNA was reverse tran-
scribed using Maxima H Minus first strand cDNA syn-
thesis kits (Thermo Scientific, cat. #K1682). Quantitative
real-time PCR (qPCR) was performed using SYBR Green
(Takara, cat. #RR820A) via ABI-7500 real-time PCR sys-
tems (Applied Biosystems, USA). The specific primers
used in this study are listed in Supplemental Table SI.
The relative expression levels of target genes were mea-
sured using the 2724¢T method.

Tumor sphere formation assay

The treated cells were prepared as single-cell suspen-
sions and seeded into ultralow adherence 96-well plates
at a density of 800 cells/well containing sphere-forming
medium supplemented with serum-free DMEM/F-12
(Invitrogen, cat. 12,634,028), 2% B27 (Invitrogen, cat.
17,504,044), 25 ng/ml epidermal growth factor (EGF;
Sigma-Aldrich, cat. E9644), and 25 ng/ml fibroblast
growth factor (FGF; Gibco, cat. 13256-029). The cells
were incubated at 37 °C for 7-15 days under 5% CO, and
95% humidity. The number of spheroids with diameters
of >25 or 75 um was calculated.
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Aldehyde dehydrogenase (ALDH) assay

The stem-like tumor cells with highly active ALDH were
identified using ALDEFLUOR kits (Stem Cell Tech-
nologies, cat. #01700), according to the manufacturer’s
instructions. Briefly, 1x10° cells were incubated with
ALDEFLUOR assay buffer supplemented with ALDH
substrate. An aliquot of cells exposed to ALDEFLUOR
assay buffer was treated with a specialized ALDH inhibi-
tor (diethylaminobenzaldehyde, DEAB) under the same
conditions; this was set as a negative control. After incu-
bation at 37 °C for 40 min, the fluorescence intensity was
measured via FACS analysis.

m6A meRIP gRT-PCR

The m6A modification of INMT was measured via
MeRIP assays using m6A MeRIP kits (Millipore, cat.
17-10499), according to the manufacturer’s instructions.
Briefly, 300 pg of total isolated RNA was chemically frag-
mented into approximate lengths of 100 nucleotides and
then immunoprecipitated with a monoclonal antibody
against m6A (Invitrogen, cat. MA5-33030) and pre-
washed protein A/G Dyna beads (Thermo Scientific, cat.
88,803). The RNAs undergoing m6A modification were
eluted with N6-methyladenosine-5’-monophosphate
sodium salt (6.7 mM) and extracted using RNeasy kit
(Qiagen, cat. 74,004). Both immunoprecipitated and
input samples were subjected to qPCR.

Dual luciferase reporter assays

To confirm whether INMT mRNA undergoes METTL3-
dependent m6A modifications, pGL3-INMT-WT or
pGL3-INMT-mut plasmids were constructed by insert-
ing INMT mRNA 3’-UTRs with wild-type or mutant
mo6A sites into a region downstream of pGL3 luciferase
reporter vector. The cells inoculated into a 12-well plate
were transiently transfected with pGL3-INMT-WT or
pGL3-INMT-mut, renilla luciferase reporter vectors
(pRL-TK), and METTL3 siRNA. After 48 h of transfec-
tion, firefly luciferase activity was assessed using a dual
luciferase reporter kit (Promega, cat. E1910). Measure-
ment of renilla luciferase activity was used as a control
for determining transfection efficiency.

To confirm the effect of INMT on SOX2 promoter
activity. The pGL3-SOX2 promoter plasmids were con-
structed by inserting the SOX2 promoter (—2546/+544)
into a region downstream of pGL3 luciferase reporter
vectors (Promega, cat. E1751). Cells stably expressing
INMT or control vectors were placed in 12-well plates
and transiently transfected with pGL3-SOX2 promoter
and renilla luciferase reporter vectors (pRL-TK). The sub-
sequent steps were the same as those described above.
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Protein purification

After transfection of 293T cells with Flag—-INMT plas-
mids for 48 h, the cells were collected and lysed with
BC500 solution (500 mM NaCl, 20% glycerol, 0.5% Triton
X-100, and 20 mM Tris-HCL; pH 7.3) under sonication.
The cell lysates were coincubated overnight at 4 °C with
anti-Flag M2 magnetic beads. After washing the bead
complexes with BC100 buffer (100 mM NaCl, 20% glyc-
erol, 0.1% Triton X-100, and 20 mM Tris-HCL; pH 7.3), a
competitive elution procedure with Flag peptide (Sigma-
Aldrich, cat. F4799) was performed in BC100 buffer for
protein purification.

Evaluation of kbhb of INMT

Evaluation of kbhb of exogenous INMT proteins was per-
formed as follows. First, 293T cells were transfected with
Flag-INMT plasmids and then treated with or without
15 mM BHB for 24 h. The Flag-INMT fusion proteins
were purified according to the method described previ-
ously in this study. Next, the purified proteins were sub-
jected to western blot assay with anti-INMT or anti-pan
BHB-K antibodies.

Evaluation of kbhb of endogenous INMT proteins was
performed in LNCaP, PC3, and DU145 cells treated with
or without 15 mM BHB for 24 h. The cells were first lysed
with RIPA buffer and fragmented ultrasonically. Iden-
tification of BHB-K proteins was performed via immu-
noprecipitation (IP) with BHB-K antibodies, and INMT
was detected via western blot assay using anti-INMT
antibody.

Similarly, INMT kbhb was evaluated in LNCaP cells
transfected with Flag-HDACI1 or Flag-HDAC?2 plasmids
and treated with 15 mM BHB or 2.5 pM p300 inhibitor
A485 for 24 h. The subsequent steps were identical to
those described above.

Mouse xenograft assays

Male BALB/c nude mice (5 weeks old, weight 18-22 g)
were obtained from the Animal Experiment Center of
Zhengzhou University (Zhengzhou, China). They were
maintained under standard conditions. Overall, 5x10°
LNCaP cells were diluted with 200 ul of RPMI 1640
medium, prepared as a mixture with Matrigel (Corning,
cat. 354,234), and inoculated subcutaneously into the
flanks of male nude mice. Tumor size was measured every
3 days using calipers, and the tumor volume was calcu-
lated using the following formula: L (longest diameter) x
W (shortest diameter)?x0.5. Each mouse’s body weight
and living behavior were monitored for overall health sta-
tus. The mice were euthanized at the end of the studies.
The xenograft tumors were removed, weighed, and fixed.
Mice were randomly divided into four groups for drug
treatments when the measured tumor volume reached
150-200 mm [3]. They (seven mice for each group)
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received 0.9% saline as a negative control or 100 mg/kg
BHB or 30 mg/kg p300 inhibitor A485 as treatment. The
drugs were injected intraperitoneally daily for up to 30
days. Each procedure was approved by the Animal Care
and Use Committee of the First Affiliated Hospital of
Zhengzhou University. The HE and immunohistochem-
istry staining for Ki-67 were performed as reported pre-
viously [35]. Mice were injected with LNCaP cells stably
transfected with luciferase vector via tail vein for estab-
lishing an in vivo bioluminescence imaging model of
bone metastasis, and the detailed steps were performed
according to the previously reported method [36].

Statistical analysis

All data were expressed as the meantstandard deviation
(SD). Statistical analysis was performed via GraphPad
Prism 8 software. Comparisons of parameters between
two groups were calculated using paired two-tailed Stu-
dent’s t-tests. P-values of <0.05 were considered to indi-
cate statistical significance.

Results

BHB significantly suppresses the proliferation, migration,
and invasion of PCa cells

The effects of BHB on the growth characteristics of nor-
mal prostate cell lines (RWPE-1) and PCa cell lines (PC3,
LNCaP, and DU145) were initially analyzed. The cells
were incubated for 48 h with increasing concentrations
of BHB, and CCK8 assays were performed to analyze cell
viability. We revealed that BHB suppressed the growth of
LNCaP, PC3, and DU145 cells with inhibitory concentra-
tions (ICg,) of 7.389, 9.743, and 10.27 mM, respectively
(Fig. 1A). In contrast, the IC;, of RWPE-1 cells was 38.89
mM, indicating that BHB induces little toxicity to normal
prostate cells at concentrations that inhibit the growth of
PCa cells (Fig. 1A).

The long-term proliferative capacity of malignant
tumor cells was assessed via the colony formation assay
using LNCaP and PC3 cells. When these cells were
treated with 15 mM BHB for 48 h, their proliferative
capacity was significantly suppressed, as evidenced by
a decrease in the number of cells and a reduction in the
size of cell colonies (Fig. 1B).

To explore the effects of BHB on cell cycle distribution,
LNCaP and PC3 cells were treated with 15 mM BHB
for 48 h, after which the DNA content of cells in differ-
ent phases was analyzed via flow cytometry. The results
showed that BHB-treated cells displayed a larger GO/
G1-phase population and a smaller S-phase population,
suggesting that BHB causes cell cycle arrest in tumor
cells in the GO/G1 phase (Fig. 1C).

The proapoptotic effects of BHB were evaluated in
BHB-treated cells via the PI and Annexin V double stain-
ing method, and the samples were analyzed via flow
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Fig. 1 BHB significantly suppresses the proliferation, migration, and invasion of PCa cells. A, LNCaP, PC3, DU145, and RWPE-1 cells treated with various
concentrations of BHB for 48 h were subjected to CCK8 assay. B, Colony formation assays were used to assess the in vitro tumor growth ability of cells
treated with 0 or 15 mM BHB. The representative images and statistical charts are presented. C, Cell cycle assays were performed via flow cytometry in
cells treated with or without 15 mM BHB. The ratio of cells distributed in three different phases was calculated. D, LNCaP, PC3, and DU145 cells were ex-
posed to the corresponding concentrations of BHB for 48 h. The apoptotic rates were analyzed via flow cytometry using Annexin V-FITC/PI double stain-
ing methods. The representative images and statistical charts are shown. E, Migrative and Matrigel invasive ability of cells treated with or without 15mM
BHB was tested via transwell assays. Representative images of migrating and invading cells on polycarbonate transwell membranes and statistical plots
are shown. F, Western blot assays were used to detect the expression of representative epithelial-to-mesenchymal transition (EMT)-associated proteins in
cells treated with or without BHB. All data were obtained by performing at least three replicate experiments and expressed as mean + standard deviation
(SD). Paired and two-tailed Student’s t-tests were performed, and significant differences were designated as *p <0.05, **p <0.01, and ***p <0.001
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cytometry. We found that BHB induced apoptosis in
LNCaP, PC3, and DU145 cells in a dose-dependent man-
ner (Fig. 1D).

The migrative and invasive capacity of LNCaP and PC3
cells was analyzed via transwell assays with or without
BHB treatment. All results indicated that cells treated
with 15 mM BHB had a significantly reduced ability to
migrate through the membranes into the lower lumen
compared with untreated cells. In addition, the capac-
ity of cells treated with BHB to invade the Matrigel pre-
coated membranes and migrate to the lower lumen was
significantly reduced compared with that of untreated
cells (Fig. 1E).

Epithelial-to-mesenchymal transition (EMT) of tumor
cells can drive tumor migration and invasion [37]. Thus,
the effects of BHB on the expression of EMT markers
were assessed via western blot analysis. We revealed that
after BHB treatment, the expression of E-cadherin was
strongly upregulated, whereas the levels of various mes-
enchymal markers, such as SLUG, TWIST1, vimentin,
snail, ZEB1, and ZEB2, were decreased in LNCaP and
PC3 cells (Fig. 1F).

BHB inhibits the stem-like properties of PCa cells

Tumor sphere formation is a stem-like feature indicating
the tumor-initiating capacity. As expected, BHB-treated
LNCaP and PC3 cells formed fewer tumor spheres than
untreated cells within 7 days (Fig. 2A). Subsequently,
ALDH activity was analyzed via ALDEFLUOR assays
based on a previous finding that increased ALDH activ-
ity is positively associated with CSC characteristics and
poor prognosis in many cancers, especially PCa [38]. The
proportion of ALDH-positive cells in LNCaP and PC3
cells treated with BHB was substantially lower than that
in untreated cells (Fig. 2B). In addition, qPCR revealed
that BHB treatment inhibited the mRNA expression lev-
els of several stemness-related factors, such as SOX2,
BMI1, and CD133, in LNCaP and PC3 cells (Fig. 2C).
Consistently, western blot analysis indicated that the pro-
teins levels of SOX2, BMI1, and CD133 were significantly
decreased after BHB treatment, whereas the protein
level of KLF4 remained unchanged after BHB treatment
(Fig. 2D). Altogether, these results suggest that BHB can
suppress the stem-like properties of PCa cells.

INMT promotes the stemness of PCa cells through SOX2

A previous study revealed that the PTM of INMT could
be regulated by BHB; hence we speculated INMT as a
therapeutic target of BHB on PCa. To prove this specula-
tion, we next explore the involvement of INMT and the
related mechanism in PCa. We firstly determined how
INMT promotes the stemness of PCa cells by detecting
tumor cell sphere formation. LNCaP cells with over-
expressed INMT showed the formation of more tumor
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spheroids within 7 days than vector-transfected cells
(Fig. 3A). When analyzing ALDH activity, which repre-
sents the stemness capacity, using ALDFHLUOR assays,
we revealed that the proportion of ALDH-positive cells
was significantly higher in INMT-overexpressed LNCaP
cells than in vector-transfected cells (Fig. 3B). Real-
time qPCR analysis revealed that the mRNA expression
of stemness-associated transcription factors—SOX2,
CD133, and BMI1—was significantly increased in LNCaP
cells due to INMT overexpression (Fig. 3C). Addition-
ally, western blot assay was used to measure the protein
expression levels of SOX2, BMI1, and CD133 in LNCaP
cells, which were found to be upregulated by INMT.
However, INMT overexpression did not cause an increase
in KLF4 expression (Fig. 3D).

Endogenous INMT expression was knocked down by
transient transfection of a INMT-specific sShRNA vector.
INMT silencing greatly attenuated ALDH activity (Fig. 3E
and G) and reduced SOX2, BMI1, and CD133 expres-
sion in LNCaP and PC3 cells, although KLF4 was not
altered after INMT silencing (Fig. 3F and H). The lucif-
erase reporter assays indicated that INMT caused a 1.55-
and 1.48-fold increase in SOX2 promoter (—2546/+544)
activity after transfection of PC3 and HEK293E cells
with INMT plasmid for 48 h, respectively (Fig. 3]). Taken
together, these results suggest that INMT promotes the
stemness of PCa cells via SOX2.

INMT expression is upregulated through the METTL3-m6A
modification pathway in PCa cells

The m6A modification is one of PTM types, and PCa is
often accompanied with upregulated METTL3 expression
and aberrantly elevated m6A modification levels [39].
Our result showed that the expression levels of INMT
were upregulated in the three PCa cell lines (Fig. 4A).
Several enzymes, including METTL3, METTLI14,
ALKBHS5, and FTO, involve the process of m6A modifi-
cation [40]. Our study revealed that the expression lev-
els of METTL3 were upregulated in LNCaP, PC3, and
DU145 cells, whereas those of METTL14, ALKBHS5, and
FTO did not differ significantly among the cells (Fig. 4B).
The SRAMP m6A forecast website (http://www.cuilab.
cn/sramp) predicted that INMT 3’-UTR yielded four
m6A consensus sequences (m6A-modified adenosine
residues are underlined), which were using (Fig. 4C).
Next, we investigated whether METTL3-induced m6A
methylation modifications cause alterations in INMT
expression. We revealed that siRNA-induced silencing
of METTL3 significantly reduced the protein expres-
sion level of INMT in LNCaP cells (Fig. 4D). In con-
trast, a dose-dependent increase in INMT protein levels
was observed after METTL3 overexpression in LNCaP
cells (Fig. 4E). Consistently, the mRNA expression of
INMT was downregulated by METTL3 knockdown and
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Fig. 2 BHB inhibits the stem-like properties of PCa cells. A, The suppressive effects of BHB on PCa stem cells (CSCs) were measured via tumor sphere
formation assays. Cells treated with or without 15 mM BHB were prepared as single-cell suspensions and seeded into ultralow attachment 96-well plates
at a density of 500 cells/well containing sphere-forming medium. Cells were cultured continuously for 7-14 days, and the spheres with a diameter of > 25
or 75 um were counted. B, The suppressive effects of BHB on prostate CSCs were measured via ALDH assays; after BHB treatment for 48 h, ALDH substrate
was added and incubated for another 30 min. Then, flow cytometry was performed to measure the percentage of ALDH-positive cells. DEAB-quenched
ALDH fluorescence was considered a negative control. C, The mRNA levels of prostate CSC-associated markers were examined via real-time gPCR in cells
treated with or without BHB for 48 h. D, Protein levels of prostate CSC-associated markers were measured via western blot assay in cells treated with or
without BHB for 48 h. Experiments were performed in triplicate, and data were expressed as the mean + standard deviation (SD). Paired and two-tailed
Student’s t-tests were performed, and significant differences were designated as *p <0.05, **p <0.01, and ***p <0.001

upregulated by METTL3 overexpression in LNCaP cells
(Fig. 4F). We also measured the expression of methylated
mRNA of INMT via m6A meRIP qRT-PCR. Total RNAs
were immunoprecipitated with m6A antibodies, and the
immunoprecipitated RNA was subjected to qRT-PCR to
amplify the INMT 3’-UTR. METTL3 silencing decreased
the methylation of INMT mRNA, suggesting that INMT
mRNA is indeed a target of METTL3-dependent m6A
modifications (Fig. 4G).

To verify that INMT mRNA undergoes METTL3-
dependent m6A methylation, we performed dual lucif-
erase experiments, which indicated that METTL3
knockdown significantly decreased the luciferase activity.
By comparing WT and mutant reporters, we found that
adenosine mutations in the identified consistent m6A
sequences resulted in diminished luciferase activity in
LNCaP cells (Fig. 4H). These results demonstrate that
INMT expression is upregulated in PCa cells through the
METTL3-m6A modification pathway. Treatment with
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Fig. 3 INMT promotes the stemness of PCa cells through SOX2. A, The effects of INMT overexpression on prostate CSCs were detected via tumor sphere
formation assays. LNCaP cells were transfected with INMT or vector plasmids and tested for their tumor sphere formation ability. B, The effects of over-
expressed INMT on prostate CSCs were determined via the ALDH assay. LNCaP cells transfected with INMT or vector plasmids were subjected to flow
cytometry to measure the proportion of ALDH-positive cells. C, The mRNA levels of prostate CSC-associated markers were examined via real-time qPCR
after INMT overexpression in LNCaP cells. D, Protein levels of prostate CSC-associated markers were measured via western blotting after INMT overexpres-
sion in LNCaP cells. E and G, The effect of INMT knockdown on prostate CSCs was determined by performing ALDH assay in LNCaP and PC3 cells. F and H,
The protein levels of prostate CSC-associated markers were measured via western blot assay after INVIT knockdown in LNCaP and PC3 cells. I, The effects
of INMT on SOX2 promoter activity was detected using dual luciferase reporter. Cells were cotransfected with an INMT expression plasmid and a SOX2
promoter reporter plasmid. Firefly luciferase activity, which represents SOX2 promoter activity, was measured and normalized to renilla luciferase activity.
Experiments were conducted in triplicate, and data were expressed as the mean +standard deviation (SD). Paired and two-tailed Student’s t-tests were
performed, and significant differences were designated as *p <0.05, **p <0.01, and ***p <0.001

BHB in LNCaP, PC3, and DU145 cells did not affect the
expression levels of METTL3, indicating that the antago-

BHB inhibits the malignant phenotypes of PCa via kbhb of
INMT

nistic effects of BHB on the malignant phenotype of PCa
cells are not dependent on inhibition of the m6A modifi-
cation pathway (Fig. 41).

Since the above analysis revealed that the effect of BHB
is independent on the m6A modification pathway, we
supposed whether BHB regulates INMT via kbhb, other
type of PTM. To identify kbhb-modified INMT proteins,
we first purified and enriched Flag—INMT fusion protein
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differences were designated as *p < 0.05, **p <0.01, and ***p <0.001

in BHB-treated 293T cells transfected with Flag—-INMT
plasmid. Then, the fusion proteins were subjected to
western blot assay with anti-INMT and anti-pan BHB-
K. The results indicated that the enriched INMT could
be identified by anti-INMT antibodies in all cells; how-
ever, it was only recognized by BHB-K antibody in cells
treated with BHB, suggesting that INMT is modified by
kbhb in the presence of BHB (Fig. 5A). Next, we assessed
whether kbhb of endogenous INMT occurs in the three
PCa cell lines—PC3, LNCaP, and DU145—showing the
presence of wild-type INMT expression and intact INMT

signaling pathway. The cell lysates from BHB-treated or
untreated cells were immunoprecipitated with BHB-K
antibodies and then immunoblotted with INMT anti-
bodies. The results showed that the level of INMT in
kbhb-enriched lysates from BHB-treated cells was signifi-
cantly higher than that from untreated cells, suggesting
that kbhb of endogenous INMT occurs via BHB (Fig. 5B
and C, and 5D). To further investigate which enzyme is
involved in kbhb of INMT, LNCaP cells were transfected
with pFlag-HDAC1 or pFlag-HDAC2 and treated with
BHB (15 mM) or the p300 inhibitor A485 (2.5 pM). The



Zhang and Li Cancer Cell International (2024) 24:121 Page 11 of 16

B C D

BHB - +
LNCaP PC3 DU145
fIag-INMT + + BHB - + BHB - + BHB - +

BHB-K E 29kDa IP: IP: E IP:
BHB-K E INMT BHB-K INMT BHB-K E INMT

INMT | — ~ | 29kDa
100 . 100 ~ ~ 100 i
E * | BHB-K __ | BHBK ~ |BHB-K
BHB + + + + Input 254 & Input 25+ Input 251 =

p300 inhibitor A485 -

FlagHDAC1 - - + - EINMT EI INMT EINMT
Flag-HDAC2 - - - + E B-actin E B-actin E B-actin
IP:BHB-K INMT

+
1
1

Il

Input INMT
E& control EA BHB =3 Eﬂ%ﬁg?g&ss
F G BHB + p300 LNCaP
control BHB inhibitor A485 o
BHB - + + ” % | | ! \ %—150-
inhibi ‘ g
p300 in i&){l"tgg - - o+ % Emo-
INMT | == — — | 29kDa Q 2 s
LNCaP —
B-actin E 42kDa o-
1004
PC3 z
B-actin E 42kDa 3 5
o § 40+
5 20+
o
H = o
=3 BHB+p300 inhibitor A485
Migration Invasion 250 LNCaP |
BHB + p300 BHB + p300 2 2001
control BHB inhibitor A485 control BHB inhibitor A485 %,
R 5 e e 5 DA s . 5 % ,v'-" G A

Cell number per field
g

LNCaP

migration invasion

500 PC3 .. ...

a
S
=3

©
S
S

N
=1
S

Cell number per field

=)
=3

o

migration invasion

Fig. 5 BHB suppresses malignant phenotypes of PCa via 3-hydroxybutyrylation of INMT. A, Detection of kbhb modifications in 293T cells with IMNT
overexpression. The Flag-INMT fusion proteins were purified from 293T cells treated with or without 15 mM BHB and detected via western blot assay
using anti-INMT or anti-pan-f-hydroxybutyrylated lysine antibodies (BHB-K). B-D, kbhb modification of endogenous INMT in LNCaP, PC3, and DU 145 cells.
Cell lysates treated with or without 15 mM BHB were subjected to immunoprecipitation (IP) with BHB-K antibodies and then detected via western blot
assay with INMT antibodies. Whole-cell lysates without IP were also detected via western blot assay with INMT, BHB-K, or actin antibodies as the input. E,
Identification of enzymes regulating the kbhb of INMT via immunoprecipitation. Cell lysates with indicated treatment were immunoprecipitated (IP) with
BHB-K antibodies and then detected via western blot assay with INMT antibodies. Input cell lysates were also subjected to INMT detection via western
blot assay. F, Western blot analysis of the effects of BHB-mediated kbhb on INMT expression. Cell lysates treated with 15 mM BHB or 2.5 uM p300 inhibitor
A485 were subjected to western blot assay with INMT and actin antibodies. G, Colony formation assays to assess the effects of BHB-mediated kbhb on
in vitro tumor growth. H, Transwell assays were performed to evaluate the effects of BHB-mediated kbhb on migration and invasion of indicated cells.
Experiments were performed in triplicate, and data were expressed as the mean + standard deviation (SD). Paired and two-tailed Student’s t-tests were
performed, and significant differences were designated as *p <0.05, **p <0.01, and ***p <0.001



Zhang and Li Cancer Cell International (2024) 24:121

cell lysates were immunoprecipitated with BHB-K anti-
bodies and then immunoblotted with INMT antibodies.
The results in Fig. 5E showed that the group treated with
BHB alone could detect the expression of INMT. p300
inhibitor A485, HDAC1, and HDAC?2 inhibited the kbhb
of INMT, suggesting that all three enzymes were involved
in the kbhb of INMT. p300 exhibited kbhb transferase
activity, whereas HDAC1 and HDAC2 were kbhb deacet-
ylases, respectively (Fig. 5E).

To determine whether BHB-induced kbhb of INMT
affects INMT expression, we treated LNCaP and PC3
cells with BHB (15 mM) and p300 inhibitor A485 (2.5
uM) for 48 h. Treatment with BHB alone attenuated
INMT protein expression. In contrast, cotreatment with
p300 inhibitor A485 reversed the reduction in INMT
protein expression, suggesting that the kbhb of INMT by
BHB inhibited INMT expression in PCa cells (Fig. 5F).
We next investigated whether BHB-induced kbhb of
INMT influences the promalignant phenotypic func-
tion of INMT. The proliferative capacity of LNCaP and
PC3 cells was assessed via colony formation assay. The
results indicated that BHB alone significantly inhibited
the colony formation ability of malignant tumor cells.
In contrast, cotreatment with A485, a p300 inhibitor
that inhibits the kbhb of INMT, counteracted the effect
of BHB (Fig. 5G). The migrative and invasive capacity of
LNCaP and PC3 cells was also analyzed with or with-
out BHB or A485 treatment. Similarly, inhibition of cell
migration and invasion by BHB was reversed when cells
were cotreated with A485, an inhibitor of INMT kbhb
(Fig. 5H). Altogether, our findings suggest that BHB
inhibits the malignant phenotypes of PCa via kbhb of
INMT.

BHB attenuates the growth and metastasis of LNCaP
tumors in xenograft nude mouse models
The in vivo effect of BHB on PCa cells was assessed in
detail by establishing a xenograft nude mouse model
transplanted with LNCaP cells. BHB (100 mg/kg) and
p300 inhibitor A485 (30 mg/kg) were not significantly
toxic at this dose, as there were no differences in locomo-
tion, feeding behavior, or mortality in any group (data not
shown), and the weight of the mice remained stable and
did not differ in either treatment group (Fig. 6B).
Analysis of tumor growth curves revealed that BHB
significantly attenuated the growth of LNCaP tumors. In
contrast, after cotreatment with A485, their growth rate
returned to a level similar to that of the control group
(Fig. 6A). In addition, the tumors treated with BHB were
smaller and lighter than those in the control group. In
contrast, cotreatment with A485 counteracted the effect
of BHB (Fig. 6C). Immunohistochemistry for Ki-67 anti-
gen (an indicator of cell proliferative capacity) showed
that Ki67 expression was lower in the BHB treatment
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group, whereas the expression was increased again in the
A485 cotreatment group (Fig. 6D). The in vivo imaging
system showed that the fluorescence signal (representing
bone metastasis) of BHB treatment group was decreased
compared with that of the control group. The fluores-
cence signal returned to the control level after combined
treatment with A485. Compared with the control group
(incidence of bone metastases: 4/5, 80%), mice treated
with BHB showed a 75% reduction in the incidence of
bone metastases (1/5, 20%), whereas the incidence of
bone metastases increased again after cotreatment with
A485 (4/5, 80%) (Fig. 6E). Immunoblotting of mouse
xenograft tissues demonstrated that BHB potently sup-
pressed the levels of stemness- and EMT-related fac-
tors, and their expression was reversed to a higher level
after cotreatment with A485 (Fig. 6F). All these results
emphasize the anti-PCa effect of BHB in vivo and the
role of kbhb mechanism in the antagonistic effect of BHB
against PCa.

Discussion

Although the specific role of BHB, a ketone body;, is still
not well understood, emerging evidence suggests its
important role in tumor biology. According to a previ-
ous report, BHB can reduce the proliferative capacity of
colonic crypt cells and potently inhibit intestinal tumor
growth in mouse models and organoids [13]. In addition,
BHB-induced metabolic reprogramming attenuated the
growth of pancreatic cancer and cachexia in xenograft
mouse models [11]. Importantly, BHB has a significant
inhibitory effect on cancer metastasis, as evidenced by
an inhibitory effect on the highly metastatic properties
of VM-M3 cells and prolonged survival in VM-M3 xeno-
graft mice [12]. However, many researchers have also
expressed opposite views regarding the effect of BHB on
tumors. BHB has been found to increase the “stemness”
of cancer cells, driving growth, metastasis, recurrence,
and poor clinical outcomes in breast cancer [17, 41]. In
addition, BHB acts as a cellular endogenous or systemic
fuel to promote the growth and progression of pancre-
atic ductal adenocarcinoma [18]. Thus, it remains unclear
whether the effects of BHB on cancer are related to the
type of cancer and the underlying mechanisms. Herein,
we validated the antimalignant phenotype effect of BHB
on PCa using three PCa cell lines in vitro and xenograft
mouse models in vivo. Our study is valuable as it reveals
new diet-induced endogenous mechanisms that inhibit
prostate tumor growth.

CSCs represent a subpopulation within tumors with
the potential for self-renewal and nondirectional differ-
entiation [42]. It drives tumor growth and sows the seeds
of metastasis; moreover, it is closely related to therapeu-
tic resistance and relapse of many tumor types, includ-
ing PCa [43-45]. Therefore, stem cell properties have
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Fig.6 BHB attenuates the growth and metastasis of LNCaP tumors transplanted in xenografted nude mice. A, Growth curves of subcutaneous xenografts
of LNCaP cells. Nude mice bearing xenograft tumors were treated with BHB (100 mg/kg) or p300 inhibitor A485 (30 mg/kg) for 25 days. The measured
tumor volumes versus time were plotted. B, The body weights of mice in various treatment groups were detected. C, Weight of tumors dissected on day
25 after treatment or no treatment. Representative tumor images and statistical charts are shown. D, H&E staining and immunohistochemistry for Ki-67
antigen was performed in xenograft tumors from mice (40x). Scale bars, 100 um. E, Incidence of metastasis in the bone of mice after BHB treatment or no
treatment. Representative images of mouse imaging in vivo and H&E staining in different treatment groups are shown. F, Western blot analysis of CSCs
and EMT-associated markers in xenograft tumors from mice on day 25. Data were expressed as the mean +standard deviation (SD). Paired and two-tailed
Student’s t-tests were performed, and significant differences were designated as *p <0.05, **p <0.01, and ***p <0.001

emerged as a target for cancer therapy. ALDH, SOX2,
BMI1, CD133, and KLF4 have previously been used as
stemness-associated markers of prostate CSCs [46-49].
Several studies have indicated a potential role of BHB in
inhibiting the stemness of CSCs. BHB was reported to
significantly reduce the proportion of CD133+A2780CP
cells (an ovarian cancer cell line) [50]. In addition, BHB
exhibited inhibition of proliferative capacity and stem-
ness of glioma stem-like cells by disrupting metabolic
homeostasis and mitochondrial function [8]. Consis-
tent with these studies, our investigations showed that

BHB significantly inhibited the stem-like properties of
PCa cells. Tumor sphere formation, ALDH activity, and
the expression levels of stemness-related factors (SOX2,
BMI1, and CD133) in PCa cells were potently reduced
after BHB treatment. EMT is an important process gov-
erning the characteristic features of CSCs. For example,
ZEB1 promotes the migration of CSCs by suppressing
repressive stemness microRNAs in pancreatic cancer
cells [51]. TWIST1 upregulates BMI1, a marker of CSCs
that is essential for tumor initiation capacity in head and
neck squamous cell carcinomas [52]. Elevated SLUG
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expression in breast tumors induces overexpression of
stem-like genes, such as BMII and CD133[53]. Therefore,
we speculate that the potential mechanisms of the inhibi-
tory effects of BHB on the stemness of PCa cells may be
related to our finding that BHB inhibits the process of
EMT.

INMT is a newly emerging molecule that has gained
considerable interest; however, its role in cancer remains
obscure. INMT expression has been reported to be dys-
regulated in lung cancer, meningioma, and PCa [31,
54-56]. Our study revealed that INMT expression was
upregulated in PCa cells, and this upregulation was
mediated via the METTL3-m6A pathway. m6A modi-
fication, one of the epigenetic regulatory mechanisms,
modulates gene expression and function by regulating
many aspects of RNA biology, such as pre-mRNA splic-
ing, nuclear transport, subcellular localization, RNA
decay, and translation ability [57]. As a reversible epi-
transcriptome modulator, METTL3 is highly expressed
in PCa and is essential for the proliferation and metasta-
sis of various PCa cell lines [39, 58, 59]. Our results con-
sistently showed upregulation of METTL3 in three PCa
cell lines and its role in the suppression of INMT mRNA
decay. Recent studies have reported conflicting views on
the effects of INMT on PCa, with one study suggesting
that INMT plays a tumor-suppressive role, whereas the
other suggesting that INMT promotes PCa development
and castration resistance [30, 31]. Our results demon-
strate that INMT is an oncogenic gene that promotes the
stemness characteristics of PCa cells. This enhancement
in stem-like properties may be related to the improve-
ment of SOX2 activity. The transcription factor SOX2,
which induces pluripotency, is an important embryonic
stem cell transcriptional factor capable of inducing cellu-
lar reprogramming. SOX2 endows cells with CSC char-
acteristics and a malignant, aggressive phenotype during
PCa development [60]. Our study revealed that INMT
can enhance the promoter activity of SOX2.

Previous studies have found that METTL3 is upregu-
lated in PCa and can promote PCa growth and metasta-
sis [39, 59]. However, the observed anticancer effect of
BHB was not achieved through the METTL3-m6A path-
way, as BHB did not affect the expression of METTL3.
kbhb, a recently discovered and evolutionarily con-
served PTM, is driven by BHB and plays a pivotal role in
cell function [32, 33]. The results of mass spectrometry
analysis in a previous study and the data from immuno-
precipitation assay in our study suggest that INMT may
be B-hydroxybutyrylated [34]. The lysine kbhb of INMT
decreased the INMT expression in PCa. Our study
revealed a novel finding that BHB exerts its anticancer
effects through INMT kbhb, and in vivo experiments
also confirmed that the antitumor effect of BHB is dimin-
ished when kbhb is inhibited. However, there are some
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limitations in this study. First, the mechanism underlying
the decrease in INMT expression levels after the occur-
rence of kbhb in INMT warrants in-depth exploration.
Besides, the present study only selected the LNCaP cell
line as the Xenograft tumor model, which may not rule
out the cell-specific effect. Hence, and we will establish
a Xenograft tumor model with other cell lines for further
validation in the future.

In summary, our results demonstrated that INMT,
an oncogenic gene in PCa, is highly expressed in PCa
cells via the METTL3-m6A pathway and can promote
stem-like properties of these cells. In contrast, BHB, an
endogenous ketone of the body, can exert an anti-PCa
malignant phenotype by driving INMT kbhb. Our study
revealed a novel molecular mechanism that provides a
theoretical basis for BHB to become a new alternative
for cancer treatment in addition to surgery, chemother-
apy, and immunotherapy. However, it remains unclear
whether BHB inhibits PCa stemness through multiple
pathways and the mechanism by which kbhb regu-
lates INMT expression levels. These details need to be
explored further in the future.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512935-024-03277-6.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Author contributions
YZ designed the research plan.YZ and YL performed the experiments and
wrote the manuscript.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Every procedure was approved by the Animal Care and Use Committee of the
First Affiliated Hospital of Zhengzhou University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 October 2023 / Accepted: 19 February 2024
Published online: 30 March 2024


https://doi.org/10.1186/s12935-024-03277-6
https://doi.org/10.1186/s12935-024-03277-6

Zhang and Li Cancer Cell International

(2024) 24:121

References

1.

20.

21

22.

23.

24,

25,

26.

27.

Denmeade SR, Isaacs JT. A history of prostate cancer treatment. Nat Rev
Cancer. 2002;2:389-96.

Prostate Cancer Treatment (PDQ(R)). : Health Professional Version. PDQ Can-
cer Information Summaries. Bethesda (MD)2002.

Thurman SA, Ramakrishna NR, DeWeese TL. Radiation therapy for the treat-
ment of locally advanced and metastatic prostate cancer. Hematol Oncol Clin
N Am. 2001;15:423-43.

Dellis A, Zagouri F, Liontos M, et al. Management of advanced prostate can-
cer: a systematic review of existing guidelines and recommendations. Cancer
Treat Rev. 2019;73:54-61.

Meidenbauer JJ, Mukherjee P, Seyfried TN. The glucose ketone index calcula-
tor: a simple tool to monitor therapeutic efficacy for metabolic management
of brain cancer. Nutr Metabolism. 2015;12:12.

Klement RJ, Kammerer U. Is there a role for carbohydrate restriction in the
treatment and prevention of cancer? Nutr Metabolism. 2011,8:75.

Hashim SA, Vanltallie TB. Ketone body therapy: from the ketogenic diet to the
oral administration of ketone ester. J Lipid Res. 2014;55:1818-26.

JiCC, HuYY, Cheng G, et al. A ketogenic diet attenuates proliferation and
stemness of glioma stemlike cells by altering metabolism resulting in
increased ROS production. Int J Oncol. 2020,56:606-17.

Cahill GF Jr. Fuel metabolism in starvation. Annu Rev Nutr. 2006;26:1-22.
Shang S, Wang L, Zhang Y, Lu H, Lu X. The Beta-hydroxybutyrate suppresses
the Migration of Glioma Cells by inhibition of NLRP3 inflammasome. Cell Mol
Neurobiol. 2018;38:1479-89.

Shukla SK, Gebregiworgis T, Purohit V, et al. Metabolic reprogramming
induced by ketone bodies diminishes pancreatic cancer cachexia. Cancer
Metabolism. 2014:2:18.

Poff AM, Ari C, Arnold P, Seyfried TN, D'’Agostino DP. Ketone supplementation
decreases tumor cell viability and prolongs survival of mice with metastatic
cancer. Int J Cancer. 2014;135:1711-20.

Dmitrieva-Posocco O, Wong AC, Lundgren P, et al. beta-hydroxybutyrate sup-
presses colorectal cancer. Nature. 2022,605:160-5.

Alherz M, Lee D, Alshangiti A, et al. The growth response to Beta-hydroxy-
butyrate in SH-SY5Y Neuroblastoma cells is suppressed by glucose and
pyruvate supplementation. Neurochem Res. 2021;46:701-9.

Mikami D, Kobayashi M, Uwada J, et al. beta-hydroxybutyrate enhances the
cytotoxic effect of cisplatin via the inhibition of HDAC/survivin axis in human
hepatocellular carcinoma cells. J Pharmacol Sci. 2020;142:1-8.

Ferrere G, Tidjani Alou M, Liu P et al. Ketogenic diet and ketone bodies
enhance the anticancer effects of PD-1 blockade. JCI Insight. 2021;6.
Bonuccelli G, Tsirigos A, Whitaker-Menezes D, et al. Ketones and lactate fuel
tumor growth and metastasis: evidence that epithelial cancer cells use oxida-
tive mitochondrial metabolism. Cell Cycle. 2010,9:3506-14.

Gouirand V, Gicquel T, Lien EC, et al. Ketogenic HMG-CoA lyase and its prod-
uct beta-hydroxybutyrate promote pancreatic cancer progression. EMBO J.
2022;41:2110466.

Bartmann C, Janaki Raman SR, Floter J, et al. Beta-hydroxybutyrate (3-OHB)
can influence the energetic phenotype of breast cancer cells, but does not
impact their proliferation and the response to chemotherapy or radiation.
Cancer Metabolism. 2018,6:8.

Ortiz-Sanchez E. Cancer Stem cells in solid tumors. Curr Stem Cell Res
Therapy. 2019;14:374.

Sampayo RG, Bissell MJ. Cancer stem cells in breast and prostate: fact or fic-
tion? Adv Cancer Res. 2019;144:315-41.

Skvortsov S, Skvortsova Il, Tang DG, Dubrovska A. Concise review: prostate
Cancer stem cells: current understanding. Stem Cells. 2018;36:1457-74.
O'Reilly D, Johnson P, Buchanan PJ. Hypoxia induced cancer stem cell enrich-
ment promotes resistance to androgen deprivation therapy in prostate
cancer. Steroids. 2019;152:108497.

Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the
niche in regulating stemness of tumor cells? Cell Stem Cell. 2015;16:225-38.
Rich JN. Cancer stem cells: understanding tumor hierarchy and heterogene-
ity. Medicine. 2016;95:2-S7.

Thompson MA, Moon E, Kim UJ, et al. Human indolethylamine N-methyl-
transferase: cONA cloning and expression, gene cloning, and chromosomal
localization. Genomics. 1999,61:285-97.

Thompson MA, Weinshilboum RM. Rabbit lung indolethylamine N-meth-
yltransferase. cDNA and gene cloning and characterization. J Biol Chem.
1998,273:34502-10.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

Page 15 of 16

Grammenos D, Barker SA. On the transmethylation hypothesis: stress, N,N-
dimethyltryptamine, and positive symptoms of psychosis. J Neural Transm
(Vienna). 2015;122:733-9.

Mavlyutov TA, Baker EM, Losenegger TM et al. The Sigma-1 Receptor-A thera-
peutic target for the treatment of ALS? Advances in experimental medicine
and biology. 2017,964:255-65.

Jianfeng W, Yutao W, Jianbin B. Indolethylamine-N-Methyltransferase inhibits
proliferation and promotes apoptosis of human prostate Cancer cells: a
mechanistic exploration. Front cell Dev Biology. 2022;10:805402.

Zhong S, Jeong JH, Huang C, et al. Targeting INMT and interrupting its meth-
ylation pathway for the treatment of castration resistant prostate cancer. J
Experimental Clin cancer Research: CR. 2021;40:307.

Xie Z, Zhang D, Chung D, et al. Metabolic regulation of Gene expression by
histone lysine beta-hydroxybutyrylation. Mol Cell. 2016;62:194-206.

Liu K, Li F, Sun Q, et al. p53 beta-hydroxybutyrylation attenuates p53 activity.
Cell Death Dis. 2019;10:243.

Koronowski KB, Greco CM, Huang H, et al. Ketogenesis impact on liver
metabolism revealed by proteomics of lysine beta-hydroxybutyrylation. Cell
Rep. 2021;36:109487.

ShenY, Ren X, Ding K, et al. Antitumor activity of S116836, a novel tyrosine
kinase inhibitor, against imatinib-resistant FIP1L1-PDGFRalpha-expressing
cells. Oncotarget. 2014;5:10407-20.

Kuchimaru T, Kataoka N, Nakagawa K; et al. A reliable murine model of bone
metastasis by injecting cancer cells through caudal arteries. Nat Commun.
2018;9:2981.

Palafox M, Ferrer |, Pellegrini P, et al. RANK induces epithelial-mesenchymal
transition and stemness in human mammary epithelial cells and promotes
tumorigenesis and metastasis. Cancer Res. 2012,72:2879-88.

Medema JP. Cancer stem cells: the challenges ahead. Nat Cell Biol.
2013;15:338-44.

ChenYY, Pan C,Wang X, et al. Silencing of METTL3 effectively hinders invasion
and metastasis of prostate cancer cells. Theranostics. 2021;11:7640-57.
Wang S, Lv W, Li T, et al. Dynamic regulation and functions of mRNA m6A
modification. Cancer Cell Int. 2022;22:48.

Martinez-Outschoorn UE, Prisco M, Ertel A, et al. Ketones and lactate increase
cancer cell stemness, driving recurrence, metastasis and poor clinical
outcome in breast cancer: achieving personalized medicine via Metabolo-
Genomics. Cell Cycle. 2011;10:1271-86.

Giancotti FG. Mechanisms governing metastatic dormancy and reactivation.
Cell. 2013;155:750-64.

Flemming A. Cancer stem cells: targeting the root of cancer relapse. Nat Rev
Drug Discovery. 2015;14:165.

Mayer MJ, Klotz LH, Venkateswaran V. Metformin and prostate cancer stem
cells: a novel therapeutic target. Prostate Cancer Prostatic Dis. 2015;18:303-9.
Escudero-Lourdes C, Alvarado-Morales |, Tokar EJ. Stem Cells as Target for
Prostate cancer Therapy: Opportunities and Challenges. Stem cell reviews
and reports. 2022.

Ma I, Allan AL. The role of human aldehyde dehydrogenase in normal and
cancer stem cells. Stem cell Reviews Rep. 2011,7:292-306.

Federer-Gsponer JR, Muller DC, Zellweger T, et al. Patterns of stemness-asso-
ciated markers in the development of castration-resistant prostate cancer.
Prostate. 2020;80:1108-17.

ChenY,Rao Q Zhang H, et al. miR-34 C disrupts the stemness of purified
CD133(+) Prostatic Cancer Stem cells. Urology. 2016,96:177e1. 9.

Xiong X, Schober M, Tassone E, et al. KLF4, a Gene regulating prostate stem
cell homeostasis, is a barrier to malignant progression and predictor of good
prognosis in prostate Cancer. Cell Rep. 2018;25:3006-20. e7.

Ghahremani H, Nabati S, Tahmori H, et al. Long-term glucose restriction with
or without beta-hydroxybutyrate Enrichment distinctively alters epithelial-
mesenchymal transition-related signalings in Ovarian Cancer cells. Nutr
Cancer. 2021;73:1708-26.

Wellner U, Schubert J, Burk UC, et al. The EMT-activator ZEBT promotes
tumorigenicity by repressing stemness-inhibiting microRNAs. Nat Cell Biol.
2009;11:1487-95.

Yang MH, Hsu DS, Wang HW, et al. BmiT is essential in Twist1-induced
epithelial-mesenchymal transition. Nat Cell Biol. 2010;12:982-92.

Storci G, Sansone P, Trere D, et al. The basal-like breast carcinoma phenotype
is requlated by SLUG gene expression. J Pathol. 2008;214:25-37.

Kopantzev EP, Monastyrskaya GS, Vinogradova TV, et al. Differences in gene
expression levels between early and later stages of human lung develop-
ment are opposite to those between normal lung tissue and non-small lung
cell carcinoma. Lung Cancer. 2008;62:23-34.



Zhang and Li Cancer Cell International (2024) 24:121

55. Larkin SE,Holmes S, Cree IA, et al. Identification of markers of prostate cancer
progression using candidate gene expression. Br J Cancer. 2012;106:157-65.

56. Schulten HJ, Hussein D, Al-Adwani F, et al. Microarray expression data identify
DCC as a candidate gene for early Meningioma Progression. PLoS ONE.
2016;11:e0153681.

57. Lee M, Kim B, Kim VN. Emerging roles of RNA modification: m(6)A and U-tail.
Cell. 2014;158:980-7.

58. CaiJ,Yang F, Zhan H, et al. RNA m(6)a methyltransferase METTL3 promotes
the growth of prostate Cancer by regulating hedgehog pathway. OncoTar-
gets Therapy. 2019;12:9143-52.

59. YuanY,DuY,Wang L, Liu X. The M6A methyltransferase METTL3 promotes

the development and progression of prostate carcinoma via mediating MYC
methylation. J Cancer. 2020;11:3588-95.

Page 16 of 16

60. Rybak AP, Tang D. SOX2 plays a critical role in EGFR-mediated self-renewal of
human prostate cancer stem-like cells. Cell Signal. 2013;25:2734-42.

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



	﻿β-hydroxybutyrate inhibits malignant phenotypes of prostate cancer cells through β-hydroxybutyrylation of indoleacetamide-N-methyltransferase
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Chemicals and antibodies
	﻿Cell culture
	﻿Transfection, plasmids, and siRNA
	﻿Cell viability assay
	﻿Colony formation assay
	﻿Cell cycle analysis
	﻿Cell apoptosis analysis
	﻿Transwell cell migration and invasion assay
	﻿Western blot assay
	﻿Real-time reverse transcription PCR (RT–PCR)
	﻿Tumor sphere formation assay
	﻿Aldehyde dehydrogenase (ALDH) assay
	﻿m6A meRIP qRT–PCR
	﻿Dual luciferase reporter assays
	﻿Protein purification
	﻿Evaluation of kbhb of INMT
	﻿Mouse xenograft assays
	﻿Statistical analysis

	﻿Results
	﻿BHB significantly suppresses the proliferation, migration, and invasion of PCa cells
	﻿BHB inhibits the stem-like properties of PCa cells
	﻿INMT promotes the stemness of PCa cells through SOX2
	﻿INMT expression is upregulated through the METTL3–m6A modification pathway in PCa cells
	﻿BHB inhibits the malignant phenotypes of PCa via kbhb of INMT
	﻿BHB attenuates the growth and metastasis of LNCaP tumors in xenograft nude mouse models

	﻿Discussion
	﻿References


