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Abstract

reprogramming and tumor progression.

Triple-negative breast cancer (TNBC) continues to pose a significant obstacle in the field of oncology. Dysregulation
of lipid metabolism, notably upregulated ketogenesis, has emerged as a hallmark of TNBC, yet its role in metastasis
has been elusive. Here, by utilizing clinical specimens and experimental models, the study demonstrates that
increased ketogenesis fosters TNBC metastasis by promoting the up-regulation of B-hydroxybutyrate (3-OHB),

a key ketone body. Mechanistically, 3-OHB facilitates 3-hydroxybutyrylation (Kbhb) of Calpastatin (CAST), an
endogenous calpain (CAPN) inhibitor, at K43, blocking the interaction with CAPN and subsequently promoting

FAK phosphorylation and epithelial-mesenchymal transition (EMT). In conclusion, the study reveals a novel
regulatory axis linking ketogenesis to TNBC metastasis, shedding light on the intricate interplay between metabolic

Keywords Breast cancer, Metastasis, Ketogenesis, B-hydroxybutyrylation, Epithelial-mesenchymal transition

"Haoran Jiang, Yuan Zeng, Xiaoye Yuan and Liwen Chen contributed
equally to this work.

*Correspondence:

Quan Li

lg_oncology@163.com

Gang Li

andrewlee0923@wzhospital.cn

HanYang

yanghan8005@163.com

'Department of Radiation Oncology, The First Affiliated Hospital of
Wenzhou Medical University, Wenzhou, Zhejiang, China

%Key Laboratory of Clinical Laboratory Diagnosis and Translational
Research of Zhejiang Province, The First Affiliated Hospital of Wenzhou
Medical University, Wenzhou, Zhejiang, China

Department of Urology, The First Affiliated Hospital of Wenzhou Medical
University, Wenzhou, Zhejiang, China

“Department of Gastroenterology, The First Affiliated Hospital of
Wenzhou Medical University, Wenzhou, Zhejiang, China

Department of Breast Surgery, The First Affiliated Hospital of Wenzhou
Medical University, Wenzhou, Zhejiang, China

5Department of Internal Medicine-Oncology, The First Affiliated Hospital
of Wenzhou Medical University, Wenzhou, Zhejiang, China

M BMC

Introduction

Breast cancer is leathal malignant tumor affecting
women [1]. Despite notable advancements in localized
tumor treatments, metastatic breast cancer continues to
pose a significant therapeutic challenge [2, 3]. Among
all the molecular subtypes, triple-negative breast cancer
(TNBC) stands out with the poorest prognosis and is
often associated with a high propensity for metastasis [4,
5].

Dysregulation of lipid metabolism has emerged as a
fundamental hallmark of TNBC [6, 7]. TNBC is associ-
ated with increased oxidative phosphorylation [7-9] and
ketogenesis [10—12], Ketogenesis is a metabolic pathway
primarily involved in the production of ketone bodies.
Beyond its traditional role in energy metabolism during
states of low carbohydrate availability, ketogenesis has an
emerging role in cancer biology [13]. Recent studies have
highlighted its importance in cancer cell proliferation,
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survival, metastasis, and shaping of the tumor micro-
environment. Tumor cells, particularly under nutrient-
deprived conditions, can exploit ketogenesis to meet
their metabolic demands, thereby promoting sustained
proliferation and survival. For instance, in pancreatic
ductal adenocarcinoma, ketogenesis fuels tumor prolif-
eration and survival by supplying ample carbon sources
via the tricarboxylic acid cycle (TCA), supporting tumor
invasion and metastasis [14, 15]. Moreover, ketogenesis
has been implicated in the aberrant activation of certain
oncogenes [16] and resistance to endocrine therapies
[10]. Interestingly, recent research also suggests a tumor-
suppressive role for ketogenesis in colorectal and liver
cancers [17-19]. These contradictory results highlight
the necessity for more detailed and thorough investiga-
tions into the role of ketogenesis in cancer.

3-Hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2) and 3-Hydroxybutyrate dehydrogenase 1
(BDH1) play crucial roles as enzymes in the ketogen-
esis pathway. HMGCS2 catalyzes the rate-limiting step
of ketogenesis, converting acetyl-CoA into HMG-CoA,
a precursor of ketone bodies [13]. It has been associ-
ated with various cancers, and studies suggest that its
upregulation may enhance tumor growth and metastasis
by promoting ketone body production and meeting the
energy needs of the tumor [14, 15]. On the other hand,
BDH1, which converts acetoacetate into the most abun-
dant ketone body, B-hydroxybutyrate (3-OHB), has been
shown to regulate histone modifications involved in cel-
lular gene regulation [20]. However, the biological role of
ketogenesis and these enzymes in metastatic breast can-
cer remains to be elucidated.

Here, the study revealed that upregulated ketogenesis
promotes TNBC metastasis. Mechanistically, upregu-
lated ketogenesis prompts the up-regulation of the
ketone body p-hydroxybutyrate, thereby facilitating
B-hydroxybutyrylation (Kbhb) of calpastatin (CAST)
at K43, subsequently activating calpain (CPAN) to pro-
mote FAK phosphorylation and epithelial-mesenchymal
transition (EMT). This study not only expands the sig-
nificance of metabolic reprogramming in the biology of
tumor metastasis but also reveals the crosstalk between
the ketogenic pathway and the CAST-CAPN system,
providing a paradigm for metabolite-mediated regulation
of enzyme activity.

Method

Cell culture

MDA-MB-231 cell line was purchased from Ameri-
can Type Culture Collection (ATCC). Cells preserved
in cryopreservation solution was thawed by warming
them in a 37 °C water bath. The cells were then resus-
citated and cultured in complete growth medium. The
base medium used is Leibovitz’s L-15 medium (ATCC,
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Maryland, USA). Fetal bovine serum (FBS; Gibco, Cali-
fornia, USA) and penicillin-streptomycin (PS; NCM Bio-
tech, Shanghai, PRC) are diluted into the base medium at
ratios of 1:9 and 1:99, respectively. Cells were cultured at
37 °C in an environment supplemented with 5% carbon
dioxide (CO,). Cells were passaged when they reached
approximately 80% confluence during the logarithmic
growth phase.

Clinical specimens

The ethical statement can be found in the Declaration
section. Forty patients were enrolled in the study, with
their clinical characteristics summarized in Supplemen-
tary Table 1. Informed consent was obtained for the
use of human subjects in the research. Paraffin-embed-
ded clinical samples were sourced from the Pathology
Department. For tissue immunofluorescence staining,
samples were progressively rehydrated through xylene,
absolute ethanol, graded ethanol solutions, double-
distilled water, and PBS. First, a retrieval solution con-
taining 0.01 M citrate was prepared and the pH was
adjusted to 6.0. Then the prepared solution was heated to
100 °C, maintaining a gentle boil. After heating the tis-
sue sections in the retrieval solution for 20 min, endog-
enous peroxidase activity was blocked using a peroxidase
inhibitor, followed by antigen blocking with goat serum.
The primary antibody was carefully applied to the tis-
sue sections and they were incubated overnight at 4 °C.
After incubation, the slides were allowed to equilibrate at
room temperature for 30 min. The sections was washed
on a shaker using PBS buffer for three cycles of 5 min
each. Following the washes, the slides was incubated
with the secondary antibody and DAPI staining solution
at room temperature for 2 h. Another set of three 5-min
washes with PBS buffer was performed on the shaker.
The sections was mounted with an anti-fade reagent
and immediately observed using an upright fluorescence
microscope (Leica, Wetzlar, Germany).

siRNA and plasmid transfection

Cells in the logarithmic growth phase were digested with
trypsin and resuspended to create a cell suspension.
The cell suspension is then seeded into a 6-well plate
(Nest, Jiangsu, PRC) and mixed thoroughly. They were
incubated for 24 h to fully adhere. Following the manu-
facturer’s instructions, siRNA (2 pg) and Xfect RNA
Transfection Polymer or Xfect™ Transfection Reagent (10
pL; Takara, Kyoto, JPN) were gently mixed in an Eppen-
dorf tube. Subsequently, the mixture was incubated in the
dark at 18-20 °C for 20 min, after which it was added to
the 6-well plate containing the seeded cells and cultured
for 48 h. The necessary siRNAs and plasmids were syn-
thesized by Shanghai Sangon Biotech Co. Ltd. (Sangon,
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Shanghai, PRC), with sequence details available in Sup-
plementary Table 2.

To create a stable OE-HMGCS2 cell line, lentiviruses
containing HMGCS2 cDNA were synthesized and pack-
aged by GeneChem Biotechnology Co., Ltd. (GeneChem,
Shanghai, China). The detailed workflow can be seen in
[17]. The packaged lentiviruses were transported to the
laboratory using dry ice. The lentivirus was added to the
target cells in the presence of polybrene, followed by a
24-h incubation. The used multiplicity of infection (MOI)
was 10. Selection was performed using 2.5 pg/ml puro-
mycin (NCM, Shanghai, China).

Protein extraction

For protein extraction, RIPA lysis buffer were added
to the cells, and sonicated on ice for 15 s and sitten for
5 min. This process was repeated for a total of three
cycles. Phenylmethanesulfonyl fluoride (PMSF; Fude,
Zhejiang, PRC) was added to the RIPA lysis buffer at a
concentration of 1:100. After extraction, the protein con-
centration was measured using a BCA assay kit (Glpbio,
California, USA), and the samples with loading buffer
(Fude, Zhejiang, PRC) were heated at 100 °C for 20 min.

Immunoprecipitation

The anti-Flag antibody was diluted to 1:1000, and the
agarose gel was exposed to the prepared working solu-
tion before incubation with protein samples overnight at
4 °C. The subsequent steps involved heating the gel-pre-
cipitated samples in loading buffer at 95 °C for 5 min.

Immunoblotting

Prepared protein samples were separated on 12.5%
polyacrylamide gels (Yamei, Shanghai, PRC) and trans-
ferred onto methanol-activated polyvinylidene fluoride
(PVDF) membranes (Millipore, Massachusetts, USA).
The membrane was placed, after transfer, in silk milk
and incubated on a shaker at room temperature for 2 h.
After washing off the silk milk with TBST, it was incu-
bated with the primary antibody at 4 °C. After washing
off the primary antibody with TBST, the membrane was
incubated with the secondary antibody for 2 h, followed
by washing with TBST. The horseradish peroxidase signal
intensity was detected using the Omni-ECL™ Enhanced
Pico Light Chemiluminescence Kit (Yamei, Shanghai,
PRC). The specific antibodies and concentrations are
shown in Supplementary Table 3.

Xenograft model

The ethical statement can be found in the Declara-
tion section. BALB/c-nude mice (Vital River, Wenzhou,
PRC) received subcutaneous injections of MDA-MB-231
cells to establish a spontaneous metastasis model (n=6,
including 3 male and 3 female mice). At the study
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endpoint, the lungs were harvested for primary cell
extraction and imaging.

For primary lung metastasis MDA-MB-231 cell extrac-
tion, isolation of lung metastatic foci were processed
through collagenase/hyaluronidase (Sigma, New Jersey,
USA) digestion, followed by resuspension and filtration
steps.

Statistical analysis

Statistical analyses were conducted by GraphPad
Prism 8.0.2 (GraphPad, California, USA), with the data
expressed as means*standard deviations. Student’s t-test
was used for pairwise comparisons, while Dunnett’s test
following one-way ANOVA was applied for multiple
group comparisons. (*: P<0.05, **: P<0.01; ***: P<0.001,
n.s.: no significance).

Results

Expression of ketogenic genes are significantly correlated
with lymph node metastasis

To clarify the specific role of ketogenesis in TNBC metas-
tasis, the expression levels of key enzymes in ketogenesis,
such as HMGCS2 and BDH1, were evaluated (Fig. 1A) in
a clinical cohort of 40 patients (Supplementary Table 1).
It was found that the expression of HMGCS2 and BDH1
varies significantly based on the presence of lymph node
(Fig. 1B) and distant metastasis (Fig. 1C), rather than
tumor grade (Fig. 1D). More importantly, in patients in
the top 25% of HMGCS2 expression, focal adhesions and
integrins were significantly greater than those in patients
in the bottom 25% of HMGCS2 expression (Fig. 1E-F),
suggesting that tumor cells with high HMGCS2 expres-
sion are in a state of high metastatic ability.

Furthermore, utilizing a nude mouse model of lung
metastasis induced by MDA-MB-231 mammary fat
pad injection, spontaneous pulmonary metastases were
developed. And primary MDA-MB-231 cells from both
primary tumors (pMDA-MB-231) and lung metastatic
lesions (MMDA-MB-231) were isolated (Fig. 2A). Tran-
swell assays demonstrated that, compared with primary
tumors, TNBC cells in lung metastatic lesions presented
increased migration and invasion abilities (Fig. 2B-
D). Crucially, these cells presented elevated levels of
HMGCS2 and BDH1 expression (Fig. 2E-F) and increas-
ing of B-hydroxybutyrate (B-OHB) and acetoacetate
(AcAc) (Fig. 2G). These findings suggest a significant
association between the expression of ketogenic genes
and lymph node and distant metastasis. However, the
underlying mechanism remains elusive.

B-OHB facilitates TNBC metastasis

To explore this phenomenon, silencing of HMGCS2
and BDH1/2 were employed in the MDA-MB-231
cell line (Fig. 3A). Transwell assays revealed that
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Fig. 1 The expression of ketogenic genes significantly correlates with lymph node metastasis. The expression profiles of HMGCS2 and BDH1 were de-
tected in patients’ primary tumor specimens (A), and the correlations with lymph node metastasis (B), distant metastasis (C) and tumor grade (D) were
analyzed. P-FAK and ITGB expression levels were detected in the 25% of patients with the highest HMGCS2 expression and the 25% with the lowest

expression (n=

silencing ketogenic-related genes effectively dampened
the invasion and migration abilities of the cells (Fig. 3B-
D), whereas overexpressing HMGCS2 (Fig. 3A) increased
their invasion and migration capabilities (Fig. 3E-G).

Metabolites serve not only as substrates in metabolic
reactions but also regulators of biological processes [21,
22]. Therefore, in cell lines where both HMGCS2 and
BDH1 were silenced to block actyl-acetone (AcAc) -
B-OHB transformation, supplementation with 3-OHB or
AcAc was performed. The results revealed that -OHB,
rather than AcAc, facilitated the invasion and metastasis
of TNBC (Fig. 3H-]). Therefore, the promotion of inva-
sion and migration via the ketogenic pathway in TNBC
appears to be independent of specific gene expression
and does not involve the ketogenesis-independent bio-
logical functions of HMGCS2 and BDH1/2. Therefore,
enrichment of the ketogenic product p-OHB predomi-
nantly underpins the enhanced metastatic capacity of
TNBC.

B-OHB stimulates B-hydroxybutyrylation of CAST at K43

[B-OHB, a classic histone deacetylase inhibitor, prompted
us to initially investigate whether metastasis-related
histone acetylation sites play a role in f-OHB-induced
TNBC metastasis [23-25]. Interestingly, H3K27ac or

10) (E, F). The data are presented as the means +SDs, and each scatter plot point represents an independent replicate

H3K9ac expression showed no significant difference
between TNBC cell lines derived from primary tumors
and those derived from lung metastases (Fig. 4A).

Lysine B-hydroxybutyrylation (Kbhb), a recently dis-
covered posttranslational protein modification [26], is
responsive to upregulated p-OHB and regulates various
biological functions in pathological processes [27]. Evalu-
ation of pan-Kbhb modification in pMDA-MB-231 and
mMDA-MB-231 using a pan-Kbhb antibody revealed
a significant upregulation of pan-Kbhb modification in
lung metastases (Fig. 4A-B). Consequently, a mass shift
of 86.05 Da at Calpastatin (CAST) K43 was observed
(Fig. 4C). To further validate whether CAST undergoes
Kbhb modification, the CAST mutant K43R was gener-
ated and transfected into MDA-MB-231 cells supple-
mented with B-OHB. The results showed that K43R
blocked CAST Kbhb modification and interaction with
Kbhb-modified enzymes (Fig. 4D-E).

Previous reports have indicated that CAST is signifi-
cantly associated with lymph node metastasis in breast
cancer [28]. Further elucidation of whether CAST Kbhb
modification is involved in f-OHB-induced metastasis
led to the generation of MDA-MB-231 CAST-KO cell
lines using the CRISPR/CAS system (Fig. 4F). Deletion
of CAST significantly increased migration and invasion
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capability (Fig. 4G-I) and abrogated the regulatory effects
of B-OHB on migration and invasion (Fig. 4G-I). Impor-
tantly, wild-type CAST, but not CAST K43R, rescued
the regulatory effects of p-OHB on CAST-KO cell lines
(Fig. 4G-I). More importantly, the silencing of CAPN,
which is the main target of CAST, negated the regula-
tory effects of K43 Kbhb on cell migration and invasion
(Fig. 4G-I). These findings suggest that CAST K43 Kbhb
modification plays an important role in f-OHB-mediated
regulation of migration and invasion.

CAST B-hydroxybutyrylation activates CAPN to promote
FAK phosphorylation and EMT

CAST, a classic endogenous inhibitor of CAPN [29,
30], prompted us to examine whether CAST K43 Kbhb
inhibited the interaction between CAST and CAPN. The
results demonstrated that p-OHB significantly blocked
the colocalization (Fig. 5A) and interaction (Fig. 5B)
between wild-type CAST and CAPN but not mutant
CAST. Additionally, elevated CAST K43 Kbhb increased
phosphorylation of FAK (Fig. 5C, S1A) and promoted the
expression of the mesenchymal marker vimentin (Fig. 5C,

S1A) as well as extracellular matrix proteases MMP2 and
MMP?9 (Fig. 5C, S1A).

In addition, stable cell lines expressing wild-type and
mutant CAST were generated from both primary- and
metastasis-isolated MDA-MB-231 cell suspension were
injected into the mammary fat pads. Overexpression
of HMGCS2 in the wild-type CAST pMDA-MB-231
strongly mimicked the biological phenotype of mMDA-
MB-231 and promoted tumor growth and metastasis
(Fig. 5D-G). The CAST K43R mutant did not affect the
growth of either pMDA-MB-231 or mMDA-MB-231
cells (Fig. 5E, H), nor did it affect the number or area
of lung metastases induced by pMDA-MB-231 cells
(Fig. 5D-G). However, K43R markedly decreased both the
number and size of lung metastases caused by mMDA-
MB-231 cells. (Fig. 5D, 1, ).

Finally, utilizing the clinical samples, it was found that
in patients whose HMGCS2 expression levels were in the
bottom 25%, the interaction between CAST and CAPN
was significantly greater than that in patients whose
HMGCS2 expression levels were in the top 25% (Fig-
ure S1B). Taken together, these data indicate that CAST



Jiang et al. Lipids in Health and Disease

(2024) 23:371

A B

Page 6 of 11

Si-BDH1/2 Si-HMGCS2

BEEES ey = C = Pare [ Si-BDH1/2

[5si-c CJSi-HMGCS2

HMGCS2 50KD El o ! L5
2 R .
= ¢ > » »n
z . =
BDHI1 36KD = : 3
=
e
BDH2 25KD ‘é g 1.0
3 2=
HSP70 70KD z ’ E
IR\ A ] ! E e
S
A TS & T £ 305
& G T g3
Ea e S Dot 23S
Kg, G‘,‘@g‘ & T ==
< ) = : £ g~
2 > 2
£ -4
0.0
D E F G Migration
. Pare Vec OE-HMGCS2
[ Pare [ Si-BDH1/2 4 T [ Pare [0 OE-HMGCS2 [ Pare 1 OE-HMGCS2
[ si-c [ Si-HMGCS2 ' : 4 O Vee O Vee
3 15 . g 2 K7 o4 " 5 ek 5
% g » A ; y 'y —] L4 i) *kk
@ & ‘< 8 o4 ] —~
) § R 3 S £ 49 *
= - e NN 2 ® =
S g e B < = D =
Z = 5 z 3 & £ A L
2 = e e e 3 ' $ &3
bl 2 o] . =5,
=2 £ s RS ¢ | <S¢
53 E Ve 0%2 ‘ S o, 21
< £ o, oy <y . 53
EE = O amarsTel 33 . | 23
2 o - BASsNer ET 1 ET1
£ Pk, it /o = . | =
= 28 2 | Z
< NS 4 ‘ o ]
Migration Invasion
AcAc
= Pare Si-HMGCS2/BDH1/2 [ Pare [ Si-HMGCS2/BDH1/2
o s O si-c I 4-OHB [ AcAc [si-C Z1p-OHB [ AcAc
E BOYE b 2.0 2.0 A i
Z . 2 L = .
— ) —— ]
& T e g~ 8~
5 \ i W ==
0y e 1% g™
SESER [
T V] : gE S e
3. i vl R ¥ E5 BE
H FRR 40 AP e aif E g 10
E8 » gk ] 1 - S >
g 43’:},‘4 e 3 B2
£ Eobin Rty ) 5 58 =
& 5 el ‘l!' a2 23 5=
: P E v ok ; < 25 os
2 (0 S AN My g e i
] % =
3 AR I -

=
>

Invasion Migration

Fig. 3 (3-OHB facilitates TNBC metastasis. The cultured MDA-MB-231 cell line (“Pare”) was transfected with HMGCS2 siRNA (“Si-HMGCS2"), BDH1/2 siRNA
("Si-BDH1/2"), or HMGCS2 overexpression plasmid (“OE- HMGMCS2") or nonsense siRNA and overexpression plasmid vector (“Si-C+Vec”). WB was used
to detect the silencing and overexpression efficiency (A), and HSP70 was used as a loading control. Metastasis and invasion abilities were detected in the
“Pare’,"Si-C","Si-BDH1/2"and “Si-HMGCS2" groups by transwell (B, C) and Matrigel transwell (B, D) assays, respectively. The metastasis (E, F) and invasion (E,
G) abilities of “Pare’, “Vec” and “OE-HMGCS2" cells were detected. HMGCS2, BDH1, and BDH2 siRNAs were simultaneously transfected into cultured MDA-
MB-231 cells, which were then supplemented with PBS (“Si-HMGCS2/BDH1/2"), 3-OHB (“3-OHB") or AcAc ("AcAc”). Metastasis (H, 1) and invasion (H, J)
abilities were detected for the "Pare’, "Si-C", “Si-HMGCS2/BDH1/2", “B-OHB" and "AcAc” groups. All the experiments presented here were repeated 6 times.

The data are presented as the means +SDs, and each scatter plot point represents an independent replicate

K43 Kbhb promotes the development and progression
of TNBC lung metastasis by regulating the interaction
between CAST and CAPN.

Discussion

Metastasis is the major cause of mortality in patients with
TNBC. Through a combination of in vivo and in vitro
models and clinical specimens, the study demonstrated
that increased ketogenesis serves as a risk factor for
TNBC metastasis. Mechanistically, upregulated ketogen-
esis promotes TNBC metastasis by enhancing the bio-
synthesis of endogenous $-OHB, which in turn promotes
B-hydroxybutyrylation of CAST at the K43 site, thereby

attenuating the inhibitory effect of CAST on CAPN. The
subsequent upregulation of CAPN then promotes TNBC
invasion and metastasis by increasing FAK phosphoryla-
tion and EMT (Figure S2).

The study broadens the scope of metabolic reprogram-
ming in tumor metastasis biology. Previous studies have
confirmed that TNBC promotes lymphatic and distant
metastasis by inducing metabolic reprogramming [31-
33]; the study introduces the novel concept that increased
ketogenesis induces TNBC invasion and metastasis.
Traditionally, lipid metabolism has been widely con-
sidered the switch for tumor metastasis [34, 35]. The
study revealed that both endogenous and exogenous
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supplementation with ketone bodies promoted the inva-
sion and metastasis capabilities of MDA-MB-231 cells in
vitro, suggesting that increased ketogenesis can serve as
a target for inhibiting tumor metastasis. This study thus

provides a theoretical foundation for developing novel
metabolism-targeted therapies for TNBC.

Moreover, the study revealed the crosstalk between
the ketogenic pathway and the CAST-CAPN system.
Previous studies demonstrated that the CAST-CAPN
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system acts as a regulator of TNBC invasion and metas-
tasis [36—38]; the study revealed a novel mechanism of
CAST-CAPN regulation. Enriched B-OHB impedes the
endogenous inhibition of CAPN by CAST, thereby acti-
vating a series of downstream signaling pathways, includ-
ing EMT and FAK. The study thus reveals a novel role of
ketone bodies in TNBC.

Furthermore, the study provides a quintessential exam-
ple of how metabolic products influence enzyme activity.
The results demonstrate that f-OHB inhibits the endog-
enous inhibition and interaction of CAST with CAPN via
B-hydroxybutyrylation modification of the 43rd lysine
residue of CAST, thereby enriching the theoretical model
that metabolic products act as substrates for posttransla-
tional modifications to modulate cellular enzyme activity.

Study strengths and limitations

This study possesses several key strengths. Firstly, it pro-
vides a novel insight into the role of ketogenesis in TNBC
metastasis, demonstrating that increased ketogenesis,
through enhanced B-OHB production, promotes TNBC
metastasis by disrupting the regulatory relationship
between CAST and CAPN. The use of comprehensive in
vivo, in vitro, and clinical approaches solidifies these find-
ings, establishing ketogenesis as a potential risk factor for
TNBC metastasis. Additionally, the study identifies a new
metabolic target for TNBC intervention, highlighting
how endogenous ketone bodies drive TNBC cell invasion
and metastasis, thus offering a foundation for targeted
metabolic therapies. Lastly, this work contributes a sig-
nificant advancement in the understanding of metabolic
regulation mechanisms, illustrating how p-OHB modu-
lates enzyme activity through pB-hydroxybutyrylation,
particularly at CAST’s K43 site, setting a precedent for
the role of metabolic products in cellular regulation and
enzyme activity.

However, the study also presents certain limitations.
Firstly, only a few acetylation modification sites that may
be involved in cell invasion and metastasis were dis-
cussed. Considering that f-OHB is a broad-spectrum his-
tone deacetylase inhibitor, there may be more acetylation
sites regulated by B-OHB that remain undetected and
involved in the invasion and metastasis of TNBC. Also,
the effects of kbhb on other modifications such as phos-
phorylation of CAST and other kbhb sites on other pro-
teins in the invasion and metastasis induced by -OHB
cannot be ruled out. In addition, due to the retrospective
nature of the study, it were unable to obtain longitudinal
data to evaluate the correlation between changes in keto-
genesis, p-OHB levels, and disease progression. Finally,
additional pathways influenced by pB-hydroxybutyrylation
were not identified, and therefore, it could not exclude
the involvement of other pathways in f-OHB-induced
invasion and metastasis.
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Conclusion

In conclusion, the findings exhibited in this study
unequivocally demonstrate that upregulated ketogen-
esis fosters TNBC metastasis. Mechanistically, upreg-
ulated ketogenesis triggers the up-regulation of the
ketone body p-hydroxybutyrate, thereby promoting
B-hydroxybutyrylation of CAST at K43, subsequently
activating CAPN and promoting FAK phosphorylation
and EMT. The study also identifies a new metabolic tar-
get for TNBC intervention, highlighting how endogenous
ketone bodies drive TNBC cell invasion and metasta-
sis, thus offering a foundation for targeted metabolic
therapies.
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CAPN to promote FAK phosphorylation and EMT. The WB results were
quantitatively analyzed (A). Immunofluorescence was used to detect CAST
and CAPN in tumor specimens from the patients with the highest 25%
and lowest 25% of HMGCS2 expression (B).

Supplementary Material 3: Supplementary Figure S2 (Graphical Abstract)
lllustration of the prometastatic effect of ketogenesis in TNBC. Increased
ketogenesis fosters TNBC metastasis by promoting the up-regulation of
3-OHB, a key ketone body. Mechanistically, 3-OHB facilitates Kbhb of CAST,
an endogenous CAPN inhibitor, at K43, strengthening the interaction with
CAPN and subsequently promoting FAK phosphorylation and EMT.

Acknowledgements
The Authors want to acknowledge Prof. Lei Jiang and his students and
colleagues for their self-less supports in this work.

Author contributions

Haoran Jiang: conceptualization, data curation, formal analysis, visualization,
writing — original draft; Yuan Zeng: conceptualization, data curation, formal
analysis; Xiaoye Yuan: data curation, formal analysis; Liwen Chen: data
curation, formal analysis; Xuni Xu: formal analysis; Xue Jiang: formal analysis;
Quan Li: supervision, validation; Gang Li: conceptualization, supervision,
writing - review & editing; Han Yang: conceptualization, funding acquisition,
supervision, writing — review & editing;

Funding
This work was supported by the Wenzhou Municipal Science and Technology
Bureau (No.Y2020738).

Data availability
Data will be made available on request.

Declarations

Ethical approval

All experiments received approval from the Clinical Trial Ethics Committee
of the First Affiliated Hospital of Wenzhou Medical University (KY2024-R080)
and were conducted in accordance with the Helsinki Declaration principles.
Animal experiments were conducted with the approval of the Animal Ethics
Committee of the First Affiliated Hospital of Wenzhou Medical University

in accordance with the Regulations on the Management of Experimental
Animals.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12944-024-02364-x
https://doi.org/10.1186/s12944-024-02364-x

Jiang et al. Lipids in Health and Disease

(2024) 23:371

Received: 19 August 2024 / Accepted: 6 November 2024
Published online: 12 November 2024

References

1.

2.

Siegel RL, Giaguinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin
2024, 74:12-49. https://doi.org/10.3322/caac.21820

Loibl S, Poortmans P, Morrow M, Denkert C, Curigliano G. Breast cancer.
Lancet 2021, 397:1750-1769. https://doi.org/10.1016/50140-6736(20)32381-3
Nolan E, Lindeman GJ, Visvader JE. Deciphering breast cancer: from biology
to the clinic. Cell 2023, 186:1708-1728. https://doi.org/10.1016/j.cell.2023.01.0
40

Deepak KGK, Vempati R, Nagaraju GP, Dasari VR, Rao SN, Malla DN. Tumor
microenvironment: challenges and opportunities in targeting metastasis of
triple negative breast cancer. Pharmacol Res. 2020;153:104683. https://doi.or
9/10.1016/j.phrs.2020.104683.

Kaleem M, Dalhat MH, Azmi L, Asar TO, Ahmad W, Alghanmi M, Almostadi A,
Zughaibi TA, Tabrez S. An Insight into Molecular Targets of Breast Cancer Brain
Metastasis. IntJ Mol Sci 2022, 23. https://doi.org/10.3390/ijms231911687

Xiao Q, Xia M, Tang W, Zhao H, Chen Y, Zhong J. The lipid metabolism remod-
eling: a hurdle in breast cancer therapy. Cancer Lett. 2024;582:216512. https:/
/doi.org/10.1016/j.canlet.2023.216512.

Chen YY, Ge JY, Zhu SY, Shao ZM, Yu KD. Copy number amplification of ENSA
promotes the progression of triple-negative breast cancer via cholesterol
biosynthesis. Nat Commun 2022, 13:791.https://doi.org/10.1038/541467-02
2-28452-z

Wang T, Fahrmann JF, Lee H, Li YJ, Tripathi SC, Yue C, Zhang C, LifshitzV,

Song J, Yuan'Y, et al. JAK/STAT3-Regulated fatty acid 3-Oxidation is critical

for breast Cancer Stem Cell Self-Renewal and Chemoresistance. Cell Metab.
2018;27:136-50. https://doi.org/10.1016/j.cmet.2017.11.001.

LiYJ, Fahrmann JF, Aftabizadeh M, Zhao Q, Tripathi SC, Zhang C, Yuan Y, Ann
D, Hanash S, Yu H. Fatty acid oxidation protects cancer cells from apoptosis
by increasing mitochondrial membrane lipids. Cell Rep 2022, 39:110870.
https://doi.org/10.1016/j.celrep.2022.110870

Hwang S, Park S, Kim JH, Bang SB, Kim HJ, Ka NL, Ko Y, Kim SS, Lim GY, Lee S
et al. Targeting HMG-CoA synthase 2 suppresses tamoxifen-resistant breast
cancer growth by augmenting mitochondrial oxidative stress-mediated cell
death. Life Sci 2023,328:121827. https://doi.org/10.1016/]fs.2023.121827
Martinez-Outschoorn UE, Lin Z, Whitaker-Menezes D, Howell A, Sotgia F,
Lisanti MP. Ketone body utilization drives tumor growth and metastasis. Cell
Cycle 2012, 11:3964-3971. https://doi.org/10.4161/cc.22137

Salem AF, Howell A, Sartini M, Sotgia F, Lisanti MP. Downregulation of stromal
BRCAT1 drives breast cancer tumor growth via upregulation of HIF-1a,
autophagy and ketone body production. Cell Cycle. 2012;11:4167-73. https/
/doi.org/104161/cc.22316.

Puchalska P, Crawford PA. Multi-dimensional roles of ketone bodies in fuel
metabolism, signaling, and therapeutics. Cell Metab. 2017;25:262-84. https://
doi.org/10.1016/j.cmet.2016.12.022.

Gouirand V, Gicquel T, Lien EC, Jaune-Pons E, Da Costa Q, Finetti P, Metay

E, Duluc C, Mayers JR, Audebert S, et al. Ketogenic HMG-CoA lyase and its
product B-hydroxybutyrate promote pancreatic cancer progression. Embo j.
2022;41:2110466. https://doi.org/10.15252/embj.2021110466.

Miller AL, Fehling SC, Vance RB, Chen D, Brown EJ, Hossain MI, Heard EO,
Andrabi SA, Wang H, Yang ES et al. BET inhibition decreases HMGCS2 and
sensitizes resistant pancreatic tumors to gemcitabine. Cancer Lett 2024,
592:216919. https://doi.org/10.1016/j.canlet.2024.216919

Xia S, Lin R, Jin L, Zhao L, Kang HB, Pan Y, Liu S, Qian G, Qian Z, Konstantakou
E, et al. Prevention of Dietary-Fat-Fueled Ketogenesis attenuates BRAF V60OE
Tumor Growth. Cell Metab. 2017;25:358-73. https://doi.org/10.1016/j.cmet.20
16.12.010.

Jiang H, Zeng Y, Jiang X, Xu X, Zhao L, Yuan X, Xu J, Zhao M, Wu F, Li G.
Ketogenesis attenuated KLF5 disrupts iron homeostasis via LIF to confer
oxaliplatin vulnerability in colorectal cancer. Biochim Biophys Acta Mol Basis
Dis 2024, 1870:167210. https://doi.org/10.1016/j.bbadis.2024.167210

Wei R, Zhou Y, Li C, Rychahou P, Zhang S, Titlow WB, Bauman G, Wu Y, Liu
J,Wang C et al. Ketogenesis Attenuates KLF5-Dependent Production of
CXCL12 to Overcome the Immunosuppressive Tumor Microenvironment in
Colorectal Cancer. Cancer Res 2022, 82:1575-1588. https://doi.org/10.1158/00
08-5472.Can-21-2778

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

37.

Page 10 of 11

Cui X, Yun X, Sun M, Li R, Lyu X, Lao Y, Qin X, Yu W. HMGCL-induced
B-hydroxybutyrate production attenuates hepatocellular carcinoma via
DPP4-mediated ferroptosis susceptibility. Hepatol Int 2023, 17:377-392.
https://doi.org/10.1007/512072-022-10459-9

Zhang H, Chang Z, Qin LN, Liang B, Han JX, Qiao KL, Yang C, Liu YR,

Zhou HG, SunT. MTA2 triggered R-loop trans-regulates BDH1-mediated
(3-hydroxybutyrylation and potentiates propagation of hepatocellular carci-
noma stem cells. Signal Transduct Target Ther 2021, 6:135. https://doi.org/10.1
038/541392-021-00464-z

Wang YP, Li JT, Qu J, Yin M, Lei QY. Metabolite sensing and signaling in cancer.
J Biol Chem. 2020;295:11938-46. https://doi.org/10.1074/jbc.REV119.007624.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011,
144.:646-674. https://doi.org/10.1016/j.cell.2011.02.013

Chen Z LiC, Zhou Y, Li P, Cao G, Qiao Y, Yao Y, Su J. Histone 3 lysine 9 acetyla-
tion-specific reprogramming regulates esophageal squamous cell carcinoma
progression and metastasis. Cancer Gene Ther. 2024;31:612-26. https://doi.or
9/10.1038/541417-024-00738-y.

Dou R, Han L, Yang C, Fang Y, Zheng J, Liang C, Song J, Wei C, Huang G,
Zhong P, et al. Upregulation of LINC00501 by H3K27 acetylation facilitates
gastric cancer metastasis through activating epithelial-mesenchymal transi-
tion and angiogenesis. Clin Trans| Med. 2023;13:e1432. https://doi.org/10.100
2/ctm2.1432.

Zhang, Liu Z,Yang X, Lu W, Chen Y, Lin Y, Wang J, Lin S, Yun JP. H3K27
acetylation activated-COL6AT promotes osteosarcoma lung metastasis by
repressing STAT1 and activating pulmonary cancer-associated fibroblasts.
Theranostics. 2021;11:1473-92. https://doi.org/10.7150/thno.51245.

Xie Z, Zhang D, Chung D, Tang Z, Huang H, Dai L, Qi S, Li J, Colak G,

ChenY, et al. Metabolic regulation of Gene expression by histone lysine
3-Hydroxybutyrylation. Mol Cell. 2016;62:194-206. https://doi.org/10.1016/j.
molcel.2016.03.036.

Sabari BR, Zhang D, Allis CD, Zhao Y. Metabolic regulation of gene expression
through histone acylations. Nat Rev Mol Cell Biol 2017, 18:90-101. https://doi.
0rg/10.1038/nrm.2016.140

Storr SJ, Mohammed RA, Woolston CM, Green AR, Parr T, Spiteri |, Caldas C,
Ball GR, Ellis 10, Martin SG. Calpastatin is associated with lymphovascular inva-
sion in breast cancer. Breast. 2011;20:413-8. https://doi.org/10.1016/j.breast.2
011.04.002.

Nian H, Ma B. Calpain-calpastatin system and cancer progression. Biol Rev
Camb Philos Soc 2021, 96:961-975. https://doi.org/10.1111/brv.12686
Shapovalov |, Harper D, Greer PA. Calpain as a therapeutic target in cancer.
Expert Opin Ther Targets 2022, 26:217-231. https://doi.org/10.1080/14728222.
2022.2047178

Shen L, O'Shea JM, Kaadige MR, Cunha S, Wilde BR, Cohen AL, Welm AL, Ayer
DE. Metabolic reprogramming in triple-negative breast cancer through myc
suppression of TXNIP. Proc Natl Acad Sci U S A. 2015;112:5425-30. https://doi.
0rg/10.1073/pnas.1501555112.

Tseng CW, Kuo WH, Chan SH, Chan HL, Chang KJ, Wang LH. Transketolase
regulates the metabolic switch to control breast Cancer Cell Metastasis via
the a-Ketoglutarate signaling pathway. Cancer Res. 2018,;78:2799-812. https:/
/doi.org/10.1158/0008-5472.Can-17-2906.

Meng F, Wu L, Dong L, Mitchell AV, James Block C, Liu J, Zhang H, Lu Q, Song
WM, Zhang B et al. EGFL9 promotes breast cancer metastasis by inducing
CcMET activation and metabolic reprogramming. Nat Commun 2019, 10:5033.
https://doi.org/10.1038/541467-019-13034-3

Wang Z, Jiang Q Dong C. Metabolic reprogramming in triple-negative breast
cancer. Cancer Biol Med. 2020;17:44-59. https://doi.org/10.20892/j.issn.209
5-3941.2019.0210.

Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogramming and can-
cer progression. Science 2020, 368. https://doi.org/10.1126/science.aaw5473
YeY, Tian H, Lange AR, Yearsley K, Robertson FM, Barsky SH. The genesis and
unique properties of the lymphovascular tumor embolus are because of
calpain-regulated proteolysis of E-cadherin. Oncogene 2013,32:1702-1713.
https://doi.org/10.1038/0nc.2012.180

ChenY, Chen L, Hong D, Chen Z, Zhang J, Fu L, Pan D, Zhang Y, Xu Y, Gan S,

et al. Baicalein inhibits fibronectin-induced epithelial-mesenchymal transi-
tion by decreasing activation and upregulation of calpain-2. Cell Death Dis.
2019;10:341. https://doi.org/10.1038/541419-019-1572-7.


https://doi.org/10.3322/caac.21820
https://doi.org/10.1016/s0140-6736(20)32381-3
https://doi.org/10.1016/j.cell.2023.01.040
https://doi.org/10.1016/j.cell.2023.01.040
https://doi.org/10.1016/j.phrs.2020.104683
https://doi.org/10.1016/j.phrs.2020.104683
https://doi.org/10.3390/ijms231911687
https://doi.org/10.1016/j.canlet.2023.216512
https://doi.org/10.1016/j.canlet.2023.216512
https://doi.org/10.1038/s41467-022-28452-z
https://doi.org/10.1038/s41467-022-28452-z
https://doi.org/10.1016/j.cmet.2017.11.001
https://doi.org/10.1016/j.celrep.2022.110870
https://doi.org/10.1016/j.lfs.2023.121827
https://doi.org/10.4161/cc.22137
https://doi.org/10.4161/cc.22316
https://doi.org/10.4161/cc.22316
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.15252/embj.2021110466
https://doi.org/10.1016/j.canlet.2024.216919
https://doi.org/10.1016/j.cmet.2016.12.010
https://doi.org/10.1016/j.cmet.2016.12.010
https://doi.org/10.1016/j.bbadis.2024.167210
https://doi.org/10.1158/0008-5472.Can-21-2778
https://doi.org/10.1158/0008-5472.Can-21-2778
https://doi.org/10.1007/s12072-022-10459-9
https://doi.org/10.1038/s41392-021-00464-z
https://doi.org/10.1038/s41392-021-00464-z
https://doi.org/10.1074/jbc.REV119.007624
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/s41417-024-00738-y
https://doi.org/10.1038/s41417-024-00738-y
https://doi.org/10.1002/ctm2.1432
https://doi.org/10.1002/ctm2.1432
https://doi.org/10.7150/thno.51245
https://doi.org/10.1016/j.molcel.2016.03.036
https://doi.org/10.1016/j.molcel.2016.03.036
https://doi.org/10.1038/nrm.2016.140
https://doi.org/10.1038/nrm.2016.140
https://doi.org/10.1016/j.breast.2011.04.002
https://doi.org/10.1016/j.breast.2011.04.002
https://doi.org/10.1111/brv.12686
https://doi.org/10.1080/14728222.2022.2047178
https://doi.org/10.1080/14728222.2022.2047178
https://doi.org/10.1073/pnas.1501555112
https://doi.org/10.1073/pnas.1501555112
https://doi.org/10.1158/0008-5472.Can-17-2906
https://doi.org/10.1158/0008-5472.Can-17-2906
https://doi.org/10.1038/s41467-019-13034-3
https://doi.org/10.20892/j.issn.2095-3941.2019.0210
https://doi.org/10.20892/j.issn.2095-3941.2019.0210
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.1038/onc.2012.180
https://doi.org/10.1038/s41419-019-1572-7

Jiang et al. Lipids in Health and Disease (2024) 23:371 Page 11 of 11

38. Xu,Bismar TA, Su J, Xu B, Kristiansen G, Varga Z, Teng L, Ingber DE, Mam- Publisher"
moto A, Kumar R, Alaoui-Jamali MA. Filamin A regulates focal adhesion disas- u isher's note ) o o
sembly and suppresses breast cancer cell migration and invasion. J Exp Med. Springer Nature rema.ms.neu.tral W'th,fegafd tojurisdictional claims in
2010;207:2421-37. https://doi.org/10.1084/jem.20100433. published maps and institutional affiliations.


https://doi.org/10.1084/jem.20100433

	﻿Ketogenesis promotes triple-negative breast cancer metastasis via calpastatin β-hydroxybutyrylation
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Cell culture
	﻿Clinical specimens
	﻿siRNA and plasmid transfection
	﻿Protein extraction
	﻿Immunoprecipitation
	﻿Immunoblotting
	﻿Xenograft model
	﻿Statistical analysis

	﻿Results
	﻿Expression of ketogenic genes are significantly correlated with lymph node metastasis
	﻿β-OHB facilitates TNBC metastasis
	﻿β-OHB stimulates β-hydroxybutyrylation of CAST at K43
	﻿CAST β-hydroxybutyrylation activates CAPN to promote FAK phosphorylation and EMT

	﻿Discussion
	﻿Study strengths and limitations
	﻿Conclusion
	﻿References


