nature communications

Article

https://doi.org/10.1038/s41467-025-58429-7

Cholangiocarcinoma PDHALI1 succinylation
suppresses macrophage antigen
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Gemcitabine combined with cisplatin is the first-line chemotherapy for
advanced cholangiocarcinoma, but drug resistance remains a challenge,

leading to unsatisfactory therapeutic effect. Here, we elucidate the possibility
of chemotherapy regimens sensitized by inhibiting succinylation in patients
with cholangiocarcinoma from the perspective of post-translational mod-
ification. Our omics analysis reveals that succinylation of PDHALI lysine 83, a
key enzyme in the tricarboxylic acid cycle, alters PDH enzyme activity, mod-
ulates metabolic flux, and leads to alpha-ketoglutaric acid accumulation in the
tumor microenvironment. This process activates the OXGRI receptor on
macrophages, triggering MAPK signaling and inhibiting MHC-II antigen pre-
sentation, which promotes immune escape and tumor progression. Moreover,
we show that inhibiting PDHAL1 succinylation with CPI-613 enhances the effi-

cacy of gemcitabine and cisplatin. Targeting PDHAL1 succinylation may be a
promising strategy to improve treatment outcomes in cholangiocarcinoma
and warrants further clinical exploration.

Cholangiocarcinoma, ranking as the second most prevalent primary
hepatic malignancy following hepatocellular carcinoma, is known for
its aggressive invasiveness and grim prognosis". Despite chemother-
apy remaining the standard first-line treatment for cholangiocarci-
noma over the past decade, patient survival and treatment efficacy
have been suboptimal, mainly due to chemotherapy resistance®*. This
highlights the urgent need for a deeper understanding of the mole-
cular pathways regulating cholangiocarcinoma progression and sen-
sitizing it to chemotherapy.

Metabolic reprogramming, a hallmark of cancer, is intricately
linked to post-translational modifications (PTMs)**. In recent years, the

role of acyl modifications, including succinylation, in tumorigenesis
has garnered considerable attention’. Succinylation, which occurs on
lysine residues of PTM®, plays a key role in several core metabolic
pathways, such as the tricarboxylic acid (TCA) cycle and glucose
metabolism’'°, and has been shown to regulate tumor progression in
various cancers', Recent studies have identified the impact of suc-
cinylation on PDHAL, a key enzyme in the TCA cycle. PDHALI catalyzes
the conversion of pyruvate to acetyl-CoA, thereby linking glycolysis
with the TCA cycle'". Acetylation of PDHAL has been extensively
studied and shown to influence the composition of the pyruvate
dehydrogenase complex and contribute to the Warburg effect, a
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common metabolic feature of cancer cells'®”. Additionally, disruption
of PDH activity is associated with increased chemotherapy resistance,
positioning PDHALI as a crucial target in cancer therapy'®".

Endogenous metabolites are implicated in modulating cellular
processes, such as immune homeostasis and tumor development®*,
Cancer cell metabolism will further deteriorate the living environment
of immune cells, and metabolic changes in the microenvironment are
involved in tumor immune sensitivity®. Increasing evidence indicates
that metabolic reprogramming is linked to the polarization state of
macrophages, and TCA cycle as well as its endogenous metabolites are
vital in M1/M2 macrophage activation®?’. Alpha-ketoglutaric acid
(a-KG) is a TCA cycle intermediate that serves to produce ATP. Several
recent studies have shown the importance of a-KG in the tumor
microenvironment (TME) for macrophage polarization, delivery of
o-KG reprogramming the macrophage phenotype from pro-
inflammatory M1 to anti-inflammatory and pro-repair M2 phenotype
by modulating energy metabolism in the TCA cycle®, supplementing
the cell-permeable dimethyl-a-KG significantly restores M2 activation
during porphyromonas gingivalis infection®, and melatonin has anti-
inflammatory properties by transporting the exosome a-KG to mac-
rophages and leads to an increased ratio of M2 to M1 macrophages™.
Moreover, a-KG coordinates the M1/M2 phenotype balance of alveolar
macrophages through immune response regulators (PPARy or
mTORC1), thereby influencing septic ALI/ARDS>.

In this work, we investigate PDHAL K83 succinylation and its
impact on tumor metabolism in cholangiocarcinoma. We show that
succinylation of PDHAL at lysine 83 enhances PDHAL activity, driving
metabolic reprogramming that leads to the accumulation of a-KG in
the TME. This accumulation of a-KG activates the OXGRI receptor on
macrophages, triggering the MAPK signaling pathway, which inhibits
macrophage antigen presentation and promotes immune suppression.
Furthermore, we explore the therapeutic potential of using CPI-613 to
inhibit PDHA1 succinylation, and consider that it may enhance
the sensitivity of cholangiocarcinoma to gemcitabine and cisplatin.
These investigations contribute to our understanding of how
PDHALI succinylation modulates tumor-immune crosstalk and present
targeted succinylation modification as a promising strategy to over-
come chemotherapy resistance in cholangiocarcinoma.

Results

PDHALI K83 is highly succinylated in cholangiocarcinoma and
closely relates to survival

To elucidate the role of key metabolic enzyme succinylation in the
progression of cholangiocarcinoma, our study comprehensively ana-
lyzed the succinylome of proteins from 10 human cholangiocarcinoma
tissues and adjacent non-tumor samples. We discovered a significant
upregulation of succinylation at PDHAL lysine 83 in tumor tissues,
marking it as the most pronounced modification observed (Fig. 1a, b).
To determine if PDHA1 K83 succinylation occurs in vitro, we engi-
neered mutations at K83 and other potential succinylation sites (K63,
K244, K277, K313, K385) identified in the UniProt database to arginine
(R), effectively mimicking desuccinylation. Notably, the K83R muta-
tion substantially reduced PDHAIl succinylation (Supplementary
Fig. Sla, b). Subsequent experiments confirmed PDHA1 K83 as the
principal succinylation site in cholangiocarcinoma by utilizing Flag-
tagged PDHA1 WT and K83R in QBC939 and RBE cholangiocarcinoma
cell lines, which lack endogenous PDHAI expression. The succinylation
levels were significantly diminished in PDHA1 K83R compared to WT,
underscoring the specific role of K83 (Supplementary Fig. Slc-i). A
specific antibody developed for PDHA1 K83 succinylation, whose
specificity was validated, enabled in situ detection of this modification
(Supplementary Fig. S1j, k). Immunohistochemical analysis of a tissue
microarray with 74 cholangiocarcinoma samples demonstrated ele-
vated PDHA1 K83Succ levels in tumor tissues relative to adjacent
normal tissues (Fig. 1c), and higher levels of PDHAL K83Succ were

associated with poorer patient prognosis, highlighting its potential as a
prognostic marker (Fig. 1d). Importantly, the increased PDHAL
K83 succinylation observed in cholangiocarcinoma was not attribu-
table to PDHAL overexpression, which suggests a regulatory mechan-
ism intrinsic to tumor biology (Supplementary Fig. Sll-n).
Additionally, immunofluorescence (IF) (Fig. le) and Western blot
analyses of clinical patient samples and cholangiocarcinoma cell lines
further verified that PDHA1 K83Succ was predominantly expressed in
cholangiocarcinoma cells, confirming their role as the primary source
of PDHAI1 K83Succ (Supplementary Fig. Slo, p).

Results from a series of gain-and-loss-of-function experiments
indicated that PDHA1 K83 desuccinylation did not affect PDHA1 pro-
liferation in vitro, yet significantly curtailed tumor growth in vivo
within a complex TME (Supplementary Figs. S2 and S3a-d). Notably,
immunodepletion of CD8'T cells effectively negated the growth sup-
pression seen in tumors with desuccinylated PDHAL in these immu-
nocompetent mice (Supplementary Fig. S3e-g), emphasizing the
critical role of effector CD8" T cells in mediating the impact of
PDHAL succinylation on tumor growth. However, it is essential to
consider that subcutaneous xenograft models cannot replicate the
comprehensive hepatic microenvironment. Consequently, we utilized
a well-documented murine model of cholangiocarcinoma, combining
pS3/Pten deletions with Kras®?® overexpression®. Through hydro-
dynamic injection of plasmids into 5-week-old C57BL/6 male mice,
bioluminescence imaging performed on day 7 post-injection con-
firmed equivalent luciferase expression across the groups, indicating
uniform injection and expression efficacy. The experimental mice
injected with PT3-PDHAI K83R demonstrated a significant decline in
luciferase expression by day 28 post-injection compared to the control
group injected with PT3-PDHA1 WT (Fig. 1f, j). Furthermore, PDHA1
K83Succ levels were markedly lower in the spontaneous tumors of
PDHA1 K83R mice compared to their WT counterparts (Supplementary
Fig. S3h, i). Remarkably, four (4/10) of the p53 knockout experimental
mice were tumor-free within 80 days, while the majority of the control
mice (10/10) developed tumor burdens that led to death, with a
median survival time of 42.5 days (Fig. 1g-i). Similar results were
observed in Pten knockout mice, where PDHA1 K83 desuccinylation
prolonged the median survival time; three (3/8) of the Pten knockout
experimental mice remained tumor-free for 80 days, whereas all
control mice (8/8) succumbed to tumor burdens, with a median sur-
vival time of 41.5 days (Fig. 1k-m). Collectively, these findings affirm
that PDHA1 K83 succinylation significantly promotes CCA tumorigen-
esis, highlighting its pivotal role in the progression of
cholangiocarcinoma.

Single-cell and Bulk RNA-seq analyses together reveal that
PDHAL1 K83 succinylation inhibits macrophage antigen pre-
sentation function

To illustrate the TME characteristics influenced by PDHAL
K83 succinylation, we conducted single-cell RNA sequencing (sScCRNA-
seq) on tissue samples from a sg-p53 spontaneous mouse model of
cholangiocarcinoma harboring either PT3-PDHAI-WT or K83R muta-
tions. Post quality control, analysis proceeded with 15,830 cells. Gene
expression was normalized, followed by dimensionality reduction and
clustering using t-distributed stochastic neighbor embedding (tSNE)
(Fig. 2a). Cells were classified into eight distinct types based on
expression of specific marker genes: Macrophages (11,000 cells, 69.5%,
marked by Cdé68, Ciqa, Clgb); Neutrophils (1439 cells, 9.1% marked by
$100a9, S100a8, Lstl); Dendritic Cells (DCs) (1665 cells, 10.5%, marked
by Cd209a, Ccr7, CleclOa); T cells (501 cells, 3.2%, marked by Cd3d,
Cd3e, Cd3g); Endothelial/Fibroblasts (Endo/Fibro) (85 cells, 0.5%,
marked by Col4al, Vwf, Eng); Epithelial Cells (255 cells, 1.6%, marked by
Krt18, Krt8, Clu); B cells (75 cells, 0.5%, marked by Cd79a, Cd79b, Ms4al)
and Proliferative Cells (810 cells, 5.1%, marked by Mki67, Top2a).
Heatmaps (Fig. 2b) and Dot Plots (Supplementary Fig. S4a) further
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validated the cell type classification. Notably, macrophages con-
stituted the largest proportion in both groups (Fig. 2c). Bulk RNA-seq
from spontaneous tumors also indicated a significant enrichment of
macrophage-specific markers, as identified in Wiki Pathways (Supple-
mentary Fig. S4b-d). Consequently, we concentrated on macrophages
for further analysis, performing tSNE specifically on this cell cluster

(Fig. 2d). Macrophages were subdivided into five types using estab-
lished markers: Clqc* Macrophages (marked by CIga, Cigb, Clqc),
Ly6c* Macrophages (marked by Lyéc2, Ly6e, Ccr2, S100a4), Chil3*
Macrophages (marked by Chil3, Lcn2, Gal), Cxcl9® Macrophages
(marked by Cxcl9, Cxcl10, Cd40, Batf2, Gbp2), and SPP1* Macrophages
(marked by Sppl, Argl, Thbsl, Trem2). Each type corresponded to
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Fig. 1| PDHA1 K83 is highly succinylated in cholangiocarcinoma and closely
related to survival. a Upregulated genes revealed by succinylation proteomic
analysis of cholangiocarcinoma and adjacent non-tumor tissues (n=10). b Mass
spectrometry identified the succinylation modification site K83 on PDHAL

¢ Quantification of PDHA1 K83Succ immunostaining performed to compare paired
samples (n =74). d Kaplan-Meier analysis of OS curves based on PDHA1 K83Succ
expression. PDHA1 K83Succ expression associated with poor prognosis in CCA
patients. e Representative immunofluorescence staining of CCA and adjacent
normal tissues (n=7). PDHA1 K83Succ (Red), DAPI (Blue). And statistical chart of
PDHA1 K83Succ mean gray values. Scale bars: 50 pm. f Schematic illustrating
transposon- and CRISPR-Cas9-(p53)-based injection of vectors into mice via the tail
vein to generate tumors resembling human CCA. The transposon-based vector
overexpressing Kras®?’ can express luciferase. Created in BioRender. Zhang, N.
(2025) https://BioRender.com/y78d999. Bioluminescence images and signal of
C57BL/6 mice after plasmid injection on day 7 and day 28 (n =10 biologically

independent samples). g Front and back representative images of livers from (f).
Scale bars: 1cm. h Kaplan-Meier survival curve of C57BL/6 mice treated as in (f).
i Tumor incidence of C57BL/6 mice treated as in (f). j Schematic illustrating
transposon- and CRISPR-Cas9-(Pten)-based injection of vectors into mice via the tail
vein to generate tumors resembling human CCA. The transposon-based vector
overexpressing Kras®?” can express luciferase. Created in BioRender. Zhang, N.
(2025) https://BioRender.com/j69i397. Bioluminescence images and signal of
C57BL/6 mice after plasmid injection on day 7 and day 28 (n = 8 biologically inde-
pendent samples). k Front and back representative images of livers from (j). Scale
bars: 1 cm. 1 Kaplan-Meier survival curve of C57BL/6 mice treated as in (j). m Tumor
incidence of C57BL/6 mice treated as in (j). Data are presented as mean values + SD,
and P values were calculated using two-tailed unpaired Student’s t-tests (c, e, f, j) or
log-rank test (d, h, I). HR hazard ratio, WT wild type. Source data are provided as a
Source Data File.

different immune phenotypes, chemokine profiles, and maturation
states. Further verification of cell type accuracy was provided through
Dot Plot (Fig. 2e) and UMAP (Supplementary Fig. S4f) analyses.

The composition of various immune cells in the TME revealed that
PDHA1 K83R mutation inhibits M2 macrophage polarization while
promoting M1 polarization, thereby exerting antitumor effects
(Fig. 2f, g and Supplementary Fig. S5a-e). Gene Ontology (GO) analysis
of RNA sequencing data indicated a significant upregulation in antigen
presentation processes and immune progression in PDHAI K83R
mutants compared to WT, emphasizing its role in immunomodulation
(Supplementary Fig. S5f). The recognition of macrophage polarity
between CXCL9 and SPP1 controls the cellular network in cancer as
evidenced by previous studies®. Consequently, focusing on Ml
polarization, particularly the CXCL9" macrophage subset, we explored
its contribution to antitumor immunity. KEGG pathway enrichment
analysis further underscored the involvement of CXCL9" macrophages
in antigen presentation (Supplementary Fig. S5g). Moreover, multiplex
immunohistochemistry (mIHC) on spontaneous tumors showed
greater infiltration of CD86"MHCII" cells in PDHAI K83R mice com-
pared to WT (Fig. 2h, i). Extending these findings to human relevance,
we evaluated PDHA1 K83Succ, CD86, and HLA-DR expression in cho-
langiocarcinoma tissues. mIHC analysis revealed higher proportions of
CD86'HLA-DR" cells in patients with lower PDHA1 K83Succ levels
(Fig. 2j), aligning with mouse model data where CD86'HLA-DR*
expression inversely correlated with PDHA1 K83Succ in clinical speci-
mens (Fig. 2k). This highlights PDHA1 K83 succinylation’s inhibitory
effect on macrophage antigen-presentation. In the T cell compart-
ment, distinct subsets were identified: CD4'T, CD8'T, Proliferative T,
and NK T cells. Notably, mice harboring the PDHA1 K83R mutation
showed increased infiltration of CD4'T and CD8'T cells, suggesting
that desuccinylation of PDHA1 K83 enhances macrophage MHC
Il-mediated antigen presentation, thus facilitating an effective immune
response (Supplementary Fig. S6).

PDHAL1 K83 succinylation modification increases «-KG in the
tumor microenvironment

To investigate the impact of PDHAI succinylation on macrophage
antigen presentation within the TME, we devised a co-culture system
of macrophages and cholangiocarcinoma cells (Fig. 3a). Our results
demonstrated that the PDHA1 K83R mutation significantly improved
the antigen-presenting capability of THP-1 cells (Fig. 3b). Given
PDHAI's pivotal role in linking glycolysis and the TCA cycle, we
hypothesized that essential metabolites released into the TME are
critical in this process. Supporting this, recent studies highlight the
significant effect of metabolic intermediates on macrophage polar-
ization and function®?°. The TCA cycle serves as a central metabolic
node for the metabolism of proteins, lipids, and carbohydrates®,
playing a vital role in tumor metabolic reprogramming. A functional
TCA cycle depends on the continuous and balanced replenishment of

its key metabolites, many of which exit the mitochondria to act as
precursors for biosynthesis or to participate in signaling pathways®’*’.
Consequently, our focus shifted to examining the role of tumor-
derived metabolites in modulating the antigen-presenting function of
macrophages, which appears to be directly influenced by key meta-
bolic enzymes and their substrates.

To delineate specific metabolite alterations potentially respon-
sible for inhibiting macrophage antigen presentation within the TME,
we compared the metabolomic profiles of PDHA1 WT conditioned
medium (CM) and PDHA1 K83R CM (Supplementary Fig. S7). Our
analysis identified critical TCA cycle metabolites, including «-KG,
succinate, and malate, which were secreted in response to PDHAL
succinylation. Notably, this secretion could be reversed by the
desuccinylation of PDHAL (Fig. 3c-e), with a-KG secretion being most
significantly reduced by the PDHA1 K83R mutation. To further explore
the influence of these metabolites, we augmented the extracellular
media with them and observed that only the addition of a-KG led to
decreased MHC-II expression (Supplementary Figs. S8 and S9a-e).
Additionally, introducing a-KG to K83R CM sufficiently impaired
macrophage antigen presentation in THP-1 cells (Fig. 3f) and bone
marrow-derived macrophages (BMDMs) co-cultures (Supplementary
Fig. S9f). The inhibitory effect of a-KG on macrophage antigen pre-
sentation was corroborated by in vivo experiments (Supplementary
Fig. S9g). Collectively, these findings confirm that a-KG accumulation
characterizes the immunosuppressive TME and suggest that reduced
«-KG levels resulting from tumor-derived PDHA1 K83 desuccinylation
could drive changes in macrophage antigen presentation.

To validate the accumulation mechanisms of o-KG within the
TME, we measured o-KG levels in both tumor cells and CM, observing
reduced levels following PDHA1 K83 desuccinylation (Supplementary
Fig. S10a, b). These findings prompted us to explore the potential
mechanisms by which PDHA1 K83 desuccinylation elevates a-KG
levels. We further confirmed that PDHAI succinylation-mediated reg-
ulation of a-KG generation in a PDH-dependent manner by performing
metabolic flux analysis using [U-*C¢] glucose and [U-Cs] glutamine.
We noted a significant increase in M2 o-KG enrichment in PDHA1 WT
compared to PDHA1 K83R using [U-C¢] glucose (Supplementary
Fig. S10c¢, d). However, M5 a-KG synthesis by [U-*Cs] glutamine showed
no difference between the groups (Supplementary Fig. S10e, f). Con-
sequently, we concluded that PDHALI succinylation enhances a-KG
production by modulating PDH activity. It is well-documented that
PDH activity is crucial for controlling the TCA cycle*’. In our experi-
ments, a marked reduction in PDH activity was observed in cells
expressing the PDHA1 K83R mutant compared to WT (Fig. 3g), with no
impact on protein stability (Supplementary Fig. S11a). Previous studies
indicate that phosphorylation of PDHAL at S293 is a negative regulator
of PDH complex activation, which is dependent on dephosphorylation
of PDHA1**2, We observed increased phosphorylation at PDHA1 S293
upon desuccinylation of K83 (Supplementary Fig. S11b). Notably, the
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absence of S293 phosphorylation prevented any decrease in PDH
activity or a-KG content in CM associated with PDHA1 K83 desucci-
nylation (Fig. 3h-j and Supplementary Fig. Slic, d), confirming that
PDH activity is contingent on the succinylation status of PDHA1 K83.
Overall, succinylation at PDHAI K83 inhibits S293 phosphorylation,
thereby enhancing PDH activity and promoting the release of a-KG
into the TME.

0 10 20 30
% PDHA1 K83Succ

a-KG-OXGR1-MAPK signaling pathway inhibits macrophage
antigen presentation function

To further elucidate the impact of a-KG on macrophage function, we
conducted RNA-seq analysis comparing gene expression in THP-1 cells
co-cultured with or without exogenous a-KG-enriched CM. The ana-
lysis revealed that o-KG accumulation suppressed expression of
immune response genes, such as HLA-DRA, HLA-DPAI, and HLA-DQAI,
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Fig. 2 | Single-cell and Bulk RNA-seq analyses together reveal that PDHA1
K83 succinylation inhibits macrophage antigen presentation function. a tSNE
(t-Distributed Stochastic Neighbor Embedding) plots of 15,830 high-quality single
cells from spontaneous cholangiocarcinoma mice. b Heatmaps displaying marker
genes for each cell type. ¢ Histogram showing the proportion histogram of the
eight major subtypes WT (left) and K83R (right). d tSNE plots of five different
macrophage subgroups. e Dot plots showing the expression of marker genes for
each cell type. f Quantitative RT-PCR analysis of mRNA levels of Cd74, H2-Abl, H2-
Aa, Cxcl9, Cxcl10 changes from PDHA1 WT or PDHA1 K83R spontaneous cho-
langiocarcinoma mouse tumors isolated CD45'CD11b‘F4/80" macrophages (n=3
biologically independent samples). g Flow cytometry analysis of CD45'CD11b*F4/
80"MHCII" cells expression in mice with PDHAL WT or PDHA1 K83R after hydro-
dynamic tail vein injection (n =5 biologically independent samples).

h Representative mIHC staining of spontaneous cholangiocarcinoma mouse
tumors. MHCII (Red), CD86 (Green), PDHA1 K83Succ (Yellow) and DAPI (Blue).
Scale bars: 20 pm. i Quantification of PDHA1 K83Succ* and CD86 " MHCII* cells in
PDHA1 WT and PDHAL1 K83R spontaneous cholangiocarcinoma mouse tumors

(n =5 biologically independent samples). j Representative mIHC staining of human
CCA samples using antibodies against HLA-DR (Red), CD86 (Green), PDHA1
K83Succ (Yellow) and DAPI (Blue). Scale bars: 20 pm. k Pearson correlation
between the levels of PDHA1 K83Succ™ and CD86"HLA-DR" in human CCA samples
(n=20). Data are presented as mean values + SD, and P values were calculated using
two-tailed unpaired Student’s t-tests (f, g, i) or two-tailed correlation (k). Mat
matrix, Macro macrophages, WT wild type. RNA-seq data is in the Genome
Sequence Archive database and source data are provided as a Source Data File.

which are crucial for the MHC-II antigen presentation capability of
macrophages (Fig. 4a, b and Supplementary Fig. S12a, b). Previous
studies have demonstrated that LPS-induced downregulation of HLA-
DR involves activation of ERK and p38 MAPK pathways****, and DcR3
inhibits HLA-DR expression through activation of ERK and JNK
pathways*’. We explored whether a-KG could similarly modulate MHC-
Il expression via MAPK activation. Gene Set Enrichment Analysis
(GSEA) indicated significant activation of the MAPK signaling pathway
by elevated a-KG levels in the TME (Fig. 4c). Furthermore, adding
varying concentrations of a-KG to the co-cultured macrophages led to
ERK phosphorylation and reduced expression of antigen presentation-
related proteins HLA-DR and CD74 (Fig. 4d and Supplementary
Fig. S12c, d). These findings suggest that a-KG modulates MHC-II
molecule expression through ERK phosphorylation. However, the
precise mechanisms by which «-KG activates the MAPK signaling
pathway to influence the antigen-presenting function of macrophages
warrant further investigation.

Literature indicates that o-KG serves as a ligand for the
2-oxoglutarate receptorl (OXGR1), activating this surface receptor and
initiating a G protein-coupled signaling cascade leading to transcrip-
tional modifications*. Molecular docking analysis revealed a binding
affinity score of -5.6 kcal/mol between a-ketoglutarate and LCK, sug-
gesting a robust interaction (Fig. 4e). To validate this interaction, we
performed OXGRI knockdown experiments in macrophages (Supple-
mentary Fig. S13a, b). Results showed that OXGRI knockdown negated
the impact of «-KG in CM on ERK phosphorylation and downregulation
of MHC-II related molecules in macrophages (Fig. 4f-h and Supple-
mentary Fig. S13c-f). Additionally, montelukast, a known inhibitor of
OXGR1*#%, When used it in subcutaneous mouse tumors, enhanced
MHC-II expression (Supplementary Fig. S13g) and showed anticancer
activity exclusively in immune-competent models, unaffected by
external a-KG supplementation (Fig. 4i-I, Supplementary Fig. S13h-k).
In summary, these findings demonstrate that a-KG in the TME engages
the OXGRI receptor, activates a G-protein-coupled signaling pathway,
leads to ERK phosphorylation, and suppresses MHC-II class molecule
expression, thereby diminishing the antigen-presenting function of
macrophages.

DLST is the writer for PDHA1 K83 succinylation modification

The discovery of various lysine acylations raises questions about their
dynamic regulation and the enzymes responsible***°, Acyltransferases
play a significant role in succinylation by coupling acyl-CoA to sub-
strates, which may facilitate lysine acylation as a secondary reaction’.
Using immunoprecipitation (IP) and liquid chromatography-tandem
mass spectrometry (LC-MS/MS), we identified the succinyltransferase
DLST as interacting with PDHA1 and promoting its succinylation
(Supplementary Fig. S14a, b). This interaction was further validated
through co-immunoprecipitation (Supplementary Fig. S14c), GST pull-
down (Supplementary Fig. S14d, e) and immunofluorescence assays
(Fig. 5a). Furthermore, the ectopic expression of DLST, but not other
succinyltransferases such as HAT1, KAT2A or CPTIA, promotes

succinylation of PDHAL (Fig. 5b). To determine if DLST succinylates
PDHALI at K83, we transfected Flag-PDHA1 WT and Flag-PDHA1 K83R
and found that the K83R mutant failed to be succinylated by DLST
(Fig. 5¢). Notably, DLST expression correlated positively with PDHAL
K83 succinylation in cholangiocarcinoma samples. (Supplementary
Fig. S14f-j). DLST deletion reduced PDHA1 K83 succinylation,
increased S293 phosphorylation, and decreased both PDH activity and
o-KG levels in CM (Fig. 5d-g and Supplementary Fig. S15a-d). More-
over, CM from cells with reduced PDHAL1 succinylation increased HLA-
DR expression in co-cultured macrophages (Fig. 5h and Supplemen-
tary Fig. S15e). We confirmed DLST’s specific role in succinylating
PDHALI at K83 by showing that the K83R mutation prevented this
modification (Fig. 5i, j and Supplementary Fig. S15f, g).

PDH and OGDH complexes are both E1-E2-E3 dehydrogenases.
PDH complex contains pyruvate dehydrogenase (PDHA1 And PDHBI),
dihydrolipoyl acetyltansferase (DLAT), and dihydrolipoyl dehy-
drogenase (DLD)*. OGDH complex contains OGDH, DLST, and DLD.
Both DLST and DLAT contain lipoyl groups and both can therefore be
inhibited by CPI-613. It was thought that these complexes may interact
in the mitochondria so it would be possible for the DSLT of OGDHc to
succinylate PDHA1%. Interestingly, the application of the DLST inhi-
bitor CPI-613 not only inhibited PDHA1 K83 succinylation but also
increased PDHA1 S293 phosphorylation and decreased o-KG levels
(Fig. 5k, 1). In co-culture experiments, CPI-613 enhanced MHC-Il antigen
presentation in macrophages (Fig. 5m). To test CPI-613’s specificity, we
mutated PDHA1 K83 to glutamate (E), mimicking succinylation. CPI-
613 reduced o-KG levels in WT but not in the mutant (Supplementary
Fig. S15h, i). These results highlight DLST’s direct role in PDHAI1 succi-
nylation and CPI-613’s potential in modulating this modification and
the associated tumor immune microenvironment.

Inhibiting PDHA1 K83 succinylation significantly improves the
survival of cholangiocarcinoma
With breakthroughs in theory and technology, a series of mature tar-
geted drugs have been widely used in the treatment of cholangio-
carcinoma, such as IDHI inhibitors, etc. However, the single-drug
regimen of targeted drugs cannot further extend the survival of CCA
patients, but targeted drugs can improve the inhibitory immune
microenvironment by participating in immune regulation. This insight
underpins the rationale for integrating gemcitabine and cisplatin with
targeted therapies to bolster their collective antitumor effects and
yield superior clinical outcomes® . In advanced cases, the dual regi-
men of gemcitabine (Gem) and cisplatin (Cis) remains the cornerstone
of first-line therapy, but expanding this to triplet regimens including
immunotherapies is poised to transform treatment paradigms®>’.
CPI-613, a lipoic acid analog approved for specific cancers, dis-
rupts mitochondrial metabolism by targeting the TCA cycle enzymes
PDHAI and KGDH (DLST), which has proven effective in preclinical
models®®®". Our research explored whether CPI-613 could enhance
the effects of Gem and Cis in cholangiocarcinoma. We employed a
C57BL/6 subcutaneous tumor model, treating mice with CPI-613, Gem

Nature Communications | (2025)16:3177


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58429-7

a b THP-1 co-WT CM c o =
Co-culture O THP-1 co-K83R CM -0.0052 alpha-Ketoglutaric acid - x
20— p=0. alpha—Ketoisovaleric acid e
2004 > Fructose 6-phosphate L
* 154 Glucose 6-phosphate 3
1504 o Succinic acid 4
9 104 T Mannose 6-phosphate £
1004 < . Sedoheptulose 7-phosphate ﬁ
T 5 Ribose 5—-phosphate =
£7504 ° Glucose 1-phosphate Y
g < 0 Fumaric acid %
0 - Vanillylmandelic acid 3
Mac  Flow cytometry "4 5 6 7 WT K83R an yn;fm l? o ac!d <
CM  Metabolites 0 10 10 10 10 3 icotinic ac 2
HLA-DR = Quinolinic acid g
) 2 Glucuronic acid %
g Homogentisic acid o
Gluconic acid ©
d Lactat Maleic acid E
PyruIate “ Lactate e 2-Hydroxyglutaric acid =
PDH Phosphoenolpyruvic acid E
Acetyl CoA 5 18'8:‘)(0.0001 WT CM Methylmalonic acid ;
Y T 80 ¥ = K&RCM Glycolic acid 5
Citrate °3 (758: Hippuric acid S
/ g gsol p<0.0001 Glyoxylic acid s
Q ° .
Malate o £ _ 4—-Hydroxyphenylpyruvic 3
o-KG 2215 Cysteic acid
‘ § = 1.0 :I: =0.7864 p<0.0001 _ 2—Ketob¥1tyric acid %
§ 05 = PrE - p—O.’ASS Glyceric acid 0
Fumarate ~ Succinate = 0 | o : N
Cancer a-KG Succinate Fumarate Malate Citrate
f THP-1 co-WT CM 9
o THP-1 co-K83R CM 0.0011 p=0.0024
THP-1 co-K83R+a-KG CM —p=0. p=Y. £
100 ~ % = £ 0257 PDHA1 WT 0.006— P<0.0001
=) S a0 =" PDHATKE3R 2
80 Z 20+ E 3T T
DQ: g‘ 0.154 i £ 0.004—
60 4 < [~} Al 3 g 8
2 104 < 0.10 g3
40 4 5 g S @ 0.002-
Y > 0.05 / 8
=T 20 4 s c o
c 0 [ o
8 0 % 0.00 T T T T 1 0.000—-
o
_ e B ma RN $© g 0 10 20 30 40 50 WT K83R
4 5 6 7 @ & § i
0 10 10 10 10 & Time (minutes)
>
HLA-DR &
h i <0.0001 p=0.6393 i
PDHA1 WT + - - - z 0.006 l_l g 154 p=0.0349 p=0.1707
o KeR - - So | o  J Wy
£ A = -
PDHA1S293A - - + - <E o004 ', &~ 10 1 I
0 oo cd o ® 2t
PDHA1 K83R S293A - - - + Z 2 8 g g
NZ
kDa W @ 0,002 03 5
PDHA1 pS293 s s <
1 155 070 0.66 o 2
PDHA1 K83Succ ] 43 0.000 0
+ - - = + - - -
1 029 1.04 032 PDHATWT
10T J e ——— PDHATK83R - + =— - -+ - -

1 0.99 0.99 1.01
Tubulin | S e a— - 55

and Cis individually or in combination. The combination therapy
notably improved outcomes, reducing tumor mass more effectively
than single treatment (Fig. 6a-d). In a spontaneous cholangiocarci-
noma model (Fig. 6e), treatments significantly reduced biolumines-
cence from cancer cells (Fig. 6f, g). Impressively, in the combination
therapy group, a higher proportion of mice remained tumor-free
compared to single-agent groups, demonstrating extended survival.
Four (4/10) of the combined treatment group mice, one (1/10) of the
CPI-613 and two (2/10) of the Gem+Cis treatment group were tumor-
free within 90 days, with the median survival time of 79.5 days,

PDHA1 S293A
PDHA1 K83R S293A

+

+

+

53.5 days, 53.5 days, respectively, while the majority of the vehicle
treatment group mice (10/10) developed tumor burdens that led to
death, with a median survival time of 41.5 days (Fig. 6h-j). Flow cyto-
metry revealed that the combination therapy notably increased the
presence of immune cells such as MHCII" macrophages, CD4'T,
CDS8'T cells, pointing to an invigorated immune response (Fig. 6k-m
and Supplementary Fig. S16a—c). Cholangiocarcinoma, known for its
immunosuppressive microenvironment, shows limited response to
immunotherapy. Targeting PDHA1 K83 succinylation, we explored
enhancing the immune landscape by upregulating MHC II genes, and
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Fig. 3 | PDHA1 K83 succinylation modification increases a-KG in the tumor
microenvironment. a Schematic diagram of THP-1 macrophages and cholangio-
carcinoma cells co-culture. Created in BioRender. Zhang, N. (2025) https://
BioRender.com/c42h873. After 24 h, macrophages were used for flow analysis, and
CM was used for metabolite detection (n=>5 biological replicates). b Flow cyto-
metry analysis of HLA-DR* MFI values after co-culturing THP-1 and the CM of
QBC939 sgPDHA1 with reconstituted expression of PDHA1 WT or PDHA1 K83R after
24 h (n =5 biological replicates). ¢ Heatmap representing metabolite changes in
tumor WT CM compared with K83 CM was obtained after 24 h culture of tumor
cells (n = 5 biological replicates). d Schematic diagram of the TCA cycle metabolism
in cancer. e Metabolite secretion of TCA cycle metabolic substrates a-KG, succi-
nate, fumarate, malate and citrate changes in CM from QBC939 sgPDHA1 with
reconstituted expression of PDHA1 WT or PDHA1 K83R. Analysis was performed
after 24 h (n =5 biological replicates). f Flow cytometry analysis of HLA-DR* MFI
values of THP-1 in co-culture with tumor CM. Analysis was performed after 24 h
(n=5 biological replicates). g PDH enzyme activity of QBC939 sgPDHAI with

reconstituted expression of PDHA1 WT and PDHAL K83R (n =5 biological repli-
cates). Activity is represented as the rate in AOD/min. h Western blot analysis
showed the expression of PDHA1 pS293, PDHA1 K83Succ changes in

QBC939 sgPDHAI with reconstituted expression of PDHA1 WT, PDHA1 K83R,
PDHA1 S293A and PDHA1 K83R S293A. The samples derive from the same experi-
ment but different gels for PDHA1 pS293, PDHA1 K83Succ, PDHA1L and o-Tubulin
were processed in parallel. The experiment was repeated three times with similar
results. i PDH enzyme activity of QBC939 sgPDHA1 with reconstituted expression of
PDHA1 WT, PDHA1 K83R, PDHA1 S293A and PDHA1 K83R S293A (n =5 biological
replicates). Activity is represented as the rate in AOD/min. j CM o-KG concentration
of QBC939 sgPDHAI with reconstituted expression of PDHA1 WT, PDHAI K83R,
PDHA1 S293A and PDHA1 K83R S293A (n =5 biological replicates). Data are pre-
sented as mean values + SD, and P values were calculated using two-tailed unpaired
Student’s t-tests. Mac macrophages, CM conditioned medium, MFI mean fluores-
cence intensity. Source data are provided as a Source Data File.

the potential synergy of CPI-613 with anti-PD1 therapy. In a mouse
subcutaneous tumor model using CPI-613, anti-PD1, and their combi-
nation, both single treatment reduced tumor size, but the combination
therapy significantly enhanced efficacy, underscoring CPI-613’s role in
cholangiocarcinoma treatment (Supplementary Fig. S16d-h). These
findings underscore the potential of CPI-613 to synergize with che-
motherapeutic agents and immunotherapy, offering a promising
strategy to counter the immunosuppressive microenvironment of
cholangiocarcinoma and enhance patient outcomes.

Discussion

Chemotherapy resistance in cholangiocarcinoma remains a critical
challenge, compelling further exploration into metabolic and signaling
pathways influencing treatment outcomes. Succinylation of metabolic
enzymes is emerging as a significant area of interest, given its impact
on cancer metabolism and cell signaling®®>®*, For instance, studies
have demonstrated that inhibiting SUCLG2 K93 succinylation miti-
gates mitochondrial dysfunction and tumor growth in lung cancer?,
whereas succinylation of GLS K311 promotes pancreatic cancer cell
proliferation®*. Our focus is on the role of succinylation in modulating
chemotherapy resistance in cholangiocarcinoma, particularly through
profiling succinylation patterns in PDHAI at K83—a key enzyme in the
TCA cycle.

Our findings reveal that PDHA1 K83 succinylation is integral to the
TME, it affects PDH enzyme activity by the phosphorylation of PDHA1
at S293, leading to metabolic reprogramming of the TCA cycle, as well
as increases the concentration of the TME metabolic intermediate, -
KG. And significantly inhibits the antigen presentation function of
macrophages. Despite metabolomic analysis revealing increases in
other metabolites in the CM of cholangiocarcinoma with PDHAL
K83 succinylation modification, but the most pronounced was the high
expression of a-KG, making it a dominant molecule in the cancer cell
CM. By tracing [U-*C¢] glucose, we confirmed that succinylation boosts
o-KG production via PDH activity, although the precise mechanisms
behind its excessive accumulation warrant further exploration.

It has been reported that a-KG produced by glutamine promotes
M2 polarization via the Jmjd3 signaling pathway and inhibits M1 mac-
rophage function in an HDAC-dependent manner by suppressing the
NF-kB pathway®. Consistent with previous research findings, our study
confirms that tumor-derived o-KG inhibits macrophage MHC-II anti-
gen presentation function. Exercise-induced «-KG, through stimula-
tion of muscle hypertrophy and lipid breakdown via the OXGR1
receptor®, suggests that cancer-derived a-KG might also activate the
macrophage surface receptor OXGRI1. Our research demonstrates that
when the macrophage surface receptor OXGR1 is specifically knocked
down by OXGRI shRNA, the inhibitory effect of a-KG on macrophage
antigen presentation is abolished. Through RNA-seq and Western blot
analysis verification, we found significant changes in the MAPK

pathway. It has been reported that LPS downregulates HLA-DR
expression by activating ERK and p38MAPKs, and DcR3 activates
the MAPK pathway to downregulate HLA-DR expression*’. Therefore,
«-KG may activate the MAPK signaling pathway, thereby regulating the
expression of the HLA-DR antigen presentation molecule, playing a
role in immunosuppressive tumor microenvironments. Our study also
showed that the gradient addition of «-KG activates the MAPK path-
way, downregulating the expression of mRNA levels such as HLA-DR. It
has been reported that ITA interacts with the orthosteric site of OXGR1,
triggering downstream signaling pathways, including calcium ion
release and activation of ERK phosphokinase®. In mice with intact
immune systems, blocking OXGR1 with montelukast enhanced mac-
rophage MHCII antigen presentation and slowed tumor growth, an
effect that external KG supplementation could not reverse. Our
research indicates that o-KG activates the MAPK pathway, affecting
HLA-DR expression and contributing to an immunosuppressive
environment.

Through mass spectrometry and immunoprecipitation (IP)
assays, our study identifies DLST as the succinyltransferase that
enhances PDHALI succinylation, markedly enhancing its modification.
We found that succinylation of PDHAL is effectively inhibited by CPI-
613, a succinyltransferase inhibitor, which leads to decreased a-KG
levels in the TME and restores the antigen-presenting capability of
macrophage MHC class Il molecules. This finding highlights the pivotal
role of PDHA1 K83 succinylation in modulating the tumor immune
microenvironment in cholangiocarcinoma and positions its inhibition
as a strategic target for therapeutic intervention. Although CPI-613 did
not meet its primary endpoint in the Phase Ill AVENGER 500 trial in
pancreatic cancer with the FOLFIRINOX regimen®®, it is important to
consider its application in different contexts. Gemcitabine combined
with cisplatin remains the standard first-line treatment for CCA, with
proven efficacy. Our study explores the potential of CPI-613 to enhance
chemotherapy sensitivity by inhibiting mitochondrial metabolism.
This approach may potentially offer effective therapeutic avenues,
especially when used in combination with established che-
motherapies. However, ongoing and future clinical trials are essential
to fully determine the viability and scope of CPI-613 as a therapeutic
option in CCA and other malignancies.

In conclusion, this study not only elucidates the role of a-KG in
regulating tumor-immune interactions but also highlights the poten-
tial of targeting metabolic modifications to overcome chemotherapy
resistance in cholangiocarcinoma. Further, we explore the molecular
basis of cholangiocarcinoma progression from the perspective of
succinylation modifications, complements the gaps in explaining
cholangiocarcinoma chemotherapy from the perspective of metabolic
reprogramming and post-translational modifications and validates the
possibility of succinylation modifications in sensitizing chemotherapy
regimens.
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Methods

The research methodologies adhered to the principles outlined in the
World Medical Association’s Declaration of Helsinki and its subsequent
amendments. Furthermore, the Ethics Committee of The First Affili-
ated Hospital of the University of Science and Technology of China
(USTC) conducted a review and granted approval for this research.

Clinical cholangiocarcinoma patients

Cholangiocarcinoma and adjacent normal tissues were obtained from
20 patients at the First Affiliated Hospital of the University of Science
and Technology of China. The study protocol was approved by the
Institutional Review Board of the First Affiliated Hospital of the Uni-
versity of Science and Technology of China, and written informed
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Fig. 4 | a-KG-OXGR1-MAPK signaling pathway inhibits macrophage antigen
presentation function. a Gene Ontology (GO) analysis of RNA-seq after 24 h co-
culture of tumor CM with or without a-KG (8 pM) and THP-1 cells. b Volcano plot to
depict the downregulated HLA-DRA, HLA-DPA1, and HLA-DQAI expression changes
of immune response observed in the RNA-seq data. ¢ Gene Set Enrichment Analysis
(GSEA) indicating that positive regulation of MAPK cascade was significantly
upregulated after a-KG accumulation. d Western blot analysis showed the
expression of the MAPK pathway and HLA-DR, CD74 changes after 24 h co-culture
(n=3 biological replicates). The samples derive from the same experiment but
different gels for p-ERK, ERK, and HLA-DR, another for CD74 and p-P38, another for
p-JNK, JNK, and another for P38 and «-Tubulin were processed in parallel.

e Diagram of interaction between a-KG and OXGR1 protein using molecular
docking. f Western blot analysis showed the expression of p-ERK, HLA-DR, and
CD74 changes after 24 h co-culture (n = 3 biological replicates). The samples derive
from the same experiment but different gels for p-ERK, ERK, and HLA-DR, another
for CD74, and another for OXGR1 and a-Tubulin were processed in parallel.

g Schematic diagram of THP-1 with or without OXGRI depletion and tumor CM with
o-KG (0, 8 uM). Created in BioRender. Zhang, N. (2025) https://BioRender.com/
al00519. After 24 h, macrophages were used for flow analysis. h Flow cytometry
analysis of HLA-DR* MFI values from data (g) (n =4 biological replicates).

i Schematic diagram of subcutaneous tumor treatment. Created in BioRender.
Zhang, N. (2025) https://BioRender.com/j80q160. And representative images of
vehicle, montelukast, a-KG or combined on day 26 (n =5 biologically independent
samples). j Tumor growth of LTP-C9 with overexpression of PDHAL WT were
injected into C57BL/6 mice (n =S5 biologically independent samples), with vehicle,
montelukast, a-KG or combined treatment, beginning on day 14. k Tumor volume
from data (i) (n = 5 biologically independent samples). I Tumor weight from data (i)
(n =5 biologically independent samples). Data are presented as mean values + SD,
and P values were calculated using two-tailed unpaired Student’s t-tests (d, f, h, k, I)
or 2way ANOVA (j). Each Western blot was independently repeated three times.
Mac macrophages, CM conditioned medium, MFI mean fluorescence intensity.
Source data are provided as a Source Data File.

consent was obtained from each patient. Detailed clinical data of the
patients involved are summarized in Supplementary Table S1, includ-
ing 13 males and 7 females with the age range 50-85 years old. Addi-
tionally, a cholangiocarcinoma tissue microarray HIBDA180SUO1 was
purchased from Shanghai Outdo Biotech Company.

Cell lines and cell culture

QBC939, HiBEpic, HUCCT1, TFK-1, CCLP1, KMBC, HEK293T, RAW264.7
and LTP-C9 cells were cultured in DMEM medium (Sigma) supple-
mented with 10% FBS (Sigma), 1% penicillin/streptomycin (Gibco). RBE,
HCCC9810 and THP-1 cells were cultured in RPMI1640 medium
(Sigma) supplemented with 10% FBS (Sigma), 1% penicillin/strepto-
mycin (Gibco). QBC939 was kindly provided by Prof. Shuguang Wang
(Third Military Medical University, Chongqing, China). Normal primary
human biliary epithelial cells (HiBEpic, Cat#5100) were gained from
ScienCell Research Laboratories. HuCCT1 and TFK-1 cell lines were
kindly provided by the Cancer Cell Repository of the Tohoku Uni-
versity in Japan. CCLP1 and KMBC cell lines were provided by Prof.
Tongsen Zheng (Harbin Medical University, China). HEK293T
(CRL-3216) were purchased from ATCC. RBE (CL-0191), HCCC9810
(CL-0095), THP-1 (CL-0233) and RAW264.7 (CL-0190) cell lines were
purchased from Procell Life Science&Technology. LTP-C9 was gifted
from Prof. Ming Kuang (SYSU). All cells were maintained in a humidi-
fied incubator with 5% CO, at 37 °C.

Plasmids

The plasmids pcDNA3.1-HA and pcDNA3.1-FLAG were provided by Prof.
Qingsong Hu (USTC). pLKO.1-puro, psPAX2 and pMD2.G were gifts
from Prof. Mian Wu (USTC). CMV-SB13 was obtained from Prof.Amaia
Lujambio (ISMMS). Kras®?” cDNA were amplified and cloned into the
pT3-EF1A-IRES-Luc vector. pX330p53 (59910) and pX330Pten (59909)
were purchased from Addgene. PDHAL cDNA and its site-directed
mutagenesis were cloned into the pcDNA3.1-FLAG vector. HATI,
KAT2A, CPTI1A, and DLST were constructed into pcDNA3.1-HA vector.
For spontaneous tumor murine ICC, PDHA1 cDNA was inserted into the
PX330, replacing sg-P53 and sg-Pten. The sequences for sgRNAs,
shRNAs used in this study are listed in Supplementary Table S2.

Cell transfection, and virus infection

Cell transfection was performed using Lipofectamine 3000 (Thermo).
For virus infection, viruses were generated by transfecting
HEK293T cells with psPAX2, pMD2.G, and PLKO.1 or pCMV-3xflag. The
virus particles were then collected for infection. Cells were selected
with appropriate concentrations of puromycin (APExBIO).

Single-cell cloning and establishment of stable cell lines
To establish stable PDHAL knockout cell lines, cells were diluted to
obtain single clones, with approximately 100 clones cultured in 10 cm

dishes for one week. Knockout cells expressing green fluorescence
were identified using a fluorescence microscope. Fluorescent colonies
were marked and individually picked into 96-well plates. Selected
clones were expanded over one month. Protein levels were assessed by
Western blot analysis to confirm complete PDHAI knockout. Cell lines
with complete PDHAI knockout are used for subsequent experiments.
PDHAI-depleted cells were transfected with FLAG-tagged wild-type
PDHAL1 (FLAG-PDHA1 WT) or the K83R mutant (FLAG-PDHA1 K83R) to
generate stable rescue cell lines.

Animal

Wild-type C57BL/6 and nude mice were sourced from Shanghai SLAC
Laboratory Animal while NSG mice was procured from Shanghai Model
Organisms. The mice were housed at the First Affiliated Hospital of
USTC and underwent a comprehensive examination before conduct-
ing the experiments to ensure their well-being and adaptation to the
laboratory environment. The mice were maintained under the natural
day and night conditions, ensuring that the mice have a consistent
circadian rhythm. The ambient temperature in the housing facility was
kept constant at 22 +2 °C. The relative humidity in the housing envir-
onment was maintained at 50 £10%. Animals were humanely eutha-
nized upon showing symptoms or when tumor volume reached a
diameter of 2 cm or greater, in accordance with survival curve and end-
stage analysis protocols. This practice was endorsed as a humane
endpoint by the Animal Ethics Committee of the First Affiliated Hos-
pital of USTC.

Subcutaneous tumor

3-5 million cells per sample were injected subcutaneously into 5-week-
old male nude mice, NSG mice or C57BL/6 mice. After about
4~ 5 weeks, the tumors were isolated for analysis. The tumor volume
was calculated as Length x Width x Width x 0.5. Tumor burden did not
exceed the recommended size. Tumor volume was measured with a
caliper every 3 to 4 days. When the volume of the xenograft tumor
reached approximately 500 mm?, mice were randomly selected and
grouped for subsequent antibody or drug treatment. For antibody
injections, anti-CD8 mAb (Bioxcell, BEO117) (200 pg/mouse, twice a
week) injection was started one week before tumor implantation. For
drug treatment, montelukast (5 mg/kg) was administered by intraper-
itoneal injection. Mice were ad libitum fed ordinary chow and water
with 2% alpha-ketoglutarate. For combination treatment, CPI-613
(25 mg/kg), Gem (200 mg/kg) +Cis (5 mg/kg), anti-PD1 mAb (5 mg/kg)
and IgG2a (5 mg/kg) were administered by intraperitoneal injection.

Spontaneous models of ICC by hydrodynamic tail-vein injection
The method of establishing the spontaneous mouse ICC models was
described in previous studies®’, 15 ug PT3-EF1a-Kras®?P-IRES-Luc, 15 pg
pX330-sg-p53 or pX330-sg-Pten, 15pg px330-PDHA1 WT (or PDHAI
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K83R), and 5.5ug CMV-SB13 were dissolved in 2ml of saline and
injected into the tail vein within 5 to 7 s in 5-week-old mice’’. Mice were
intraperitoneally injected with fresh luciferin (150 mg/kg) (Gold Bio)
and imaged after 5 min. In vivo bioluminescence imaging to quantify
liver tumor burden was performed using the IVIS Spectrum system.
The luciferase signal was quantified using Living Image software, then
background signals were subtracted for calculation.

Drug treatment

Alpha-ketoglutarate (M1277), malate (M1314), CPI613 (A4333), Gem
(A8437), and Cis (A8321) were obtained from APExBIO. Dimethyl suc-
cinate (820150) was purchased from Merck. Montelukast (HY-13315A)
was obtained from MCE. Cycloheximide (S7418) was gained from
Selleck. Anti-PD1 mAb (BEO146) and IgG2a (BEOO89) were received
from Bioxcell.
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Fig. 5 | DLST is the writer for PDHA1 K83 succinylation modification.

a Immunofluorescence analysis to detect colocalization of PDHAL and DLST in
HCCC9810 and RBE cells. Scale bars: 20 pm. b Western blot analysis of input and
anti-FLAG immunoprecipitates (IPs) derived from HEK293T cells transfected with
FLAG-PDHALI and HA-tagged EV, HAT1, KAT2A, CPTIA, DLST. The samples derive
from the same experiment but different gels for Succ-K, another for HA, another for
Flag, and another for a-Tubulin were processed in parallel. ¢ Western blot analysis
of input and anti-FLAG immunoprecipitates (IPs) derived from HEK293T cells
transfected with FLAG-PDHAI-EV, FLAG-PDHA1 WT, FLAG-PDHA1 K83R, and HA-
DLST. The samples derive from the same experiment but different gels for Succ-K,
another for HA, another for Flag, and another for a-Tubulin were processed in
parallel. d Western blot analysis of DLST changes from QBC939 cells. e Western blot
analysis of PDHA1 K83Succ, PDHA1 pS293, PDHA1 changes from QBC939 cells after
DLST depletion. The samples derive from the same experiment but different gels
for PDHAI K83Succ, PDHAL pS293, and DLST, another for PDHAI, and another for
o-Tubulin were processed in parallel. f PDH enzyme activity of QBC939 cells after
DLST depletion (n =5 biological replicates). Activity is represented as the rate in
AOD/min. g CM a-KG concentration of QBC939 cells after DLST depletion (n=3
biological replicates). h Flow cytometry analysis of HLA-DR* MFI values after co-
culturing the CM of QBC939 cells after DLST depletion and THP-1 after 24 h (n=35

biological replicates). i Western blot analysis of PDHA1 pS293 and PDHA1 K83Succ
changes from QBC939 sgPDHA1 with reconstituted expression of FLAG-PDHA1 WT
and FLAG-PDHAL1 K83R with or without DLST. The samples derive from the same
experiment but different gels for PDHA1 pS293, PDHA1 K83Succ, and DLST,
another for PDHAL, and another for a-Tubulin were processed in parallel. j CM a-KG
concentration of QBC939 sgPDHAI with reconstituted expression of FLAG-PDHAL
WT and Flag-PDHA1 K83R with or without DLST (n =5 biological replicates).

k Western blot analysis of PDHA1 K83Succ, PDHA1 pS293 changes from

QBC939 sgPDHAL with reconstituted expression of FLAG-PDHAL WT cell line used
CPI-613 (0, 50, 100 uM). The samples derive from the same experiment but dif-
ferent gels for PDHA1 K83Succ, PDHA1 pS293, another for PDHAL and Actin were
processed in parallel. 1 CM o-KG concentration of QBC939 sgPDHAI with recon-
stituted expression of FLAG-PDHAL WT cell line used CPI-613 (0, 50,100 uM) (n=5
biological replicates). m Flow cytometry analysis of HLA-DR" MFI values after co-
culturing the CM of QBC939 sgPDHA1 with reconstituted expression of FLAG-
PDHA1 WT cell line used CPI-613 (0, 50, 100 uM) (n =S5 biological replicates). Data
are presented as mean values + SD, and P values were calculated using two-tailed
unpaired Student’s t-tests. Each Western blot was independently repeated three
times. CM conditioned medium, MFI mean fluorescence intensity. Source data are
provided as a Source Data File.

Isolation of BMDMs

Sterilization required scissors forceps instruments. The mice were
killed by spinal cord dislocation and soaked in 75% ethanol. Bone
marrow-derived cells were aseptically collected from the leg bones of 6
to 8-week-old C57BL/6 mice and washed with RPMI-1640. The bone
marrow was placed on ice, washed off the bone marrow cells, filtered
with a 70 pm filter, and centrifuged at 300 g/min for 3 min. Red blood
cell lysate droplets were added to bone marrow cells, left at room
temperature for 5 min, neutralized with PBS, filtered with a 70 pm fil-
ter, and centrifuged at 300 g for 5 min. BMDMs were cultured in RPMI-
1640 medium containing 10% FBS and 10 pg/ml M-CSF (PM1008,
APEXBIO) for 5-7 days, and subsequent experiments were conducted
after the cells had fully adhered cultured at 37 °C and 5% CO,.

Immunohistochemistry

Tissue sections were baked in an oven for 30 min, deparaffinized in
xylene, hydrated through graded alcohols, and subjected to antigen
retrieval using Antigen Unmasking Solution (Vector Labs). Then, they
were preincubated with 10% goat serum and incubated with a pri-
mary antibody overnight at 4 °C. After washing with PBST, sections
were treated with a biotinylated secondary antibody (Vector Labs)
for 1h, followed by ABC reagent (Vector Labs) for 30 min, and
visualized using a diaminobenzidine (DAB) kit (Vector Labs). And the
slides were counterstained with hematoxylin (Sigma). For staining
quantification, ImageJ was used to analyze the digital pathological
images of antigen expression. The Histochemistry score (H-Score)
was used for cholangiocarcinoma tissue microarray’s quantification.
Based on the H-Score, patients were divided into two groups: a low
expression group (H-Score below the median) and a high expression
group (H-Score above the median) to compare the overall survival of
the patients.

Multiplex immunohistochemistry staining

Tissue sections underwent deparaffinization followed by treatment
with antigen unmasking solution (Vector Labs). Then, they were pre-
incubated with 10% goat serum 30 min and incubated with a primary
antibody overnight at 4 °C. After washing with PBST, the tissue sec-
tions were incubated with SignalStain® Boost IHC detection Reagent
(Cell Signaling Technology) for 30 min in a moist, light-protected
environment. The fluorescein tyramide signal amplification staining
(1:100) was used to see each target. Before proceeding to the next step,
an antigen retrieval procedure that uses microwaves to remove excess
antibodies was performed, following heating of the slides with Antigen
Unmasking solution (Vector Labs). At the very end, 4’,6-diamidino-2-

phenylindole (DAPI; Vector Labs) was employed to visualize the nuclei
within the cells. Axio Imager 2 microscope (Carl Zeiss, Germany) was
used to obtain the images and quantified using Image J.

Immunofluorescence

Cells are fixed with 4% paraformaldehyde for 20 min, followed by
permeabilization with 0.2% Triton X-100 in PBS for 10 min. After
blocking with PBS containing 0.05% Tween 20 and 1% bovine serum
albumin (Sigma) for 1 h at room temperature, cells are blocked with 5%
BSA for 30 min, then incubated with primary antibodies overnight at
4°C. Then, cells are incubated with secondary antibodies for 1h at
room temperature. Finally, an antifade reagent with 4’6 diamidino-2-
phenylindole (DAPI; Vector Labs) was used. All images were acquired
using a confocal laser scanning microscope (Zeiss LSM 800).

Immunoprecipitation

For exogenous immunoprecipitation assay, cells were collected and
lysed in lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.1% Triton X-100) supplemented with a protease inhibitor cocktail on
ice for 30 min. After sonication and centrifugation, the cell super-
natant was collected and incubated with magnetic beads (88837 and
A36797, Thermo Fisher Scientific) in mild rotation at 4 °C for 4-6 h.
After washing three times with lysis buffer, the beads were boiled and
assessed by Western blot analysis.

For endogenous immunoprecipitation assay, cells were collected
and lysed in lysis buffer) supplemented with a protease inhibitor
cocktail. Cell lysates were incubated with Co-IP-grade antibodies with
gentle rotation at 4 °C overnight. The next day, antibodies were pulled
down with magnetic beads (88802, Thermo Fisher Scientific) at room
temperature with rotation for 3 h. After washing the beads three times
with lysis buffer, the beads were boiled and assessed by Western blot
analysis.

Protein purification
GST/GST-fusion and His-fusion plasmids were transformed into com-
petent BL21 cells.

Protein purification was carried out using the GST-tag protein
purification kit (Beyotime, P2262) and His-tag protein purification kit
(Beyotime, P2226) as per the manufacturer’s instructions. Cells were
lysed via ultrasonic fragmentation after overnight culture. The super-
natant was collected by centrifugation, incubated with BeyoGold™
GST-tag or His-tag Purification Resin at 4 °C for 1 h and then washed
with wash buffer. Finally, the fused proteins were eluted using elution
buffer for subsequent analysis.
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GST pull-down inhibitor cocktail, proteins were centrifuged, boiled, and analyzed by

GST fusion proteins (10 pg/15 pl) and His fusion proteins (10-20 pg)
were incubated in lysis buffer (pH 7.4, 150 mM NaCl, 1 mM EDTA, 5%
glycerol, 0.1% Triton X-100, 50 mM Tris-HCI, 1 mM DTT) supplemented
with a protease inhibitor cocktail at 4 °C for 4 h. After washing thrice
with wash buffer (pH 7.4, 150 mM NaCl,1 mM EDTA, 0.2% Triton X-100,
50 mM Tris-HCI, 1ImM DTT) also supplemented with a protease

Western blot analysis.

Western blot analysis

Whole cell lysates were prepared using cell lysis buffer (Beyotime
Biotechnology). Protein concentrations were quantified using the BCA
Protein Assay (Thermo Scientific), and equal amounts of proteins were
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Fig. 6 | Inhibiting PDHAL1 succinylation can inhibit the progression of cho-
langiocarcinoma. a Schematic diagram of subcutaneous tumor treatment. Cre-
ated in BioRender. Zhang, N. (2025) https://BioRender.com/g40g507. b Tumor
growth of LTP-C9 with overexpression of PDHA1 WT were injected into C57BL/6
mice (n = 6 biologically independent samples), with vehicle, CPI-613, Gem+Cis or
combined treatment, beginning on day 14, CPI-613 and vehicle were administered
daily, Gem+Cis were administered on experimental days (ED) 1, 5, 9, and 13.

¢ Representative images of tumor volumes from vehicle, CPI-613, Gem+Cis or
combined treatment on day 30 (n = 6 biologically independent samples). d Tumor
volume and weight from data (b) (n= 6 biologically independent samples).

e Schematic diagram of spontaneous tumor treatment. Created in BioRender.
Zhang, N. (2025) https://BioRender.com/v16u276. f Bioluminescence images of
C57BL/6 mice after plasmid injection on day 7, and mice on day 28 after adminis-
tration of vehicle, CPI-613, Gem+Cis or combined treatment. g Bioluminescence

signal from data (e) (n =10 biologically independent samples). h Front and back
representative images of livers from (e). Scale bars: 1 cm. i Kaplan-Meier survival
curve of C57BL/6 mice treated as in (e) (n =10 biologically independent samples).
j Tumor incidence from data (e). k Flow cytometry analysis of CD45'CD11b*F4/
80"MHCII" cells expression of vehicle, CPI-613, Gem+Cis or combined treatment
(n =5 biologically independent samples). I Flow cytometry analysis of
CD45'CD3'CD4'T cells expression of vehicle, CPI-613, Gem+Cis or combined
treatment (n =5 biologically independent samples). m Flow cytometry analysis of
CD45'CD3*CDS8'T cells expression of vehicle, CPI-613, Gem+Cis or combined
treatment (n =5 biologically independent samples). Data are presented as mean
values + SD, and P values were calculated using two-tailed unpaired Student’s t-tests
(d, g, k-m), 2way ANOVA (b) or log-rank test (i). Gem gemcitabine, Cis cisplatin.
Source data are provided as a Source Data File.

subjected to SDS-polyacrylamide gel electrophoresis and transferred
onto PVDF membranes (Qiagen). After blocking in 5% non-fat milk in
PBST for 1h, membranes were incubated with the following primary
antibodies at specified concentrations overnight at 4°C to detect
target proteins. Secondary antibodies were used for incubation at
room temperature for 1h. Target bands were detected using ECL
Western blotting Substrate (Thermo) and visualized with a ChemiDoc
imaging system (BioRad).

Antibodies

The antibodies were as follows: anti-Succinyllysine Mouse mAb (419,
1:1000 for Western blot), anti-Succinyllysine Rabbit pAb (401, 1:1000
for Western blot), anti-Succinyl-PDHA1(K83) Rabbit pAb (Cat#CM0401,
Lot#ZC492M726P1P-ET2, 1:1000 for Western blot, 1:200 for IHC, IF and
mIHC) are from PTM BioLab, Co. Ltd. Anti-DYKDDDDK Tag Rabbit mAb
(14793, 1:1000 for Western blot), anti-a-Tubulin (2144, 1:1000 for
Western blot), anti-CD86 Rabbit mAb (91882, 1:1000 for Western blot,
1:200 for mIHC), anti-DLST Rabbit mAb (11954, 1:1000 for Western blot,
1:500 for IHC and 1:200 for IF), anti-CD206/MRC1 Rabbit mAb (24595,
1:1000 for Western blot, 1:200 for IHC), anti-B-Actin Antibody (4967,
1:1000 for Western blot), anti-Phospho-Erkl/2 Rabbit mAb (4370,
1:1000 for Western blot), anti-MAPK Rabbit mAb (4695, 1:1000 for
Western blot), anti-Phospho-p38 Rabbit mAb (4511, 1:1000 for Western
blot), anti-p38 MAPK Rabbit mAb (8690, 1:1000 for Western blot), anti-
Phospho-SAPK/JNK Rabbit mAb (4668, 1:1000 for Western blot), anti-
SAPK/JNK (9252, 1:1000 for Western blot), anti-Phospho-STATI1 Rabbit
mAb (9167, 1:1000 for Western blot), anti-Phospho-NF-kB Rabbit mAb
(3033, 1:1000 for Western blot), anti-Phospho-AKT Rabbit mAb (4060,
1:1000 for Western blot), anti-HA-Tag Rabbit mAb (3724, 1:1000 for
Western blot), anti-His rabbit mAb (2365, 1:1000 for Western blot), anti-
GST rabbit mAb (2622, 1:1000 for Western blot) are from Cell Signaling
Technology. Anti-PDHA1 Rabbit mAb (ab168379, 1:1000 for Western
blot), anti-PDHA1 Mouse mAb (ab110330, 1:1000 for Western blot,
1:200 for IHC and IF), anti-HLA-DR Rabbit mAb (ab92511, 1:1000 for
Western blot, 1:200 for mIHC), anti-CD74 Rabbit mAb (ab108393,
1:1000 for Western blot) are from Abcam. Anti-MHCII (14-5321-82,
1:1000 for Western blot, 1:200 for mIHC) from Thermo Fisher, anti-
phospho-PDHA1-S293 Rabbit mAb (AP1022, 1:1000 for Western blot)
and anti-OXGR1 Rabbit pAb (A15431, 1:1000 for Western blot) are from
Abclonal. Anti-phospho-PDHA1-S232 mAb (81491-1-RR, 1:1000 for
Western blot) and anti-phospho-PDHA1-S300 mAb (29583-1-AP, 1:1000
for Western blot) are from Proteintech.

For multiplex immunohistochemistry staining and immuno-
fluorescence, Alexa Fluor 488 conjugated goat anti-mouse IgG
(A11001), Alexa Fluor 488 conjugated goat anti-rabbit IgG (A11008).
Alexa Fluor 555 conjugated goat anti-mouse IgG (A21422) and Alexa
Fluor 555 conjugated goat anti-rabbit IgG (A21428) are from Thermo
Fisher Scientific.

For flow antibodies, zombie (423106, 1:1000 for FC), anti-mouse
CD45 (103138, 1:250 for FC), anti-mouse F4/80 (123114, 1:250 for FC),

anti-mouse CD11b (101208, 1:250 for FC), anti-mouse MHCII (107606,
1:250 for FC), anti-mouse CD206 (141708, 1:250 for FC), anti-mouse
CD3 (100248, 1:250 for FC), anti-mouse CD4 (100406, 1:250 for FC),
anti-human MHCII (327006, 1:250 for FC), anti-mouse CD8a (100734,
1:250 for FC), anti-mouse CD11c (117305, 1:250 for FC), anti-mouse NK-
1.1(156507, 1:250 for FC) are from Biolegend. CoraLite® Plus 488-
conjugated Osteopontin Polyclonal antibody (CL488-22952, 1:100 for
FC) is from Proteintech.

Colony formation assay

One thousand cells were seeded in 6 cm dishes. The medium was
changed every three days, and cell status was monitored. After two
weeks, the medium was discarded, the cells were washed with PBS
(three times), fixed with methanol for 20 min, and stained with crystal
violet for 30 min. After three times of PBS cleaning, pictures were taken
and analyzed by image J.

CCKS8 assay

Cells were seeded at 1000 per well in a 96-well plate with 200 pl of
medium. On each measurement day, 90 ul of medium and 10 pl of Cell
Counting Kit-8 reagent (DOJINDO) were added, followed by 1h incu-
bation in the dark at 37 °C. Absorbance was then measured at 450 nm
using a microplate reader.

PDH activity assay

The PDH enzyme activity microplate assay kit (Abcam, ab109902) was
used to measure PDH activity of cells. Cells were homogenized to
determine protein concentrations by BCA Protein Assay kit (Thermo
Scientific) and supernatants were used for PDH assay using manu-
facturer’s protocol.

a-KG quantification

After 24 h of cell culture, cells or conditioned medium (CM) were
collected for a-Ketoglutarate (0-KG) detection using the Elabscience a-
KG assay kit (E-BC-FO47). For cell samples: 1x10° cells were homo-
genized in 200 pl saline (0.9% NaCl), centrifuged at 4 °C, 12,000 x g for
15 min, and the supernatant was collected. The supernatant was then
passed through a 50 KD ultrafiltration tube and centrifuged at 4 °C,
12,000 x g for 15 min. The filtrate was collected for analysis. For CM
samples: the supernatant was filtered using a 50 KD ultrafiltration tube
at4°C, 12,000 x g for 15 min, and the filtrate was collected for analysis.
The fluorescence values were measured using a fluorescence micro-
plate reader at an excitation wavelength of 535nm and emission
wavelength of 587 nm, following the experimental procedure.

Preparation of conditioned medium and macrophage
coculture assay

To prepare the conditioned medium, start by treating cells with fresh
serum-free medium. After 24 h, collect the cell supernatant, and cen-
trifuge it at 1000 x g for 10 min at 4 °C. Finally, filter the supernatant
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using a 0.22 uym filter (SLGPO33R, Merck). For the macrophage cocul-
ture assay, differentiated THP1, RAW264.7 and isolated BMDMs were
treated with homologous CM for 24 h. Macrophages were collected for
quantitative RT-PCR, WB, and FCM analyses.

Flow sorting and flow cytometry analysis

In flow sorting experiments, mouse tumor single-cell suspensions were
stained with anti-CD45, anti-CD11b, and anti-F4/80 antibodies. Flow
cytometry gate strategy images are shown in Supplementary Fig. 17a.
Macrophages were sorted for RNA extraction and qRT-PCR analysis.

In mouse experiments, single-cell suspensions were obtained
from tissues treated with Miltenyi Biotec reagent kit. Mouse specimens
extracted were immediately washed with phosphate-buffered saline
(PBS) and divided into two equal parts. One part was used for pre-
paring single-cell suspensions, and the other for subsequent flow
cytometry experiments. Tissue digestion was performed in 15 ml cen-
trifuge tubes, and the cell suspension was filtered through a 70 um
filter. It was then centrifuged at 200 g for 6 min at 4 °C to separate
dead and red blood cells. Cells were washed twice and resuspended in
PBS containing 0.5% bovine serum albumin (BSA, Sigma). After treat-
ment with red blood cell lysis buffer, cells were incubated with cor-
responding antibodies on ice for 30 min. Following fixation and
permeabilization, the suspension was incubated on ice and stained
with antibodies in the dark. Single-cell suspensions were prepared
from cells in culture and mouse tumors, stained with antibodies, and
analyzed on a Cyto FLEX (Beckman Coulter) flow cytometer, and the
representative flow cytometry gate strategy images are shown in
Supplementary Fig. 17b-h.

In cells experiment, collected the co-cultured macrophages,
washed them twice with pre-cooled PBS (500 g, 5 min, 4 °C), discarded
the supernatant, and resuspended the cells in Staining Buffer (PBS
containing 1% BSA) to a density of 1x10° cells/100 ul. Added the
labeled antibodies and incubated at room temperature in the dark for
1h. After incubation, washed the cells twice with pre-cooled Staining
Buffer (500g, 5min, 4°C), discarded the supernatant, and resus-
pended the cells in 500 pl Staining Buffer. Filtered the cell suspension
through a 70 um strainer and proceeded to flow cytometry analysis.
Used the CytoFLEX flow cytometer for detection, and analyzed the
data with FlowJo (version 10.8.1). The representative flow cytometry
gate strategy images are shown in Supplementary Fig. 18.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using the Gene JET RNA Purification Kit
(Thermo Fisher) following the manufacturer’s recommendations, and
c¢DNA was synthesized using Prime Script RT Master Mix (Takara).
Quantitative PCR (qPCR) was performed using TB Green Premix Ex Taq
Il (Takara). Semi-quantitative PCR was conducted with Phanta Max
Super-Fidelity DNA Polymerase (Vazyme). B-Actin was used as the
internal control for mRNA, and the primer sequences used are listed in
Supplementary Table 2. Amplification was performed with an initial
10 min denaturation at 95 °C, followed by 40 cycles of 15 s at 95 °C and
1min at 60 °C. The fold change in gene expression was calculated as:
Fold change = 2249,

Molecular docking

The LCK protein structure was acquired from the Protein Data Bank
(PDB ID: 6PDJ), and the 3D structure of alpha-ketoglutaric acid was
sourced from PUBCHEM. Using the MMFF94 force field, the energy of
alpha-ketoglutaric acid was minimized to optimize its conformation
for docking. Molecular docking was conducted with Auto Dock Vina
1.2.3 software”. We prepared the LCK protein by stripping water
molecules and extraneous ions using PyMol 2.5.5, ensuring a clean
binding site. A docking box was set to cover the entire protein to allow
comprehensive spatial sampling. The conversion of protein and ligand
structures into the PDBQT format, necessary for docking, was done

using ADFRsuite 1.0372. We set the global search exhaustiveness to 32
to ensure thorough sampling. The docking result with the highest
binding affinity was selected for further analysis. Visualization and
analysis of the docking results were performed using PyMol 2.5.5.

Single-cell gene expression quantification and subcluster
detection of spontaneous mice tumor

Fresh single-cell suspensions were prepared according to the 10x
Genomics platform’s protocols (10x Genomics, Pleasanton, CA),
ensuring immediate processing to maintain cell viability. Sequencing
libraries were constructed following standard protocols and
sequenced on the NovaSeq 6000 system to ensure high-throughput
coverage. Initial raw data processing was conducted using the Seurat
package (version 4.4.0), which facilitated rigorous quality control.
Cells displaying extreme transcript counts—either below 500 or above
40,000 unique molecular identifiers (UMIs), or expressing genes in
counts outside the range of 300 to 7000—were excluded. Additionally,
cells with over 25% of UMIs originating from mitochondrial DNA were
removed to prevent bias associated with cellular stress or apoptosis.
The remaining high-quality gene expression matrices were normalized
for total cellular UMI counts to mitigate depth variability across sam-
ples. Data were further scaled (scale factor =10,000) adjusting for total
UMI counts and mitochondrial gene content. Variable genes were
identified using stringent criteria to highlight the most significant
contributors to variability. Principal Component Analysis was
employed on these genes, selecting the top 20 principal components
to guide the clustering using Seurat’s Find Clusters function at a
resolution of 0.3. Dimensionality reduction was visualized using tSNE
to delineate distinct cell populations, ensuring a comprehensive ana-
lysis of cellular heterogeneity.

The sequencing of proteomics

Our study conducted a comprehensive proteomic analysis on protein
extracts from 10 pairs of human cholangiocarcinoma and adjacent non-
tumor tissues. Protein samples were equilibrated in concentration
using lysis buffer and subjected to trichloroacetic acid (TCA) pre-
cipitation with 20% TCA, followed by centrifugation at 4500 x g for
S5min at 4°C. The supernatant was discarded, and the pellet was
washed 2-3 times with cold acetone before drying. The dried pellet was
resuspended in 200 mM triethylammonium bicarbonate (TEAB) and
sonicated. Trypsin digestion was performed at a 1:50 enzyme-to-
protein ratio overnight. The digested samples were then reduced with
5mM dithiothreitol at 56 °C for 30 min and alkylated with 11 mM
iodoacetamide in the dark at room temperature for 15 min. Peptides
were solubilized in IP buffer and incubated with succinyl-lysine-specific
resin (PTM-402, PTM Bio) overnight at 4 °C on a rotator. Post-binding,
the resin was washed with IP buffer and deionized water, and peptides
were eluted with 0.1% trifluoroacetic acid, vacuum dried, and desalted
using C18 ZipTips. Liquid chromatography-mass spectrometry analysis
was performed on a NanoElute high-performance liquid chromato-
graphy system. Mobile phase A consisted of 0.1% formic acid and 2%
acetonitrile, while phase B was 0.1% formic acid in acetonitrile. The
gradient ran as follows: 6-22% B over 44 min, 22-30% B over the next
12 min, ramping up to 80% B in the following 2 min, and holding at 80%
B for the last 2 min at a flow rate of 450 nl/min. Data were analyzed
using MaxQuant version 1.6.6.0 against the Homo sapiens database
(20,366 sequences), incorporating a decoy strategy to assess false
discovery rates and removing contaminants. Search settings included
trypsin/P as the cleavage enzyme, up to 4 missed cleavages, a minimum
peptide length of 7, and a maximum of 5 modifications per peptide.
Parent ion and fragment ion mass tolerances were set at 20 ppm. Fixed
modification was carbamidomethyl (C), and variable modifications
included acetylation of protein N-termini, methionine oxidation, and
lysine succinylation. Label-free quantification was employed, main-
taining identification and peptide-spectrum match FDRs at 1%.
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Metabolite extraction and chromatography-mass spectrometry
analysis

To accurately quantify metabolites, we first allowed samples to thaw in
anice-water bath, followed by a 30-s vortex mixing. We then transferred
a 100 pl aliquot from each sample into an Eppendorf tube, to which we
added 300 pl of methanol, vortexed for 60 s, and sonicated for 15 min in
an ice-water bath. Subsequently, samples were incubated at —40 °C for
one hour and centrifuged at 16,000 x g at 4 °C for 15 min. The super-
natants were collected, vacuum dried, and reconstituted in 160 pl of
water. The reconstituted samples were vortexed and filtered through a
membrane filter prior to being transferred to vials equipped with inserts
for high-performance ion chromatography-mass spectrometry/mass
spectrometry (HPIC-MS/MS) analysis”. For HPIC, we used a Thermo
Scientific Dionex ICS-6000 system equipped with Dionex lonPac AS11-
HC (2 x250 mm) analytical and AG11-HC (2 mm x50 mm) guard col-
umns. The mobile phase A comprised 100 mM NaOH in water, and
mobile phase D was ultrapure water. An additional solvent system
delivered 2 mM acetic acid in methanol, which mixed with the effluent
before entering the electrospray ionization (ESI) source at a flow rate of
0.15 ml/min. Column and autosampler temperatures were maintained
at 30 °C and 4 °C, respectively, with an injection volume of 5 pl. Mass
spectrometric analysis was conducted using an AB SCIEX 6500 QTRAP+
triple quadrupole mass spectrometer equipped with an ESI interface.
lon source settings were as follows: lonSpray Voltage at -4500V, tem-
perature at 450 °C, lon Source Gasl and Gas2 both at 45 psi, and Curtain
Gas at 30 psi. We optimized multiple reaction monitoring (MRM)
parameters via flow injection analysis of individual analyte standards
into the mass spectrometer, selecting the most sensitive Q1/Q3 transi-
tions and adjusting collision energies accordingly. The most sensitive
transitions were designated as ‘quantifiers’ for quantitation, with addi-
tional transitions serving as ‘qualifiers’ to confirm analyte identities™.
Calibration standards were prepared by serial dilution of a mixed
standard solution and analyzed using the same HPIC-MRM-MS metho-
dology. The calibration curve was constructed by plotting analyte peak
areas (y) against concentrations (x, nmol/L) and fitting the data using a
least squares regression with 1/x weighting to achieve the highest
accuracy and correlation coefficient (R2). Calibration points not meet-
ing 80-120% accuracy were excluded from the analysis.

Labelled metabolite measurement by GC-MS

Seeding 1 million cells into a 6 cm dish, after cells adhere, the original
culture medium was completely discarded, and the cells were washed
twice with phosphate-buffered saline (PBS). Subsequently, 2ml of
BC-labeled medium was added to each dish. After a 3-h incubation
period, the cells were rapidly frozen using liquid nitrogen and stored
on dry ice for subsequent analysis. For metabolite extraction, cells
were ground under liquid nitrogen and resuspended in 1 ml of cold
(-40°C) 50% aqueous methanol. Samples were kept on dry ice for
30 min to ensure thorough cooling, followed by thawing on ice. Next,
0.4 ml of chloroform was added to each sample, which was then vor-
texed for 30 s. Samples were centrifuged at 10,000 x g for 15 min at
4°C. The aqueous phase was carefully transferred to new 1.5ml
microcentrifuge tubes and the solvents were evaporated under
vacuum. The dried extracts were stored at —80 °C until further analysis.
For GC-MS analysis, metabolites were derivatized by first adding 70 pl
of pyridine to the dried samples, followed by incubation at 85 °C for
20 min. After this initial step, 30 ul of N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (Sigma) was added, and samples were
incubated for an additional 60 min at 85 °C. Post-incubation, samples
were centrifuged at 10,000 x g for 15 min at 4 °C, and the supernatant
was transferred to autosampler vials. GC/MS was then performed to
analyze the isotopic labeling and concentration of metabolites. Meta-
bolites were quantified based on the total ion count peak area, using
standard curves generated from reference standards processed
alongside the experimental samples. To determine the extent of *C

labeling, the mass distribution for known fragments of metabolites
was extracted from the appropriate chromatographic peak”. These
fragments included those representing the entire carbon skeleton of
the metabolite, those lacking the alpha carboxyl carbon, and, in some
cases for amino acids, only the backbone minus the side chain. For
each fragment, isotopomer distributions were calculated by measur-
ing the mass intensities from the lightest isotopomer (MO, no heavy
isotopes) up to M6, reflecting successive incorporations of labeled
carbon. These distributions were normalized by dividing the sum of
the intensities from MO to M6, providing a comprehensive profile of
BC incorporation into cellular metabolites.

IP-MS

Cultivate QBC sg-PDHAL1 Flag-PCDH and Flag-WT cell lines, and pro-
ceed with cell lysis by adding protease and phosphatase inhibitors.
Perform IP experiments as previously described, with Western blot
confirming successful pull-down of PDHAL. First, the sample digestion:
After reduction and alkylation treatment, trypsin is added to the
sample at a mass ratio of 1:50 and digested for 20 h at 37°C. The
digested products are desalted, lyophilized, and reconstituted in 0.1%
FA solution, then stored at —20 °C for future use. Mass spectrometry
analysis: Solvent A is a 0.1% formic acid aqueous solution, and solvent B
is a 0.1% formic acid acetonitrile aqueous solution (84% acetonitrile).
After equilibrating the chromatographic column with 95% solvent A,
samples are loaded onto the Trap column by an autosampler. A 0.5-h
gradient is applied. Mass-to-charge ratios of peptides and their frag-
ments are collected as follows: after each full scan, 20 fragment spectra
(MS2 scans) are collected. Data analysis: The raw files from mass
spectrometry are searched against the appropriate database using
Mascot 2.2 software, resulting in the identification of proteins.

RNA-seq

Our methodology commenced with the preparation of mRNA libraries
from 1 pg of total RNA per sample. Initially, poly(A) mRNA was isolated
using Oligo (dT) beads, followed by fragmentation through the appli-
cation of divalent cations under high-temperature conditions. Random
primers were employed for priming, leading to the synthesis of the first
and second strands of cDNA. Subsequent steps involved the purifica-
tion of double-stranded cDNA, which was then processed for end repair
and dA-tailing in a single reaction. This preparation was further sub-
jected to T-A ligation to attach adaptors on both ends. Size selection of
adaptor-ligated DNA was performed using DNA Clean Beads. The library
construction was completed by amplifying each sample through PCR
using P5 and P7 primers. The PCR products were validated to ensure
library integrity. Libraries, each bearing a unique index, were pooled
and sequenced on an lllumina HiSeq, lllumina NovaSeq, or MGI2000
platform, utilizing a 2 x150 paired-end (PE) configuration as per the
manufacturer’s guidelines. Quality Control”®: Technical sequences
including adapters, polymerase chain reaction (PCR) primers, and their
fragments, along with low-quality bases (below a quality threshold of
20), were removed. Raw data in fastq format were processed using
Cutadapt (v1.9.1) with parameters set for a phred cutoff of 20, an error
rate of 0.1, adapter overlap of 1bp, a minimum length of 75, and a
maximum proportion of Ns set at 0.1%, to obtain high-quality clean data.
Alignment: Reference genome sequences and gene model annotation
files were downloaded from genome databases such as UCSC, NCBI, or
ENSEMBL. The reference genome was indexed using Hisat2 (v2.2.1).
Clean data were then aligned to the reference genome using Hisat2.
Expression analysis: Transcript data in fasta format, derived from
known gff annotation files, were indexed accordingly. HTSeq (v0.6.1)
was employed to estimate gene and isoform expression levels from the
paired-end clean data. Differential expression analysis was conducted
using DESeq2, a Bioconductor package that models data based on the
negative binomial distribution. This analysis includes estimates of dis-
persion and log fold changes with data-driven prior distributions, and
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genes with an adjusted p-value (Padj) < 0.05 were considered differen-
tially expressed. Gene Ontology Analysis: GO Seq (v1.34.1) was utilized
to identify Gene Ontology (GO) terms annotating a list of enriched
genes, focusing on those with a significant Padj of < 0.05, indicating a
noteworthy enrichment in specific biological processes””.

Gene set enrichment analysis (GSEA)

GSEA was performed using the software package (version 3.0) pro-
vided by the Broad Institute. Gene expression data were preprocessed
to filter out low expression genes and normalized. Gene sets from the
Molecular Signatures Database (MSigDB) were used as reference sets.
Enrichment analysis (Enrichment Score, ES) is calculated by comparing
the ranks of genes within a gene set to their ranks across the entire
dataset. The significance of ES is evaluated through permutation ana-
lysis (n=1000).

Statistical analysis

Western blot analysis using Image lab (version 5.1), Flow cytometry
analysis using CytExpert (version 2.4) and Flowjo (version 10.8.1),
Image analysis using ZEN lite (version 3.1) and Image ] (version 1.8),
RNA-seq analysis using GSEA (version 3.0) and GO Seq analysis (ver-
sion 1.34.1), Molecular docking analysis using PyMol (version 2.5.5),
Single-cell using Seurat R package (version 4.4.0) and IP-MS analysis
using Mascot (version 2.2).

Statistics and reproducibility

The sample size for the animals was not determined using a statistical
method. Instead, the selection was guided by our familiarity with the
experimental models commonly employed in cell biology and animal
research. All data shown were obtained from at least three biological
independent experiments with similar results. Upon confirmation that
the values followed a normal distribution, a two-tailed Student’s ¢-test
was applied to determine the significance of differences between two
independent sample groups. Pearson correlation analysis was used to
determine the correlation between two variables. Survival rates were
analyzed using the Kaplan-Meier method (log-rank test). Statistical
analyses were conducted using GraphPad Prism software (version 9.5).
All p values are indicated in the figures. The schematic illustration
images were created with BioRender.com with publication licenses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The single-cell RNA-seq data generated by mice in this study have been
deposited in the Genome Sequence Archive database under accession
code CRA017390, and the bulk RNA-seq data generated by mice in this
study have been deposited in the Genome Sequence Archive database
under accession code CRA017777. RNA-seq data of the cell lines in this
study have been deposited in Genome Sequence Archive Human
database under accession code HRA0O07972. The MS data of immu-
noprecipitation against PDHA1 were deposited in PRIDE (Project
accession: PXD060056). The sequencing of proteomics data was
deposited in PRIDE (Project accession: PXD060091). Source data for
the figures and Supplementary Information are provided as a Source
Data file. Source data are provided with this paper.
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