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Abstract

Cholangiocarcinoma (CCA) is an aggressive malignancy marked by profound glucose metabolic dysregulation and
oxidative stress. Central to this reprogramming is the upregulation of glucose transporters such as GLUTT, driving
enhanced glycolytic flux, activation of the pentose phosphate pathway (PPP), increased lactate production, and
alterations in the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHQOS). These metabolic shifts
support tumor proliferation, redox balance, and stemness, and are closely linked to recurrent oncogenic mutations,
including KRAS, TP53, IDH1/2, ARID1A, FGFR2, and HER2. These mutations converge on key signaling networks
that promote metabolic plasticity and therapeutic resistance. Recent evidence suggests that targeting metabolic
vulnerabilities offers promising avenues for intervention. Inhibitors of glycolytic enzymes (HKII, PKM2), PPP
regulators (G6PD, TKT), TCA cycle components [IDH, glutaminase (GLS)], lactate metabolism (LDHA), and
OXPHOS machinery (Complex |) have demonstrated potential in preclinical models. Additionally, repurposing
antidiabetic drugs such as metformin and SGLT2 inhibitors may offer novel metabolic therapies. Regulatory non-
coding RNAs, including microRNAs and long non-coding RNAs, further modulate key enzymes and transporters,
highlighting their emerging roles as both biomarkers and therapeutic targets. However, challenges such as tumor
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heterogeneity, metabolic redundancy, off-target toxicity, and resistance mechanisms continue to hinder clinical
translation. Integrated therapeutic approaches combining metabolic inhibitors with chemotherapy,
immunotherapy, or targeted agents are likely necessary to overcome these barriers. This review synthesizes the
current understanding of glucose metabolism and redox dysregulation in CCA, emphasizing the molecular drivers,
therapeutic opportunities, and translational challenges, with the goal of guiding future research toward more
effective and personalized treatment strategies.

Keywords: Glucose metabolism dysregulation in CCA, cholangiocarcinoma, oxidative stress, oncogenic drivers,
therapeutic targets

INTRODUCTION

Cholangiocarcinoma (CCA) is an aggressive adenocarcinoma and the second most common primary liver
cancer after hepatocellular carcinoma (HCC). It originates in the biliary tract, representing approximately
15% of primary liver tumors and 3% of gastrointestinal cancers'™. CCA is classified into intrahepatic (iCCA),
arising within the liver, and extrahepatic (eCCA), which is further subdivided into perihilar (pCCA) and
distal (dCCA) subtypes™?. Among these, pCCA is the most common, accounting for 50%-60% of cases,
followed by dCCA (20%-30%) and iCCA (10%-20%)" [Figure 1]. While rare in Western countries, CCA is
highly prevalent in Southeast Asia, with rising global mortality rates". In Thailand, CCA poses a major
public health concern, with Northeastern Thailand reporting the highest incidence rates globally (113/
100,000 males and 50/100,000 females), making it the leading cause of cancer-related death in the region'*.

Patients diagnosed with CCA face a poor prognosis, with a median survival time of 24 months"”’ and a 5-
year survival rate of less than 5%, Early-stage diagnosis is challenging due to the asymptomatic nature of
the disease, with most patients being diagnosed at advanced stages when surgical options are no longer
viable. Only about 35% of cases are detected early, and even fewer (25%) are eligible for surgery due to
delayed detection". The poor prognosis is further complicated by the genetic, epigenetic, and functional
heterogeneity of CCA, which includes diverse histopathological subtypes, molecular mutations [e.g., Kirsten
rat sarcoma virus (KRAS), tumor protein p53 (TP53), isocitrate dehydrogenase (IDH), AT-rich interactive
domain 1A (ARID1A), fibroblast growth factor receptor (FGFR), and human epidermal growth factor
receptor 2 (HER2)], and alterations in oncogenic and inflammatory pathways®". This complexity
underscores the need for a better understanding of the mechanisms driving resistance to treatment.

Currently, the first-line chemotherapy for CCA is gemcitabine'*, often in combination with cisplatin for
advanced or unresectable cases™'*'". However, the effectiveness of these treatments is limited due to
chemoresistance””, driven by mechanisms such as altered cellular metabolism, drug-metabolizing enzymes,
efflux transporter overexpression, and disruptions in intracellular signaling"”. These resistances underscore
). Understanding

[1.15

the need for targeted therapies and immunotherapies to improve treatment outcomes
the underlying mechanisms of resistance to chemotherapy and targeted therapies, as well as the role of
metabolic reprogramming in CCA progression, is essential for developing more effective, molecularly
targeted treatments'®.

Altered glucose metabolism plays a key role in CCA and many other cancers, contributing to tumorigenesis
by supporting rapid proliferation and chemoresistance!”. This dysregulation is a fundamental characteristic
of cancer, as it interacts with oncogenic signaling pathways to sustain tumor growth and various cancer
phenotypes"**. A prominent feature in many cancers, including CCA, is the Warburg effect, in which
glucose metabolism shifts toward increased glycolysis, even in the presence of oxygen, to maintain energy
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Figure 1. Classification of CCA based on its anatomical site of origin. iCCA originates in the periphery of the second-order bile ducts,
pCCA arises in the right and/or left hepatic ducts and their junction, and dCCA involves the common bile duct (choledochus). CCA
presents with three growth patterns: mass-forming, periductal-infiltrating, and intraductal-growing. Mass-forming CCA appears as a
hepatic mass lesion, periductal-infiltrating iCCA grows along the duct wall, and intraductal-growing CCA forms a polypoid or papillary
tumor extending into the duct lumen. Common oncogenic mutations contributing to CCA include: KRAS, TP53, IDH, ARID1A, FGFR2,
HER2. These mutations drive tumorigenesis by altering key cellular pathways. Created in BioRender. Chanda M. (2025) https://
BioRender.com/s4pk8iv. CCA: Cholangiocarcinoma; iCCA: intrahepatic cholangiocarcinoma; pCCA: perihilar cholangiocarcinoma;
dCCA: distal cholangiocarcinoma; KRAS: Kirsten rat sarcoma viral oncogene homolog; TP53: tumor protein p53; IDH: isocitrate
dehydrogenase; ARIDTA: AT-rich interaction domain 1A; FGFR2: fibroblast growth factor receptor 2; HER2: human epidermal growth
factor receptor 2.

balance and support rapid proliferation>”". Glucose enters the cell via glucose transporters (GLUTs) and is
metabolized through glycolysis by several rate-limiting enzymes, including hexokinase (HK),
phosphofructokinase (PFK), pyruvate kinase (PK), and glucose-6-phosphate (G6P) dehydrogenase (G6PD)
in the pentose phosphate pathway (PPP)"?. This process generates ATP, with pyruvate converted to acetyl-
CoA for oxidative phosphorylation (OXPHOS) in mitochondria, producing up to 36-38 ATP molecules per

222l However, in cancer cells, pyruvate is predominantly

glucose molecule under normal conditions
converted to lactate by lactate dehydrogenase A (LDHA), even under aerobic conditions, driving the
Warburg effect and promoting lactate production [Figure 2]. This metabolic reprogramming, which
includes alterations in glycolysis, the PPP, lactate production, the tricarboxylic acid (TCA) cycle, and
OXPHOS, is essential for tumorigenesis and survival*’. Energy metabolic reprogramming (EMR) and
altered redox homeostasis are increasingly recognized as hallmarks of cancer®**. CCA cells exhibit
st

significant metabolic plasticity, adapting to fluctuating environmental conditions and energy demand
Elevated LDH levels are frequently observed in CCA™, further highlighting these metabolic alterations.
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Figure 2. Glucose metabolism in normal cells vs. the Warburg effect in cancer cells. In normal cells (left), glucose is transported via
GLUT1 and metabolized through glycolysis and the PPP, generating lactate and ATP, while OXPHOS produces additional ATP in the
presence of oxygen. In CCA cells (right), GLUT1 expression is upregulated, leading to increased glucose uptake. This enhances glycolysis
and the PPP, promoting greater lactate production. Despite the availability of oxygen, CCA cells exhibit reduced OXPHOS activity,
characteristic of the Warburg effect, in which glucose metabolism shifts toward increased glycolysis to maintain energy balance and
support rapid proliferation. Created in BioRender. Chanda, M. (2025) https://BioRender.com/d1db3yv. GLUT1: Glucose transporters 1;
PPP: pentose phosphate pathway; ATP: adenosine triphosphate; OXPHOS: oxidative phosphorylation; CCA: cholangiocarcinoma.

Recent studies highlight the link between common genetic alterations in CCA and metabolic shifts,
investigating these reprogramming pathways as promising therapeutic targets to improve treatment
efficacy®*". Genetic alterations in oncogenes and tumor suppressors, such as KRAS®, TP53>",
IDH", ARID1A", FGFR™, and HER2"", drive this metabolic shift, supporting tumor growth by
enhancing biosynthesis for rapid cell division'”. KRAS mutations promote glycolysis to support cancer cell
growth, while TP53 mutations impair mitochondrial function and favor glycolysis, both of which create
opportunities for therapeutic interventions targeting these metabolic alterations””***). IDH1 mutations in
CCA disrupt TCA and lead to oncometabolite accumulation. Ivosidenib, an IDH1 inhibitor targeting a key
TCA enzyme, has recently been approved for the treatment of chemoresistant metastatic CCA harboring
IDH1 mutations””. ARID1A loss in cancers such as HCC activates the AMP-activated protein kinase
(AMPK) pathway, altering glycolysis and lipid metabolism, and offering a potential target for AMPK
inhibition”*. FGFR2 activation in CCA drives aerobic glycolysis through NF-«xB signaling, making FGFR2
inhibitors a viable strategy for targeting metabolic reprogramming™’. HER2 overexpression enhances
glycolysis through the Akt and mTORC1 pathways, suggesting that targeting HER2-associated glycolysis
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could overcome treatment resistance”. Moreover, increased metabolic activity in cancer cells elevates
reactive oxygen species (ROS) levels, countered by nuclear factor erythroid 2-related factor 2 (NRF2)-
mediated antioxidant defenses, which can be dysregulated to support tumor survival and therapy resistance,
presenting further therapeutic opportunities””. Integrating tumor metabolism into diagnostic and treatment
strategies could enable earlier detection, enhance therapeutic effectiveness, and improve overall outcomes'®.
Therapeutic interventions targeting these metabolic dysregulations, including IDH1 inhibitors, metformin,
GLS inhibitors, and sphingosine kinase inhibitors, offer promising prospects for improving CCA treatment
outcomes"”. These therapies could counteract the metabolic adaptability of CCA, enhancing survival and
quality of life. Continued research into tumor metabolism and cancer progression remains crucial for

developing next-generation therapies that target the metabolic vulnerabilities of CCA and other cancers™.

In this review, we explore the key metabolic alterations in CCA, focusing on glucose metabolism, including
the reprogramming of glycolysis, the PPP, lactate production, the TCA cycle, and OXPHOS. Additionally,
we examine how these metabolic dysregulations are intricately linked to oncogenic enzymatic pathways and
disrupted redox homeostasis - common features of cancer that are central to its pathogenesis. Importantly,
we will discuss the potential to exploit these metabolic vulnerabilities for novel therapeutic strategies. By
mapping the metabolic networks in CCA, this review aims to identify key alterations that could serve as
targets for therapy, paving the way for the discovery of effective compounds for CCA treatment - and
potentially other cancers. Ultimately, our goal is to emphasize how these insights may inform treatment
strategies, enhance patient outcomes, and contribute to the development of next-generation cancer
therapies.

ALTERED GLUCOSE METABOLISM IN CCA

In CCA, altered glucose metabolism is supported by key pathways, including glycolysis, the PPP, lactate
production, the TCA cycle, and OXPHOS". CCA cells preferentially convert pyruvate to lactate over
OXPHOS despite the presence of oxygen, driving metabolic reprogramming or the Warburg effect, which
plays a critical role in tumor progression, survival, and therapy resistance”. This shift ensures a continuous
supply of energy and intermediates for rapid proliferation, generating key metabolites like G6P and
fructose-6-phosphate (F6P) that are essential for nucleotide and lipid biosynthesis, supporting tumor
growth”’. Genetic alterations in oncogenes and tumor suppressors, including KRAS®**, TP53",
IDH"*), ARID1A", FGFR", and HER2"“, contribute to this reprogramming of glucose metabolism in
CCA. Although the evidence in CCA remains limited, these findings suggest that genetic mutations in key
oncogenes and tumor suppressors may drive alterations in glucose metabolism and tumor progression.
These genetic mutations likely drive alterations in glucose metabolism, further fueling tumor progression.
Therefore, in the context of altered glucose metabolism in CCA, we will focus on key aspects, including
glucose uptake via GLUTS, rate-limiting enzymes in glycolysis and the PPP, lactate production, the TCA
cycle, and OXPHOS. We will also address the genetic alterations commonly observed in CCA, which
contribute to the reprogramming of these metabolic pathways [Figure 3 and Table 1].

Role of GLUTs in CCA

GLUTs are essential regulators of glucose uptake and glycolysis, central to tumor metabolism. Among the
14 GLUTs (GLUT1-14, encoded by SLC2A1-14), GLUT1 is the most prominently upregulated in
malignancies and is strongly associated with aggressive cancer traits such as proliferation, metastasis, and
therapy resistance™. In CCA, GLUT!1 is significantly overexpressed and serves as both a diagnostic and
prognostic biomarker. Elevated GLUT1 expression correlates with reduced overall survival, especially in
distal CCA, and is enriched in moderately to poorly differentiated tumors“*?. Overexpression is linked to
adverse pathological features, including larger tumor size, lymphovascular invasion, and lymph node
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Table 1. Metabolic rewiring and targetable pathways in CCA

Metabolic Target/Enzyme Mechanistic role in CCA References
process (Abbreviation)
Glucose uptake GLUT1 Overexpressed in CCA; correlates with poor survival, tumor aggressiveness, KRAS [22,40-43,47,
mutations, and FDG uptake. Knockdown reduces proliferation and invasion 48]
GLUT2 Expressed in large duct CCA and precursor lesions; involved in glucose/fructose [44]
transport
GLUTS Upregulated in CCA; supports fructose metabolism. Knockdown impairs proliferation [45,46]
and migration
GLUTs 3, 4, 6-14 Roles in CCA unclear; implicated in glucose handling in other cancers [45,49]
Glycolysis HKII Catalyzes glucose to G6P; overexpressed in CCA; promotes proliferation, invasion; [43,50-52]
regulated by c-MYC. Knockdown impairs tumor growth
PFK1/ PFKP Converts F6P to F1,6BP; overexpressed in CCA, especially IDH1-mutant iCCA; [43,53,54]
correlates with poor prognosis
ALDOA Cleaves F1,6BP to G3P and DHAP; elevated in CCA; enhances proliferation and [43,55]
migration; associated with poor survival
PKM2 Final glycolytic step; upregulated in CCA; promotes proliferation, recurrence, [43,51,56-60]
chemoresistance; c-MYC-regulated. Targetable by Shikonin
PPP G6PD Rate-limiting enzyme; promotes NADPH production, redox balance, DNA repair, [8,61-64,78]
metastasis, and cisplatin resistance. Inhibition restores chemosensitivity
6PGD Supports tumor proliferation and migration via oxidative PPP flux; regulated by NRF2; [62,65-67]
linked to poor prognosis
TKT Enhances proliferation, invasion, chemoresistance; linked to AKT, NRF2, and EGFR [62,72,73,77]
signaling; suppressed by NRF2 knockdown
TALDO Contributes to metabolic rewiring and tumor progression; interacts with oncogenic [62,68,74]
proteins (e.g., TP53, HKII)
Lactate LDHA Catalyzes pyruvate to lactate; regenerates NAD; supports ATP production, tumor [26,81]
metabolism invasiveness, and redox balance; upregulated in iCCA
TCA cycle IDH1-mut Converts a-KG to 2-HG; promotes ROS, impairs differentiation, enhances glycolysis  [54,85-87]
and tumor progression; found in ~15%-20% iCCA
OXPHOS mtDNA mtDNA depletion or mutation impairs respiratory complexes, reducing OXPHOS [89,90]

function in CCA cells

PGC-la Regulates mitochondrial biogenesis and stemness; promotes CSC self-renewal, [94,95]
invasion, and drug resistance in CCA

CCA: Cholangiocarcinoma; GLUT: glucose transporter; HKII: hexokinase Il; G6P: glucose-6-phosphate; PFK1: phosphofructokinase 1; PFKP:
platelet-type phosphofructokinase; F6P: fructose-6-phosphate; F1,6BP: fructose-1,6-bisphosphate; ALDOA: aldolase A; G3P: glyceraldehyde-3-
phosphate; DHAP: dihydroxyacetone phosphate; PKM2: pyruvate kinase M2; PPP: pentose phosphate pathway; G6PD: glucose-6-phosphate
dehydrogenase; 6PGD: 6-phosphogluconate dehydrogenase; TKT: transketolase; TALDO: transaldolase; LDHA: lactate dehydrogenase A; NAD':
nicotinamide adenine dinucleotide (oxidized form); TCA: tricarboxylic acid; IDH1-mut: isocitrate dehydrogenase 1, mutant; a-KG: alpha-
ketoglutarate; 2-HG: 2-hydroxyglutarate; ROS: reactive oxygen species; OXPHOS: oxidative phosphorylation; mtDNA: mitochondrial DNA; PGC-1
o: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; CSC: cancer stem cell; EGFR: epidermal growth factor receptor; NRF2:
nuclear factor erythroid 2-related factor 2; TP53: tumor protein p53; KRAS: Kirsten rat sarcoma viral oncogene; c-MYC: MYC proto-oncogene;
AKT: protein kinase B; FDG: fluorodeoxyglucose.

metastasis'”, while siRNA-mediated knockdown reduces proliferation, migration, and invasion in CCA cell
lines"”. GLUT1 expression also correlates with KRAS mutations and increased FDG-PET uptake,
highlighting its role in metabolic reprogramming and potential as an imaging biomarker'”. These findings
establish GLUT1 as a central driver of glycolysis and a promising therapeutic target in CCA.

Other GLUTS have also been implicated in CCA. GLUT?2, a low-affinity glucose and fructose transporter, is
associated with large bile duct adenocarcinoma and early lesions such as high-grade biliary intraepithelial
neoplasia®!. GLUTS5, a fructose-specific transporter, is significantly overexpressed in CCA compared to
normal biliary tissue; its knockdown impairs CCA cell proliferation, migration, and invasion, underscoring
a metabolic reliance on fructose™. In liver-fluke-associated CCA models, both GLUT1 and GLUT5
expression progressively increase throughout tumorigenesis'“>*. These data suggest that targeting fructose
metabolism via GLUTS5, in parallel with GLUT1-mediated glucose transport, may offer combinatorial
therapeutic potential.
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Figure 3. Differential expression of glucose metabolic enzymes in CCA. The distribution of gene expression levels is displayed using box
plots (red: tumor tissues; blue: normal tissues) in panels A-1. (A) HKII; (B) PFKP; (C) ALDOA; (D) PKM2; (E) G6PD; (F) 6PGD; (G) TKT;
(H) TALDO; (1) LDHA. Statistical significance was determined using the Wilcoxon test, with P-values indicated by the number of stars
(P-value < 0.05; “P-value < 0.01; " P-value < 0.001). Created using Timer2.0 and the TCGA database. CCA: Cholangiocarcinoma; HKII:
hexokinase II; PFKP: phosphofructokinase platelet form; ALDOA: aldolase A; PKM2: pyruvate kinase M2; G6PD: glucose-6-phosphate
dehydrogenase; 6PGD: 6-phosphogluconate dehydrogenase; TKT: transketolase; TALDO: transaldolase; LDHA: lactate dehydrogenase
A.
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Beyond CCA, GLUT1 overexpression is a hallmark of various cancers, including colorectal, lung, and breast
cancers, where it enhances glucose uptake and supports tumor growth under hypoxic conditions”. GLUT1
knockdown reduces proliferation in preclinical models, and selective inhibition by BAY-876 has
demonstrated efficacy in vitro and in vivo"*. Other GLUTs also play roles in oncogenesis: GLUTS3 is
regulated by TP53 and enriched in high-glucose-demand tumors such as glioblastoma; GLUT4 is involved
in insulin-responsive glucose uptake via the PI3K-AKT pathway and contributes to cancer cell viability"*.
While Class IT and IIT GLUTs such as GLUT6, GLUTS, and GLUT12 are less well characterized, some
exhibit altered expression in cancers and may modulate intracellular glucose handling or metabolic
signaling.

Collectively, GLUT1 is a critical metabolic regulator in CCA and other tumors, with strong potential as a
therapeutic target. Additional GLUTs, particularly GLUT2 and GLUT5 in CCA, may further refine
metabolic vulnerabilities for intervention.

Glycolytic enzyme dysregulation in CCA

Glycolysis plays a central role in the altered glucose metabolism observed in CCA, with several glycolytic
enzymes exhibiting dysregulated expression, thereby enhancing glycolytic flux to support the energy
demands of rapidly proliferating tumor cells. Key enzymes such as hexokinase II (HKII),
phosphofructokinase-1 (PFK-1), aldolase A (ALDOA), and pyruvate kinase M2 (PKM2) are pivotal in
driving tumor aggressiveness””. Upregulation of these enzymes contributes to the rapid conversion of
glucose to pyruvate, facilitating biosynthesis and ATP production necessary for cancer cell proliferation.
These enzymes are central to the altered metabolic network in CCA, positioning them as potential
therapeutic targets for disrupting cancer cell metabolism'™.

HKII

HKII, a rate-limiting enzyme in the glycolytic pathway, catalyzes the phosphorylation of glucose to GéP.
The overexpression of HKII has been observed in various gastrointestinal cancers, including CCA
[Figure 3A], where it contributes to the metabolic reprogramming characteristic of tumor progression®. In
addition, the inhibition of HKII expression through siRNA transfection results in reduced CCA cell
proliferation and invasiveness, further underscoring its pivotal role in driving malignancy*. HKII is
overexpressed in a significant proportion of CCA cases and has been linked to increased tumor
aggressiveness. This enzyme plays a crucial role in tumor progression, as inhibition of HKII, along with
other glycolytic enzymes, has shown potential for reducing tumor growth, positioning glycolysis as a
promising therapeutic target in CCA™". HKII expression is regulated by myelocytomatosis oncogene (c-
MYC), a key regulator of cellular metabolism and proliferation. c-MYC also influences FGFR-mediated
lymphangiogenesis and lymphatic metastasis in iCCA, highlighting the possible implications of HKII
regulation in tumor biology!™”.

PFK-1

PFK-1 is a key rate-limiting enzyme in glycolysis, catalyzing the conversion of F6P to fructose 1,6-
bisphosphate (F1,6P), a crucial regulatory step. Among its isoforms, platelet-type PFK (PFKP) plays a
significant role in cancer metabolism. Overexpression of PFK-1 has been observed in various cancers,
including CCA [Figure 3B], and is linked to poorer clinical outcomes™. Elevated PFK-1 expression is
associated with enhanced glycolytic activity, driving cancer cell proliferation and metastasis™’. In iCCA with
IDH1 mutations, increased PFKP expression and PFK-1 activity were observed, suggesting that IDH1
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mutations promote glycolysis through PFK-1 upregulation. These findings underscore the potential of
PFK-1 as a prognostic marker and therapeutic target in CCA and other cancers.

ALDOA

ALDOA, a key enzyme in the glycolytic pathway, catalyzes the conversion of F1,6P to glyceraldehyde-3-
phosphate (G3P) and dihydroxyacetone phosphate (DHAP). High ALDOA expression has been observed in
various cancers, including CCA [Figure 3C], and is strongly associated with tumor malignancy and poor
prognosis**. In iCCA, ALDOA expression is elevated and correlates with poor prognosis*”. By enhancing
glycolysis, ALDOA promotes iCCA progression, making its enzymatic activity a promising therapeutic
target™™. ALDOA plays a pivotal role in tumor progression by promoting cell proliferation and migration.
Knockdown of ALDOA significantly inhibits these processes, while overexpression enhances them. Elevated
ALDOA expression is inversely correlated with overall survival and recurrence-free survival in CCA
patients, highlighting its potential as a prognostic marker and therapeutic target. Inhibition of ALDOA
using siRNA in iCCA cells (HuCCT1 and RBE) suppresses glycolysis, reduces tumor growth, and impairs
proliferation and invasion. Studies have demonstrated that ALDOA regulates the metabolic and biological
characteristics of iCCA cells, further suggesting its potential as a therapeutic target'*>*.

PKM?2

PKM?2, the final enzyme in glycolysis, catalyzes the conversion of phosphoenolpyruvate to pyruvate. PKM2
is upregulated in various cancers, including CCA [Figure 3D], where it plays a critical role in tumor
progression. In CCA, elevated PKM2 expression is associated with aggressive clinical features such as neural
invasion and tumor recurrence and is regulated by ¢-MYC, linking it to oncogenic pathways®**”. In iCCA,
high PKM2 expression correlates with poor prognosis and is inversely related to overall survival and
recurrence-free survival®. PKM2 promotes cell proliferation, migration, and angiogenesis in CCA cells,
with increased levels serving as an independent predictor of tumor progression and recurrence after
resection of pCCA"®™*¥, In vitro knockdown of PKM2 significantly inhibits these processes and enhances the
sensitivity of iCCA cells to gemcitabine treatment by inhibiting the B-catenin signaling pathway.
Targeting PKM2 with inhibitors like Shikonin can regulate tumor metabolism, reduce growth in CCA
xenograft models, and provide antitumor effects, making PKM2 a promising therapeutic target in CCA">*),

The dysregulation of the glycolytic pathway in CCA underscores the essential role of key metabolic enzymes
in driving tumorigenesis. These enzymes, which are crucial for the progression of CCA, represent
promising targets for metabolism-based therapies. Inhibiting their activity could effectively disrupt
glycolytic flux, attenuate tumor growth, and limit metastatic potential, thereby offering a novel and
potentially impactful therapeutic approach. Consequently, targeting the metabolic reprogramming in CCA
holds substantial promise, providing new therapeutic avenues to counteract the metabolic alterations and
improve patient outcomes.

Dysregulation of the PPP in CCA

An increasing body of evidence links dysregulated redox homeostasis to cancer metabolic
reprogramming®’. The PPP, a critical branch of glycolysis, plays a central role in this reprogramming,
particularly in CCA. This pathway is essential for supporting the rapid proliferation of cancer cells by
generating ribose-5-phosphate (R5P) for nucleotide biosynthesis and nicotinamide adenine dinucleotide
phosphate (NADPH) for maintaining redox homeostasis and mitigating oxidative stress”®. The rate-limiting
enzyme of the PPP, G6PD, directs glucose flux toward these products, which are crucial for cancer cell
survival and DNA damage repair'®!. The PPP consists of two phases: oxidative and nonoxidative. The
oxidative phase involves three enzymatic reactions that produce two NADPH molecules and ribulose-5-



Page 10 of 55 Chanda et al. Hepatoma Res. 2025;11:19 | https://dx.doi.org/10.20517/2394-5079.2025.15

phosphate (RusP), with key enzymes such as GéPD and 6-phosphogluconate dehydrogenase (6PGD). The
reversible nonoxidative phase begins with RusP, which is converted into R5P through the actions of
transketolase (TKT) and transaldolase (TALDO)"”. Together, these processes contribute to the

dysregulation of redox balance, further supporting cancer progression and therapeutic resistance'’.

Irreversible oxidative PPP: G6PD and 6PGD

G6PD and 6PGD play crucial roles in tumorigenesis. G6PD has been shown to be upregulated in various
cancers including CCA [Figure 3E], where it is associated with metastasis, advanced disease stages, and poor
overall survival®'. Elevated G6PD expression correlates with worse prognosis in multiple malignancies,
including gastrointestinal tract cancers, as well as in breast, renal, and lung cancers'***”. Notably, patients
with GePD-positive tumors tend to have a lower survival rate compared to those with GePD-deficient
tumors'®. Enhanced G6PD activity has also been reported in cancers such as thyroid, colorectal, renal, and
prostate cancer. This upregulation is driven by oncogenes like platelet-derived growth factor, epidermal
growth factor, phosphoinositide 3-kinase, and Ras. Conversely, TP53 acts as a negative regulator by directly
binding to GePD, preventing its activation'.

Similar to GePD, 6PGD plays a pivotal role in tumorigenesis and high 6PGD expression has been observed
in various cancers, including CCA [Figure 3F]. Genetic silencing of 6PGD leads to the accumulation of
cellular TP53 protein, induces senescence in lung cancer cells, and slows tumor growth in mouse xenograft
models'*>**). Furthermore, 6PGD has been identified as an independent prognostic factor in HCC, with
higher expression levels correlating with worse prognosis and enhanced efficacy of immunotherapy"*. In
HCC, overexpression of NRF2 binds to the antioxidant response element in the 6PGD promoter, enhancing
its expression. Elevated 6PGD levels, in turn, upregulate NRF2, creating a positive feedback loop that
promotes cell proliferation, survival, and migration. These findings suggest that 6PGD is a key regulator of
proteins involved in redox processes'*”.

Both G6PD and 6PGD are highly expressed in gastrointestinal cancers, where they serve as significant
carcinogenic indicators closely linked to prognosis. These enzymes show promise as potential diagnostic
markers for gastrointestinal cancers, offering opportunities for innovative therapeutic strategies. G6PD is
expected to emerge as a valuable target for cancer therapies in the near future®*). Furthermore, preclinical
evidence suggests that inhibiting 6PGD may enhance the efficacy of standard cancer treatments™.
However, direct studies in CCA are lacking and need to be performed. Collectively, G6PD and 6PGD
present compelling opportunities as therapeutic targets in cancer treatment.

Reversible oxidative PPP: TKT and TALDO

TKT and TALDO are key enzymes upregulated in various cancers”, including CCA High ALDOA
expression has been observed in various cancers, including CCA [Figure 3G and H]. TKT drives
tumorigenesis, progression, and treatment resistance by enhancing cell proliferation, invasion, and
metastasis, particularly in gastrointestinal cancers””. High TKT expression correlates with poor prognosis in
colorectal cancer (CRC), where it promotes glycolysis through increased AKT phosphorylation, facilitating
metastasis. This positions TKT as a potential prognostic biomarker and therapeutic target for CRC". The
isoform transketolase-like-1 (TKTL1) is also associated with poor prognosis and reduced chemosensitivity
in gastric cancer, with its silencing inhibiting tumor growth”. In HCC, TKT alleviates oxidative stress via
the NRF2/KEAP1 pathway and promotes tumor progression through the EGFR pathway”. TALDO, a
member of the aldolase enzyme family, is elevated in various tumors, including squamous cell carcinomas
and HCC, where it contributes to tumor progression®. Enrichment analysis of G6PD-related genes in
gastrointestinal cancers revealed significant interactions with proteins such as TALDO, GAPDH, and TP53.
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STRING analysis identified 47 G6PD-interacting proteins, including HKII, 6PGD, LDH, PKM, PGLS,
TALDO, GAPDH, and TP53, underscoring their role in regulating PPP activation'®. Additionally, KRAS
activation in a pancreatic cancer model stimulates the nonoxidative PPP"", further highlighting the roles of
both TKT and TALDO in cancer progression.

The PPP plays a critical role by providing R5P for nucleotide synthesis and NADPH, which protects cells
from oxidative stress and supports DNA damage repair”?. PPP activity is upregulated and regulated by the
antioxidant transcription factor NRF2, reducing ROS levels and protecting against oxidative stress-induced
cell death”. Glycolytic intermediates also fuel the serine synthesis pathway, enhancing biosynthesis and
antioxidant defense.

In CCA, high levels of sirtuin 2 (SIRT2) and cellular c-Myc further promote this metabolic shift by
inhibiting OXPHOS and maintaining redox balance”®"””. In cisplatin-resistant CCA cells, PPP activity and
antioxidant capacity are elevated, with increased G6PD expression and NADPH/NADP ratios compared to
HCC cells. This enhanced PPP activity promotes autophagy and strengthens antioxidant defenses,
contributing to chemoresistance!”>””. These findings underscore the critical role of glucose metabolism and
PPP-mediated antioxidant capacity in conferring cisplatin resistance. G6PD inhibition by
dehydroepiandrosterone (DHEA), a clinical-stage inhibitor, increases ROS levels, sensitizing CCA cells to
cisplatin and overcoming chemoresistance”’?. The combination of cisplatin and 6-Aminonicotinamide (6-
AN), a G6PD inhibitor, increases platinum-DNA adducts, enhances treatment sensitivity in HCC, and
reduces G6PD activity while reversing doxorubicin resistance in CRC'*”. Furthermore, in KKU-M156 and
KKU-100 CCA cells, silencing NRF2 enhances cisplatin sensitivity, reduces Bcl-xL expression, and
suppresses colony formation. NRF2 knockdown also reduces the expression of NRF2-regulated genes like
G6PD and TKT, further supporting NRF2 inhibition as a potential strategy to target metabolic
dysregulation and overcome chemoresistance'””. Additionally, ALDOA is highly expressed in iCCA and
correlates with poor overall survival and recurrence-free survival. Knocking down ALDOA expression in
iCCA cells (HuCCT1 and RBE) with siRNA inhibits iCCA cell proliferation and migration in vitro and
in vivo. ALDOA promotes iCCA progression by enhancing glycolysis, making its enzymatic activity a
potential therapeutic target™. Focusing on key enzymes in the PPP offers a promising strategy to overcome
chemoresistance in CCA by addressing metabolic imbalances.

Dysregulation of LDHA in CCA

An important feature of altered metabolic reprogramming in cancer is the conversion of pyruvate to lactate
under oxygen-rich conditions. This conversion is driven by LDHA, an enzyme encoded by the LDHA gene,
which catalyzes the final step of glycolysis. LDHA is primarily responsible for converting pyruvate to lactate,
and its overexpression has been observed in various cancers, including CCA" [Figure 31]. Elevated LDHA
expression has been correlated with tumor stage, size, histological grade, and patient survival in cancers
such as renal and gastric cancers””. Moreover, LDHA has a higher affinity for pyruvate, promoting its
conversion to lactate, while lactate dehydrogenase B (LDHB) favors the reverse process. In cancer, LDHA
expression is upregulated, and LDHB expression is downregulated, supporting aerobic glycolysis by
converting pyruvate to lactate™".

Serum LDH activity is a well-established clinical marker associated with poor prognosis in various
cancers®*. In gastrointestinal cancers, gene silencing of LDHA in colon cancer cells led to increased HIF1a
levels in cell cultures and tumor lysates, independent of LDH activity in vivo. These findings suggested that
LDHA regulates HIF1a activity, facilitating cellular adaptation to the hypoxic tumor microenvironment'".
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In CCA, increased LDHA expression leads to lactate accumulation, supporting ATP production via
glycolysis and helping tumor cells maintain redox balance. This metabolic shift enhances the metabolic
flexibility of CCA cells, enabling survival in hypoxic conditions. Elevated LDHA expression is also
associated with accelerated tumor progression and correlates with adverse histopathological features,
including tumor invasiveness and poor prognosis in iCCA tissues. Given its central role in metabolic
adaptation and tumor growth, LDHA inhibition could mitigate lactate accumulation and enhance the
efficacy of other treatments™.

Disruption of the TCA cycle in CCA

An important feature of altered IDH is that it is a critical enzyme in the TCA cycle, catalyzing the
conversion of isocitrate (ICT) to a-ketoglutarate (a-KG) while concurrently producing NADPH, which
plays a vital role in protecting cells against oxidative stress’®. Mutations in IDH occur in approximately
15%-20% of iCCA cases™!. The most common mutation affects the cytoplasmic form, IDH1, leading to the
conversion of a-KG to the oncometabolite 2-hydroxyglutarate (2-HG), which disrupts normal cellular
differentiation and promotes tumorigenesis by altering metabolism'*..

In addition to blocking differentiation, mutated IDH1 (mIDH1) contributes to the accumulation of ROS,
enhancing OXPHOS. This metabolic shift reactivates aerobic glycolysis, fueling the TCA cycle and
accelerating tumor progression®”. Experimental evidence shows that mIDH1 promotes the formation of
intrahepatic biliary organoids and upregulates PFK-1, a rate-limiting enzyme in glycolysis. The upregulation
of PFK-1 supports the oncogenic role of mIDH1 by enhancing glycolytic flux and linking the TCA cycle to
aerobic glycolysis, further promoting cancer cell survival and growth®.

Furthermore, tumors with IDH mutations exhibit greater heterogeneity and more complex tumor-
supportive microenvironments, suggesting that these mutations not only alter cellular metabolism but also
contribute to tumor progression and resistance to conventional therapies”®. These findings highlight the
importance of mIDH1 mutations in tumorigenesis and suggest that mIDH1 represents a promising
therapeutic target in iCCA. Inhibiting mIDH1 could disrupt tumor metabolism and hinder disease
progression, offering new opportunities for targeted therapy in iCCA.

Altered OXPHOS in CCA

According to the Warburg effect, OXPHOS is typically downregulated in cancer cells, correlating with an
increase in glycolytic flux. Studies have shown that the expression of nearly all OXPHOS complexes is
reduced in several CCA cell lines, suggesting compromised OXPHOS function in these cells’. Decreased
mitochondrial DNA (mtDNA) content or mutations in mtDNA have been linked to reduced OXPHOS
activity"””. Mitochondrial membrane potential, crucial for energy storage during OXPHOS, has been
targeted therapeutically in CCA. For instance, Niclosamide, a compound known to interfere with
mitochondrial membrane potential, has been shown to inhibit OXPHOS in CCA cells""..

Recent studies indicate that the Warburg effect is not the only metabolic shift in cancer cells. The “reverse”
Warburg effect describes a process in which tumor cells induce oxidative stress in surrounding stromal
fibroblasts, prompting them to undergo aerobic glycolysis and produce lactate. This lactate is then exported
to and taken up by cancer cells, where it is converted into pyruvate to fuel OXPHOS. The “lactate shuttle”
model emphasizes the role of stromal cells in modulating tumor metabolism, in contrast to the Warburg
effect, which focuses on increased glycolysis within cancer cells”®. Once inside cancer cells, lactate enters the
TCA cycle to support OXPHOS, highlighting the interplay between stromal cells and cancer cells in
metabolic regulation. Unlike the Warburg effect, which primarily emphasizes glycolysis in tumor cells, the
reverse Warburg effect supports the high energy demands of cancer cells by enhancing OXPHOS!®*>*],
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Mitochondrial OXPHOS in cancer cells has been identified as a promising strategy to reduce tumor growth
and chemotherapy resistance in CCA"Y. While mitochondrial metabolism provides new therapeutic targets,
metabolic reprogramming in CCA remains underexplored. Additionally, the metabolic profiles of cancer
stem cells (CSCs) may play a crucial role in maintaining stemness and contributing to the failure of anti-
cancer treatments. However, limited research exists regarding this phenomenon in human CCA. These
findings suggest that mitochondrial oxidative metabolism plays a pivotal role in maintaining stemness in

CCA cells, thereby enhancing tumorigenic potential and drug resistance in vivo"*".

Although the mechanisms underlying the observed OXPHOS phenotype remain unclear, a connection
between mitochondrial biogenesis regulators and stemness in CCA cells has been investigated. Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), a key transcription factor that
enhances OXPHOS and self-renewal in malignant cancer cells, including CSCs, has been implicated in this
process”®. Knockdown of PGC-1a in CCA cells resulted in reduced expression of CSC markers, impaired
self-renewal, and diminished invasiveness. These findings were further confirmed using SR-18292, a specific
inhibitor of PGC-1a, which led to decreased mitochondrial biogenesis and impaired sphere formation.
Moreover, downregulation of malignancy-related pathways, epithelial-mesenchymal transition (EMT), and
genes associated with self-renewal, pluripotency, and drug transport was observed. These results underscore
the dependence of stem-like cells on mitochondrial activity and biogenesis in this metabolic
dysregulation®.

Experimental studies have demonstrated that CSCs in CCA exhibit heightened OXPHOS activity,
characterized by a more respiratory phenotype, elevated mitochondrial membrane potential, increased
mitochondrial mass, and upregulation of PGC-1aq, a key regulator of mitochondrial biogenesis®*. Inhibition
of mitochondrial complex I or silencing of PGC-1a in CCA tumor xenografts significantly reduced tumor
growth and stem-like features, further highlighting the potential of targeting OXPHOS as a therapeutic
approach in CCA®.

Additionally, several cancer signaling pathways are activated to induce OXPHOS activity, which is critical
for resistance to cancer therapies”. Therefore, further investigation into OXPHOS is needed to identify
promising therapeutic targets capable of eliminating CSCs and preventing the development of drug
resistance. Taken together, these findings underscore the high dependence of CCA cells on glucose
metabolism and consumption. Several key glucose metabolites and glycolytic enzymes play pivotal roles in
cancer progression, presenting them as promising therapeutic targets for CCA treatment'.

REDOX AND METABOLIC DYSREGULATION IN CCA

Redox balance, the equilibrium between ROS and antioxidants, is crucial for cellular homeostasis and plays
a key role in cancer progression. ROS are generated as byproducts during metabolic processes, particularly
through the mitochondrial electron transport chain (ETC) and NADPH oxidase complexes (NOX). In the
ETC, electron leakage from Complex I (NADH dehydrogenase) and Complex III (ubiquinone-cytochrome
c reductase) leads to the production of superoxide, a primary ROS"”. While ROS are vital for normal
cellular signaling, excessive accumulation results in oxidative stress, contributing to DNA damage, lipid
peroxidation, and cellular dysfunction. In cancer cells, including CCA, there is often a dysregulation of
metabolism, where glycolysis predominates over OXPHOS, a phenomenon known as the Warburg effect**.

This metabolic shift increases ROS production, positioning cancer cells closer to the toxic threshold of
oxidative stress.
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To counteract oxidative damage and ensure survival, cancer cells activate antioxidant defense mechanisms.
A central player in this adaptive response is NRF2, a transcription factor that regulates the expression of
genes involved in ROS detoxification. NRF2 activation promotes the synthesis of glutathione (GSH) and the
production of NADPH, both of which are crucial for maintaining redox balance. The PPP is a key metabolic
route that generates NADPH, supporting antioxidant defenses and fueling biosynthetic processes essential
for rapid tumor growth". By upregulating enzymes such as glutathione peroxidases (GPXs),
peroxiredoxins (PRXs), and catalases (CAT), NRF2 ensures that ROS levels remain at a pro-tumor level,
enhancing cancer cell proliferation while protecting against excessive oxidative damage®.

In CCA, dysregulated redox balance has significant consequences. Increased ROS levels lead to DNA
damage, particularly oxidative modifications to guanine, which can result in mutations if not properly
repaired by base excision repair (BER) or nucleotide excision repair (NER) systems"”. Furthermore, ROS-
induced lipid peroxidation generates reactive intermediates that propagate ROS formation, driving genomic
instability and tumor progression”®. Elevated iron levels, a common feature in CCA, further exacerbate
oxidative stress through the Fenton reaction, where excess iron catalyzes the formation of highly reactive
hydroxyl radicals, contributing to mutagenesis and promoting tumor growth"”. These processes highlight
the importance of redox regulation in CCA and its role in cancer progression.

Targeting redox homeostasis presents a promising therapeutic strategy in CCA. Redox-active compounds
can specifically target cancer cells by increasing intracellular ROS levels or inhibiting antioxidant defenses,
disrupting the cellular redox environment and inducing cell death®. Many chemotherapeutic agents induce
ROS formation, overwhelming the cancer cell’s antioxidant defenses and pushing them beyond their
threshold, ultimately leading to oxidative stress-induced cell death®™. This strategy offers potential
therapeutic benefits for CCA, as targeting redox signaling pathways such as NRF2 could enhance treatment
efficacy and overcome therapeutic resistance, making ROS modulation a promising approach for combating
cancer.

CORRELATION OF ONCOGENIC AND METABOLIC DYSREGULATION IN CCA

Genetic alterations commonly found in CCA are closely linked to metabolic reprogramming, making these
pathways important targets for therapy. Mutations in key oncogenes and tumor suppressors - such as KRAS
- promote glycolysis to support tumor growth”?!. TP53 mutations impair mitochondrial function and
favor glycolysis®'. IDH1 mutations disrupt the TCA cycle by causing oncometabolite buildup”**’. Loss of
ARID1A affects glucose and lipid metabolism through AMPK signaling”". Activation of FGFR2 stimulates
glycolysis via NF-«xB signaling””. HER2 overexpression enhances glycolysis through Akt and mTOR
pathways"". These metabolic changes contribute to cancer progression and offer promising avenues for
targeted treatment in CCA [Table 2].

KRAS

The KRAS proto-oncogene encodes a 21 kDa small GTPase that cycles between an active GTP-bound state
and an inactive GDP-bound state. Oncogenic KRAS mutations lead to its constitutive activation, disrupting
cellular processes such as morphology, proliferation, motility, and survival by continuously activating
downstream signaling pathways, including MAPK and PI3K/AKT/mTOR"”. These mutations are most
frequently found in pancreatic ductal adenocarcinoma", CRC"”), non-small cell lung cancer (NSCLC)"*,
and CCA"**'*l. KRAS mutations are primarily characterized by single-base missense mutations, with 98%
occurring at codon 12 (G12), codon 13 (G13), or codon 61 (Q61), which significantly contribute to the
oncogenic activation of KRAS in these cancers"*.
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Table 2. Genetic alterations and their associated metabolic dysregulation in CCA

Gene/Target Mutation frequency and role in CCA Metabolic impact References
KRAS ~10%-20% in CCA; G12/G13/Q61 missense  Enhances glycolysis via upregulation of GLUT1, HKII, PFK-1, [27,43,74,110-
mutations (G12D common, G12C rare) LDHA; activates MAPK and PI3K/AKT/mTOR; promotes glucose 112]

uptake and Warburg effect

TP53 ~20% in iCCA, loss-of-function mutations Loss leads to increased glycolysis, decreased OXPHOS; [114-117,121-
upregulates GLUT3, LDHA,; activates NF-«xB and HIF-Ta; 123]
suppresses TIGAR, SCO2, GLS2

IDH ~5%-36% in iCCA; R132H mutation common Produces 2-HG, inhibits a-KG-dependent enzymes; promotes [11,33,124-126,
glycolysis via PFK-T upregulation; activates AMPK 129,130]

ARID1A ~10%-30% in CCA; loss-of-function Alters glycolysis and lipid metabolism; shifts glucose metabolism [34,134-137]
toward OXPHOS; sensitizes cells to AMPK and copper stress

FGFR2 ~15% in iCCA; gene fusions/rearrangements Promotes glycolysis via NF-kB activation; inhibition induces [35,138,139]
metabolic vulnerability and shift to FAO/autophagy

HER2 ~17.4% in eCCA; overexpression Enhances glycolysis via PI3K/AKT/mTOR activation; promotes [36,140]

Warburg effect, survival, and resistance

CCA: Cholangiocarcinoma; iCCA: intrahepatic cholangiocarcinoma; eCCA: extrahepatic cholangiocarcinoma; GLUT1: glucose transporter 1;
GLUT3: glucose transporter 3; HKII: hexokinase II; PFK-1: phosphofructokinase-1; LDHA: lactate dehydrogenase A; MAPK: mitogen-activated
protein kinase; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR: mechanistic target of rapamycin; OXPHOS: oxidative
phosphorylation; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; HIF-Ta: hypoxia-inducible factor 1-alpha; TIGAR: TP53-
induced glycolysis and apoptosis regulator; SCO2: synthesis of cytochrome c oxidase 2; GLS2: glutaminase 2; 2-HG: 2-hydroxyglutarate; a-KG:
alpha-ketoglutarate; AMPK: AMP-activated protein kinase; FGFR2: fibroblast growth factor receptor 2; FAQ: fatty acid oxidation; HER2: human
epidermal growth factor receptor 2; IDH: isocitrate dehydrogenase; ARID1A: AT-rich interaction domain TA.

KRAS-driven cancers, comprising approximately 30% of cases, including CCA, exhibit significant resistance
to therapeutic interventions. Due to its structural characteristics, KRAS has long been considered
“undruggable”. However, Sotorasib (AMG 510) and Adagrasib (MRTX849) have proven effective in
targeting KRAS G12C mutations in lung cancers"”'**. These drugs are highly specific, irreversible small-
molecule allosteric inhibitors that trap KRAS G12C in its inactive state. In vitro and xenograft mouse
models of KRAS G12C-driven cancers, both treatments have been associated with downregulation of
MAPK signaling and durable tumor regression*. Despite this progress, KRAS G12D mutations, common
in gastrointestinal cancers such as CRC, pancreatic cancer, and CCA, still lack effective targeted therapies.
KRAS G12D remains a significant challenge in CCA, and targeting this mutation could offer a promising
therapeutic opportunity!*.

Oncogenic KRAS drives tumor growth by reprogramming glucose metabolism, particularly through the
dysregulation of glycolysis, a hallmark of many cancers. While the precise mechanisms remain incompletely
understood, evidence from various cancer types supports the role of KRAS in promoting glycolysis-
dependent tumorigenesis™’.

In CRC, KRAS mutations upregulate GLUT1, enhancing glucose uptake and glycolysis, which supports
survival under low-glucose conditions. While wild-type KRAS cells struggle to survive in such
environments, KRAS mutations are linked to increased GLUT1 expression and lactate production,
positioning GLUT1 as a potential therapeutic target. The glycolysis inhibitor 3-bromopyruvate selectively
targets KRAS-mutant cells""”. In pancreatic cancer, oncogenic KRAS drives glycolysis through GLUT1,
facilitating glycosphingolipid (GSL) synthesis necessary for KRAS plasma membrane localization and
signaling. Additionally, mutated KRAS enhances GLUT1 expression and key glycolytic enzymes such as
HKII, PFK-1, and LDHA, driving glucose uptake and diverting glucose into metabolic pathways such as
glycolysis and the PPP, which promote tumor growth and protein glycosylation. Targeting GLUT1 and
these metabolic pathways presents a potential therapeutic strategy”™"". HKII, which catalyzes the first step
of glucose metabolism, has been identified as a promising target in KRAS-driven cancers, including NSCLC.
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Deletion of HKII in mouse models of KRAS-driven NSCLC inhibits tumor initiation and maintenance by
disrupting glucose-derived ribonucleotide synthesis and impairing the incorporation of glutamine-derived

(112

carbon into the TCA cycle"”. In KRAS-mutant cancers such as lung, colorectal, and pancreatic cancers,
KRAS upregulates GLUT and glycolytic enzymes, promoting glucose uptake and adaptation to low-glucose
environments”*"*"" In CCA, a rare and aggressive malignancy, KRAS mutations are closely associated
with GLUT1 expression and 18F-FDG-PET volumetric parameters, which modulate tumor glucose uptake
and correlate with patient prognosis. This evidence underscores GLUT1 as a potential prognostic biomarker
for CCA. Although the detailed mechanisms of KRAS-driven metabolic reprogramming in CCA remain
insufficiently understood, insights derived from other KRAS-driven cancers provide a promising framework
for elucidating the metabolic pathways underlying this highly lethal disease. Targeting the GLUT1-GSL axis,
along with the metabolic pathways involving GLUT1, glycolysis, the PPP, and LDH, represents a promising
therapeutic strategy for pancreatic cancer and other KRAS-driven malignancies, as it has the potential to
disrupt critical oncogenic pathways and enhance the efficacy of treatment in CCA [Figure 4].

TP53

TPs3, along with KRAS, is among the most frequently mutated genes in CCA. In iCCA, loss-of-function
mutations in TP53 occur in approximately 20% of cases and are significantly associated with poor
prognosis"". Across three independent cohorts, patients harboring concurrent mutations in both TP53 and
KRAS demonstrated worse clinical outcomes, as supported by Kaplan-Meier survival curves and both
univariate and multivariate analyses'""”. Often referred to as the “guardian of the genome”, TP53 plays a
crucial tumor-suppressive role by maintaining genomic stability and regulating cellular metabolism"*. In
the context of CCA, TP53 mutations contribute not only to genomic instability but also to metabolic
reprogramming that promotes tumor progression, aggressiveness, and therapy resistance. One of the key
metabolic alterations associated with TP53 loss is the enhancement of aerobic glycolysis, commonly known
as the Warburg effect, which allows cancer cells to meet the energy and biosynthetic demands required for

[115]

rapid proliferation and survival under stress conditions' .

Under normal conditions, TP53 maintains metabolic balance by inhibiting glycolysis and promoting
OXPHOS". It achieves this through several mechanisms, including transcriptional repression of glucose
transporters such as GLUT1 and GLUT4, downregulation of rate-limiting glycolytic enzymes, inhibition of
lactate transporters like monocarboxylate transporter 1 (MCT1)"'?, and suppression of oncogenic signaling
pathways including AKT/mTOR and NF-kB"'*""". TP53 also upregulates key components of mitochondrial
metabolism, such as cytochrome ¢ oxidase 2 (SCO2) and glutaminase 2 (GLS2), enhancing mitochondrial

respiration and supporting antioxidant defense via GSH production"'*"*°.

To further limit glycolytic flux, TP53 induces TP53-induced glycolysis and apoptosis regulator (TIGAR),
which decreases fructose-2,6-bisphosphate levels, reducing glycolysis and ROS accumulation while
redirecting glucose metabolism toward the PPP to generate NADPH"*'. TP53 also downregulates HKII by
destabilizing its mRNA and inhibits phosphoglycerate mutase (PGM), further dampening glycolytic
activity">"*”l. Additionally, TP53 activates Parkin, which binds to and promotes the degradation of HIF-1a,
a transcription factor that normally drives expression of glycolytic genes such as GLUT1 and LDHA". In
the PPP, TP53 suppresses G6PD by directly binding to the enzyme, preventing its activation and reducing
nucleotide biosynthesis capacity"*".

Loss of TP53 disrupts these regulatory mechanisms, resulting in enhanced glycolysis, lactate production,
and increased adaptability to metabolic stress - features that contribute to the aggressiveness of CCA"*. In
TP53-deficient cells, increased IKKa/B kinase activity leads to NF-«B activation, which upregulates GLUT3
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Figure 4. Oncogenic Mutations and Glucose Metabolic Dysregulation in CCA: Therapeutic Targets and Metabolic Shifts. This figure
illustrates the upregulation of key glycolytic enzymes (highlighted in red) and the associated metabolites involved in the metabolic
alterations observed in cholangiocarcinoma. Additionally, it depicts common oncogenic mutations that modulate glucose metabolic
reprogramming in CCA. The dotted arrows represent the regulation of glycolytic enzyme alterations and glucose metabolism
dysregulation driven by common oncogenic mutations in CCA. Therapeutic targets are indicated adjacent to each corresponding
oncogenic mutation to highlight potential intervention points. Created in BioRender.
Chanda M. (2025) https://BioRender.com/3fv47uu. CCA: Cholangiocarcinoma; GLUT1: glucose transporter 1; HKII: hexokinase II; PFK1:
phosphofructokinase-1; ALDOA: aldolase A; PKM2: pyruvate kinase M2; G6PD: glucose-6-phosphate dehydrogenase; 6PGD: 6-
phosphogluconate dehydrogenase; TKT: transketolase; TALDO: transaldolase; LDHA: lactate dehydrogenase A; PDH: pyruvate
dehydrogenase; TCA: tricarboxylic acid cycle; ICT: isocitrate; a-KG: alpha-ketoglutarate; OXPHOS: oxidative phosphorylation; KRAS:
Kirsten rat sarcoma viral oncogene homolog; TP53: tumor protein p53; IDH: isocitrate dehydrogenase; ARIDTA: AT-rich interaction
domain 1A; FGFR2: fibroblast growth factor receptor 2; HER2: human epidermal growth factor receptor 2; GLUTSs: other glucose
tanspoters; ATP: adenosine triphosphate; ADP: adenosine diphosphate; Pi: inorganic phosphate.

and promotes aerobic glycolysis""”. This metabolic shift also synergizes with oncogenic Ras signaling to
enhance glucose uptake and energy production. Importantly, Ras-driven glycolysis is suppressed in the
absence of NF-«B subunit pe5, but restored upon GLUT3 re-expression, emphasizing the importance of this
axis in TP53-deficient tumors"”. Hypoxic conditions further exacerbate this metabolic phenotype by
stabilizing HIF-1a, which upregulates glycolytic enzymes such as HKII, PDK1, and LDHA, reinforcing the
Warburg effect!*?.

Collectively, these findings highlight the dual impact of TP53 mutations in iCCA - both through loss of
genome surveillance and through the promotion of metabolic reprogramming. This shift toward glycolysis
not only fuels tumor progression and metastasis but also contributes to resistance against therapeutic
interventions, underscoring TP53’s central role in CCA pathogenesis**"'*"'7),

IDH

IDH mutations, particularly in IDH1, are identified in approximately 5%-36% of iCCA cases, making them
one of the most frequent metabolic alterations in this cancer subtype!*?. These mutations are generally
mutually exclusive with FGFR2 rearrangements, though rare co-occurrence has been reported in FGFR2-
fused iCCA patients"*. IDH1 mutations in iCCA are also associated with decreased ARID1A expression,
implicating a broader epigenetic disruption"*. Functionally, mutant IDH enzymes acquire a neomorphic
activity, converting a-KG into the oncometabolite 2-HG. This metabolite accumulates in cells and inhibits «
-KG-dependent dioxygenases, including histone demethylases, leading to epigenetic dysregulation,
impaired differentiation, and tumorigenesis""’,
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In iCCA cells, mutant IDH1 drives metabolic reprogramming by upregulating PFK-1 via histone
modification, promoting glycolytic flux and supporting proliferation. Silencing of PFK-1 attenuates this
effect, and high PFK-1 levels correlate with IDH1-mutant CCA, reinforcing its role in metabolic
adaptation"'. Additionally, mutant IDH1 activates AMPK signaling, enabling maintenance of ATP levels
under metabolic stress, further supporting tumor cell survival"'. These findings establish a clear link
between IDH mutations and glycolytic enhancement in iCCA, highlighting their role in tumor growth and
potential therapeutic resistance.

While mechanistic studies in gliomas have demonstrated that mutant IDH1 can affect PI3K/Akt and HIF-1a
pathways, potentially altering glycolysis and mitochondrial metabolism!**"*, these insights primarily serve
to inform understanding of similar metabolic consequences in iCCA, where direct evidence is increasingly
emerging. For instance, modulation of LDH isoform expression and pyruvate metabolism seen in other
IDH1-mutant tumors may similarly contribute to metabolic inflexibility in CCA, though more studies are
warranted™”.

Therapeutically, these metabolic vulnerabilities have clinical relevance. Ivosidenib, a targeted oral IDH1
inhibitor, has shown clinical efficacy in patients with IDH1-mutant iCCA, providing a strong rationale for
metabolic-targeted therapy in this subset"*>"*".

ARID1A

The ARID1A gene, an essential component of the SWI/SNF chromatin remodeling complex, is frequently
mutated in various cancers, facilitating protein access to DNA. Loss-of-function mutations in ARID1A are
common across several cancer types, including gastric, hepatocellular, colorectal, and pancreatic
cancers”"**. Recent studies have also linked ARID1A mutations to clinicopathologic features of CCA, with
mutations found in approximately 10%-30% of CCA cases. ARID1A is one of the most frequently mutated
tumor suppressor genes in CCA™*. ARID1A variation may serve as a critical prognostic marker for
predicting mortality, metastasis, and recurrence in CCA patients. Its role in CCA pathogenesis involves
mechanisms such as cell cycle disruption, chromatin remodeling, oxidative stress, DNA hypermethylation,
and gene interactions. Targeting ARID1A may provide potential diagnostic and therapeutic strategies,
offering opportunities for precision medicine in CCA management'**.

Loss of ARID1A in pancreatic cancer disrupts glucose metabolism, impairing islet development and insulin
production, which may contribute to altered glucose homeostasis and the onset of diabetes mellitus in
affected individuals"*”. Thus, ARID1A loss plays a critical role in metabolic dysregulation in pancreatic
cancer. In HCC, a CRISPR-Cas9 synthetic lethality screen revealed key genes essential for the survival of
ARID1A-deficient cells, highlighting a dependence on the TCA cycle. ARID1A loss downregulates the
glycolysis-related gene PKM, shifting glucose metabolism from aerobic glycolysis to reliance on the TCA
cycle and OXPHOS [Figure 4]. Furthermore, ARID1A-deficient HCC cells and xenograft tumors show
heightened sensitivity to copper treatment, a form of cuproptosis that targets the TCA cycle. These findings
suggest synthetic lethality between ARID1A deficiency and mitochondrial respiration impairment,
positioning copper treatment as a promising therapeutic approach for ARID1A-deficient HCC"*.
Additionally, recent studies have identified synthetic lethality between ARID1A deficiency and AMPK
inactivation in HCC. Treatment with the AMPK inhibitor Compound C suppressed HCC growth in an
orthotopic mouse model, with ARID1A knockout cells exhibiting increased sensitivity and prolonged
survival in tumor-bearing mice. A regulatory axis involving ARID1A, histone deacetylase 1 (HDAC1),
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ubiquitin-specific peptidase 9 X-linked (USP9X), and AMPK has been identified as a critical driver of HCC
progression. Targeting the metabolic vulnerabilities of ARID1A-deficient HCC cells with AMPK inhibitors
may offer a potential therapeutic strategy and may also identify ARID1A deficiency as a biomarker for
precision treatment in HCC"*'.

ARID1A’s involvement in chromatin remodeling and cell cycle regulation suggests a significant role in CCA
tumorigenesis. Studies have shown that ARID1A alterations lead to DNA hypermethylation and a reduction
in IDH expression in the mutant subtype of CCA. These changes imply that ARID1A may be involved in
the dysregulation of glycolytic metabolism in CCA, contributing to tumor progression””. Knockdown of
ARID1A disrupts cell cycle progression, promoting cellular proliferation and enhancing tumorigenesis.
Given ARID1A’s function in these processes, further investigation into its impact on metabolism in CCA is
crucial™. ARID1A variations have shown potential as prognostic markers for disease mortality, metastasis,
and recurrence in CCA patients. However, their precise role in CCA progression remains to be fully
elucidated. The lack of definitive evidence regarding the prognostic significance of ARID1A alterations and
their effect on metabolism in CCA highlights the need for further studies with larger sample sizes. While
several clinical studies suggest a causal relationship between ARID1A mutations and CCA, a deeper
understanding of its biological functions and mechanisms in CCA development is essential. Further
research is needed to validate the impact of ARID1A alterations on CCA progression and metabolism, as
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well as to explore their therapeutic potential**..

FGFR2

FGEFR is a crucial receptor that regulates cell growth, differentiation, and tissue homeostasis. FGFRs consist
of four highly conserved transmembrane receptor tyrosine kinases (FGFR1-4). The FGF-FGFR signaling
pathway is essential for various biological processes, including angiogenesis, wound healing, and tissue
regeneration. FGFR2 fusions or rearrangements occur in approximately 15% of iCCA patients, making
them a promising target for therapeutic interventions**"**. These alterations contribute to metabolic
reprogramming in iCCA, particularly influencing glycolysis and glucose metabolism.

Activation of FGFR2 signaling in iCCA drives aerobic glycolysis, a process regulated by the NF-«B pathway.
NF-«B activation, often observed in cancers, enables tumor cells to meet their high metabolic demands by
upregulating glycolysis-related gene expression. Inhibition of either FGFR2 or NF-«B disrupts this glycolytic
activity, impairing tumor cell growth and survival®
blocking glucose uptake and glycolysis via key enzymes like HKII, while inducing adaptive changes such as
fatty acid oxidation, increased mitochondrial fusion, and autophagy. This metabolic shift reduces
metabolites in the PPP and TCA cycle, further disrupting cellular metabolism"™.

| FGFR2 inhibition also affects glucose metabolism by

These findings highlight the crucial relationship between FGFR2 signaling and glucose metabolism in iCCA
[Figure 4], demonstrating that FGFR2-mediated metabolic reprogramming depends on NF-«B activation.
Inhibition of FGFR2 creates a metabolic vulnerability in iCCA cells, suggesting that targeting glucose
metabolism through FGFR2 inhibition could provide a promising therapeutic strategy. Additionally, the
reduction in glucose utilization caused by FGFR2 inhibition opens new avenues for treatment, including
pharmacological and dietary strategies, to enhance the efficacy of FGFR inhibitors and improve patient
outcomes in iCCA"™.

HER2

HER?2 is a critical regulator in the pathogenesis of various cancers, particularly in breast and gastric cancers.
Recent studies have also implicated HER2 in biliary tract cancers, with HER2 overexpression observed in
approximately 17.4% of eCCA cases"*\.
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In breast cancer, HER2-positive tumors are often associated with the hyperactivation of the mTOR
signaling pathway, which drives a metabolic shift from OXPHOS to glycolysis, a phenomenon characteristic
of the Warburg effect. This metabolic reprogramming supports tumor cell proliferation, survival, and
resistance to therapeutic interventions. Moreover, both the mTOR pathway and glycolysis contribute to
tumor recurrence and chemoresistance, making them promising therapeutic targets for HER2-positive
breast cancer™. Given its role in regulating cell survival, proliferation, and metabolic adaptation, HER2
represents a critical target for therapeutic strategies aimed at improving outcomes in HER2-driven cancers
[Figure 4].

ASSOCIATION OF METABOLIC DYSREGULATION AND SIGNALING PATHWAY IN CCA

Glucose metabolic dysregulation is a hallmark of cancer and involves bidirectional interactions between
oncogenic and tumor suppressor signaling pathways. Mutations in these pathways contribute to metabolic
dysregulation, which, in turn, can alter the pathways, driving carcinogenesis and various cancer
phenotypes"**. Dysregulated glucose metabolism in CCA enhances tumor progression, invasion, and
migration through mechanisms involving the activation of RAS/RAF-MAPK/ERK, PI3K/AKT/mTOR,
IDH1/2, JAK-STAT, and NF-«B signaling pathways, as well as increased ROS levels"*"*!. For example,
AKT activation inhibits pyruvate entry into the mitochondrial TCA cycle, thereby boosting glycolytic flux
by promoting GLUT1 expression, increasing PFK-1 activity, phosphorylating HKII, and reducing PKM2
activity"*!. The PI3K/AKT pathway, often activated in CCA, supports metastasis and poor clinical
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outcomes, making it a potential target for treatment"*".

In a hyperglycemic environment, oncogenic molecules such as O-GlcNAcylated proteins, glucosamine-F6P
amidotransferase (GFAT), and O-GlcNAc transferase are upregulated, promoting a highly metastatic tumor
phenotype**. High glucose levels in CCA cell lines also upregulate Forkhead box protein M1 (FOXM1), a
cell cycle regulator that contributes to CCA cell aggressiveness, and epidermal growth factor receptor
(EGFR), which enhances migration and invasion capabilities"*. Additionally, KRAS and mTORC1 can
induce the Warburg effect and channel glycolytic intermediates toward anabolic pathways, further
promoting metabolic dysregulation"**'*”. Thus, the interplay between glucose metabolism and oncogenic
signaling is bidirectional.

Glucose metabolic dysregulation is primarily driven by transcription factors such as HIF-1a and c-Myc,
with secondary contributions from pathways like PI3K-Akt-mTOR and the activation of oncogenes or
inactivation of tumor suppressors'®. The PI3K/AKT pathway enhances aerobic glycolysis, which not only
provides energy but also increases the activity of ABC transporters, enhancing drug efflux"*!. Triptolide
(TP), an anti-cancer drug that inhibits glycolysis through the AKT-mTOR pathway, has shown promise in
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inhibiting iCCA growth both in vitro and in vivo, though further clinical investigation is needed"*"".

Several signaling pathways, including RAS/RAF-MAPK/ERK, PI3K-AKT-mTOR, IDH1/2, and JAK-STAT,
contribute to CCA development and progression, with their activities closely linked to metabolic alterations.
Growth factor receptors like EGFR and FGFR2 transmit signals via the PI3K-AKT and RAF-MAPK
pathways, influencing glucose and lipid metabolism"?. High glucose concentrations promote CCA
progression by upregulating FOXM1 expression via the EGFR/STAT3 pathway, increasing migration and
invasion capabilities"*”. Furthermore, the PI3K-AKT pathway supports aerobic glycolysis in CCA cells, with
mTOR enhancing the activity of key glycolytic enzymes like HK and PK"*"\.

TPs53 plays a central role in regulating glycolysis and energy metabolism by controlling various processes. It
inhibits glycolysis by repressing glucose transporter transcription, downregulating key rate-limiting
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glycolytic enzymes, and reducing lactate transporter activity. TP53 also modulates critical signaling
pathways such as AKT/mTOR and NF-«B, further suppressing glycolytic flux"'*.

In IDH1 mutant tumors, mutations lead to the conversion of a-KG to D-2HG, contributing to metabolic
stress by inhibiting the TCA cycle and ETC. This metabolic reprogramming is further influenced by
glutamine metabolism, which provides 2-HG, a potent oncometabolite"*'*.. IDH mutations activate the
PI3K/Akt pathway, suggesting that Akt regulation of glucose metabolism in IDH mutant tumors is
modulated by additional oncogenic mutations and the tumor microenvironment"””. In IDH1 mutant CCA
cells, AMPK activation helps maintain ATP levels and supports cell survival under metabolic stress, while
also upregulating glycolysis by stimulating PFK-1 expression". These findings highlight metabolic
reprogramming as a key driver of IDH-driven tumorigenesis.

ARID1A, a tumor suppressor gene frequently downregulated in CCA"**, can undergo methylation by 2-
HG, linking it to metabolic dysregulation****. This methylation event disrupts its tumor-suppressive
functions, impairing chromatin remodeling and facilitating oncogenic processes that promote CCA
tumorigenesis and progression. Additionally, a novel ARID1A/HDAC1/USP9X/AMPK axis has been
identified as crucial for HCC progression. Targeting metabolic vulnerabilities in ARID1A-deficient HCC
cells through AMPK inhibition may offer a potential therapeutic strategy, with ARID1A deficiency serving
as a biomarker for precision treatment in HCC"*. Thus, the intricate interplay between glucose metabolic
dysregulation and oncogenic signaling pathways in CCA underscores the critical role of metabolic
reprogramming in driving tumor progression. Targeting these pathways could present novel therapeutic
strategies for CCA and other malignancies with analogous metabolic and signaling alterations.

GLUCOSE METABOLISM AS A POTENTIAL THERAPEUTIC TARGET IN CCA

Metabolic reprogramming is an established hallmark of cancer, yet direct therapeutic strategies targeting
altered glucose metabolism in CCA remain limited. Most current treatments affect glucose metabolism
indirectly, with few agents specifically tailored to the metabolic profile of CCA. Therapeutic efforts have
focused on inhibiting glucose transporters (e.g., GLUT1 via WZB117 and BAY-876), glycolytic enzymes
(HKIIL, PKM2), components of the PPP (G6PD), lactate metabolism (LDHA), and mIDH in the TCA cycle.
While direct OXPHOS inhibition is uncommon, mitochondrial factors such as mtDNA content and PGC-1
o are emerging as markers of metabolic adaptation and potential therapeutic targets.

Due to the scarcity of CCA-specific data, many of these targets have been investigated primarily in other
cancers. Nevertheless, their established roles in tumor progression, metabolic plasticity, and resistance
support their translational relevance in CCA [Table 3]. Further elucidation of these metabolic pathways may
lead to more effective and precise therapies for this aggressive malignancy.

Repurposing antidiabetic agents as metabolic therapies in CCA

Metformin

Metformin, a widely prescribed antidiabetic drug, exhibits antitumor effects in CCA by modulating energy
metabolism. It activates AMPK, thereby inhibiting mTORCI1 signaling and reducing cell proliferation,
protein synthesis, and lipogenesis"*"*". Preclinical studies demonstrate its efficacy in suppressing tumor
growth in both in vitro and in vivo CCA models. Its activity is particularly notable in tumors harboring
IDH1/2 mutations, which are prevalent in intrahepatic CCA and associated with altered mitochondrial
metabolism and OXPHOS dependence.
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Table 3. Potential therapeutic targets and agents in metabolic pathways in CCA

Metabolic process Target/Enzyme Therapeutic agent(s) Targeted in CCA References
therapeutics?
Antidiabetic repurposing  AMPK/mTORC1/NAD" Metformin; chloroquine Yes - preclinical and [155-157]
/SIRT1 phase I/l
Glucose uptake GLUT1 BAY-876; WZB117 Yes - preclinical [46,165-167]
promising
GLUT2 Selective inhibitors (preclinical) No - not yet [168]
explored in CCA
GLUT5 Selective inhibitors (preclinical) No - not yet [168]
explored in CCA
Glycolysis HKII Lonidamine Yes - preclinical; [50,169-172,
trials in other 174,175]
cancers
PFK-1 TLAM + mitochondrial inhibitor (synthetic No - not yet [176]
lethality) explored in CCA
ALDOA Dimethyl itaconate No - not yet [177178]
explored in CCA
PKM2 Shikonin; lapachol; vitamin K derivatives Yes - Shikonin in [179-186]

(VK3/VK5),; compound 3k; TEPP 46; DASA 58; CCA; others
TLN232; micheliolide; metformin; benserazide; MS preclinical

001
PPP G6PD DHEA (inhibitor; suppresses MYC, oxidative stress Yes - DHEA in CCA [194-196,197
reduction), polydatin, 6-AN models; others not  -199,62]
yet tested
6PGD Physcion (inhibits 6PGD, activates AMPK) No - not yet [200-202]
explored in CCA
TKT OT, genistein (natural isoflavonoid) No - not yet [203-212,621]
explored in CCA
TALDO F1, 6BP (glycolytic intermediate), sugar phosphate  No - not yet [62,213,214]
analogues explored in CCA
Lactate metabolism LDHA GNE-140 (selective LDHA inhibitor), FX11, oxamate Not studied in CCA [215-228]
TCA cycle IDH1 mutant Ivosidenib (FDA approved, improves PFS), Yes - clinical use [37,229-233,
enasidenib (limited activity in CCA) 234]
Src kinase (IDHT mutant ~ Dasatinib Phase Il trial in IDH- [235]
related resistance) mutant iCCA
GLS1 CB-839 (telaglenastat) Not yet specific [236,237]
CCA data
PDH / a-KG Devimistat (CPI-613), synergizes with Phase | trial, [94,238]
dehydrogenase gemcitabine/cisplatin preclinical synergy
OXPHOS/mitochondrial ~ Complex | and PGC-Ta Metformin (indirect Complex | inhibitor); SR-18292 Yes (preclinical and [94,155,238]
metabolism (PGC-Ta inhibitor) clinical trials)
Rotenone, deguelin (direct Complex | inhibitors) No (preclinical; [239,240]
toxicity limits use)
Phenformin, IM156 (potent Complex | inhibitors)  Yes (clinical [241]
evaluation ongoing)
BAY-87-2243, IACS-010759 (Complex | No (clinical trials [242-244]
inhibitors) terminated due to
toxicity)
Mubritinib (dual HER2/Complex | inhibitor) No (preclinical; [245]
untested in CCA)
AG311, Mdivi-1 (emerging agents) No (preclinical; [246,247]
unclear specificity)
Biological relevance: CSCs enriched by sphere - [94]

culture show increased mitochondrial mass,
membrane potential, and PGC-1o; high PGC-1a or
Complex Il correlates with poor prognosis

CCA: Cholangiocarcinoma; AMPK: AMP-activated protein kinase; mTORC1: mechanistic target of rapamycin complex 1; NAD": nicotinamide
adenine dinucleotide; SIRT1: sirtuin 1, GLUT1: glucose transporter 1, GLUT2: glucose transporter 2; GLUT5: glucose transporter 5; HKII: hexokinase
II; PFK-1: phosphofructokinase-1; ALDOA: aldolase A; PKM2: pyruvate kinase M2; PPP: pentose phosphate pathway; G6PD: glucose-6-phosphate
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dehydrogenase; 6-AN: 6-aminonicotinamide; 6PGD: 6-phosphogluconate dehydrogenase; TKT: transketolase; OT: oxythiamine; TALDO:
transaldolase; F1,6BP: fructose 1,6-bisphosphate; LDHA: lactate dehydrogenase A; TCA: tricarboxylic acid; IDH1: isocitrate dehydrogenase 1; Src:
steroid receptor coactivator; GLST: glutaminase 1; PDH: pyruvate dehydrogenase; a-KG: alpha-ketoglutarate; OXPHOS: oxidative phosphorylation;
PGC-1a: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; CSCs: cancer stem cells; TLAM: tryptolinamide; PFK-1:
phosphofructokinase-1; ALDOA: aldolase A; PKM2: pyruvate kinase M2; G6PD: glucose-6-phosphate dehydrogenase; 6PGD: 6-
phosphogluconate dehydrogenase; TKT: transketolase; TALDO: transaldolase; LDHA: lactate dehydrogenase A; IDH1: isocitrate dehydrogenase 1;
Src kinase: proto-oncogene tyrosine-protein kinase Src; GLST: glutaminase 1; PDH: pyruvate dehydrogenase; a-KG: alpha-ketoglutarate; PGC-1a:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; OXPHOS: oxidative phosphorylation; CSC: cancer stem cells.

A phase I/II clinical trial NCT02496741 evaluated the combination of metformin and chloroquine in
patients with IDH1/2-mutated solid tumors, including CCA, assessing pharmacokinetics, tumor response,
and suppression of IDH-derived metabolites””. Chloroquine, which inhibits autophagy and glutaminolysis,
was used to augment metabolic stress. While the trial demonstrated potential pathway modulation, it did
not yield significant tumor responses, highlighting the need for further studies with larger cohorts and
optimized combinations.

SGLT2 Inhibitors

Sodium-glucose cotransporter 2 (SGLT2) inhibitors, approved for type 2 diabetes, have shown clinical
benefit in heart failure and renal disease”®. Among them, canagliflozin (CANA) exhibits anti-cancer effects
across multiple malignancies, including liver and pancreatic cancers"**". In CCA, CANA inhibits cell
proliferation and migration by inducing cell cycle arrest, independent of SGLT2 expression"*”. However,
CANA also activates the NAD" salvage pathway and upregulates sirtuin 1 (SIRT1), potentially promoting
EMT and tumor growth" ",

Interestingly, combining CANA with nicotinamide phosphoribosyltransferase inhibitors, which block the
NAD" salvage pathway, enhances its antitumor activity in CCA models"*. These findings underscore
CANA'’s dual role in CCA and the need for further in vivo studies to evaluate efficacy and safety.

Inhibition of glucose transport in CCA: GLUT inhibitors

Inhibition of glucose transport in CCA: GLUT inhibitors

GLUT1 inhibitors

GLUT?1 is significantly overexpressed in CCA and is associated with carcinogenesis, progression, and poor
prognosis. Silencing GLUT1 in CCA cells reduces tumor aggressiveness, identifying it as a promising
metabolic target". BAY-876, a potent and selective GLUT1 inhibitor, has shown strong antitumor activity
in colorectal and head and neck squamous cell carcinoma (HNSCC) models. In CRC, it suppresses
proliferation by reducing GLUT1 expression, enhancing mitochondrial respiration and ROS production,
and inducing apoptosis"*’. In HNSCC, BAY-876 reduces glucose uptake, metabolism, and IL-8 production,
with enhanced apoptotic effects when combined with bitter taste receptor (T2R) agonists, suggesting
potential for combination therapies'*”.

WZB117, another GLUT1 inhibitor, reduces cancer cell growth, migration, and invasion in vitro and
in vivo, particularly in lung cancer models"*’. It depletes intracellular ATP and suppresses glycolytic enzyme
activity, resulting in cell cycle arrest and apoptosis'*. Importantly, WZB117 selectively targets cancer cells
over normal cells and synergizes with chemotherapeutics such as cisplatin and paclitaxel"””. These data
further support GLUT1 as a viable therapeutic target in CCA".

Other GLUT inhibitors
Recent in silico and experimental research has identified several inhibitors selective for GLUT2, GLUTS5,
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and pan-Class I GLUTs (GLUT1-4) that impede glucose transport by binding near the substrate-binding
site"**. While these compounds show potential to reduce glucose uptake in cancer cells, their efficacy and
safety in CCA remain uninvestigated. Given the complex and context-dependent role of GLUT2 in
metabolism, further studies are essential to evaluate these inhibitors before clinical translation in CCA.

Therapeutic targeting of glycolysis in CCA: HKIl, PFK-1, ALDOA and PKM2 inhibitors

HKII inhibitors

Lonidamine (LND), a selective HKII inhibitor, demonstrates potent anti-proliferative effects against both
drug-sensitive and resistant CCA cell lines in a dose- and time-dependent manner™. CCA cells exhibit
higher sensitivity to LND compared to other cancers, including nasopharyngeal carcinoma and
leukemia®. Its efficacy correlates with HKII expression, and sub-cytotoxic doses effectively inhibit
migration and invasion, indicating anti-metastatic potential consistent with observations in breast and
colon cancers"”"". Although siRNA-mediated HKII knockdown reduces CCA cell growth and
invasiveness, LND at higher concentrations may exert off-target effects on mitochondrial complex II and
the mitochondrial pyruvate carrier”””l. LND has progressed to phase II clinical trials for various cancers,
supporting its translational potential"*'"”. Given HKII’s selective overexpression in CCA compared to
normal liver tissue, targeting HKII with LND represents a promising therapeutic strategy, warranting
further in vivo and clinical validation™. Further in vivo and clinical investigations are warranted to validate
LND’s efficacy and safety in CCA treatment.

PFK-1 inhibitors

PFK-1 plays a central role in sustaining glycolysis in cancer. Although tryptolinamide (TLAM), a PFK-1
inhibitor, has limited efficacy alone, it dramatically sensitizes cancer cells to mitochondrial ATP synthase
inhibitors such as oligomycin A, increasing cytotoxicity by over 13,000-fold. This synthetic lethality
selectively targets cancer cells over normal fibroblasts, likely due to differential metabolic demands. While
not yet studied in CCA, this dual-targeting approach highlights the potential of PFK-1 inhibition as a
therapeutic strategy!”.

ALDOA inhibitors

Synthetic itaconate derivatives, including dimethyl itaconate, show anti-cancer potential by modulating
cytokine production and tumor metabolism"””. Itaconate inhibits ALDOA enzymatic activity via covalent
modification without affecting its expression, leading to glycolytic disruption and impaired tumor cell
energy metabolism"”. In retinoblastoma models, itaconate reduces tumor viability and progression with
minimal toxicity compared to standard chemotherapy, supporting ALDOA as a viable metabolic target.
Further investigation is warranted to explore its dual immunometabolic effects in CCA"””'7%.

PKM?2 inhibitors

Shikonin, a selective PKM2 inhibitor, exhibits significant antitumor effects in CCA by reducing
proliferation, migration, and invasion, and promoting apoptosis via ROS accumulation and caspase
activation"”"*l. It enhances caspase-3 and -8 expression while downregulating MMP-9 and EGFR.
Shikonin’s efficacy is further amplified in combination with tumor necrosis factor-related apoptosis-
inducing ligand, which triggers JNK signaling and DR5 expression"*". PKM2 inhibition also reverses
chemoresistance in cisplatin- and gemcitabine-resistant cancers; in bladder cancer, shikonin induces
necroptosis and suppresses resistance*'*”), Several other PKM2 inhibitors have demonstrated preclinical
potential: lapachol (ferroptosis in melanoma), vitamin K derivatives (chemosensitization in leukemia),
compound 3k (broad-spectrum PKM2 inhibition), and metabolic activators such as TEPP-46 and DASA-58
(lung cancer)"* ',



Chanda et al. Hepatoma Res. 2025;11:19 | https://dx.doi.org/10.20517/2394-5079.2025.15 Page 25 of 55

Additional candidates include peptide TLN232 (phase II melanoma trials)"*”, micheliolide (targeting

leukemia and glioma)"*'*!

, and repurposed drugs like metformin"*’, benserazide", and MS-001, which
targets CSC metabolism"*”. While these remain largely untested in CCA, they represent promising avenues
for future investigation. Notably, benserazide also inhibits HKII, reducing glycolytic activity and tumor
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growth in vivo with low toxicity, suggesting its value as a dual-action metabolic therapy!

Targeting the PPP: G6PD, 6PGD, TKT, and TALDO inhibitors

G6PD inhibitors

G6PD, the rate-limiting enzyme of the oxidative PPP, is increasingly recognized as a metabolic vulnerability
in cancer. DHEA, a known Ge6PD inhibitor"*, protects cholangiocytes by promoting proliferation and
reducing bile acid-induced apoptosis via ERa/ERB and G-protein-coupled estrogen receptor pathways,
which reduce oxidative stress"*. In CCA, DHEA also suppresses MYC expression, thereby inhibiting cell
viability, proliferation, and migration. In silico modeling confirmed stable MYC-DHEA binding, supporting
its role as a low-toxicity metabolic and oncogenic modulator"*.

Other G6PD inhibitors studied in non-CCA cancers also show promise. Polydatin, a natural resveratrol
glucoside, inhibits GePD activity, disrupting NADPH production and inducing oxidative stress, apoptosis,
and tumor suppression in HNSCC and CRC models"****. It demonstrates high tolerability in phase II
clinical trials"*’. Similarly, 6-AN, a niacin analog, inhibits both G6PD and 6PGD, enhancing ROS
generation and sensitizing tumors to chemotherapy and radiotherapy in breast, colorectal, and
hepatocellular models'”. While neither polydatin nor 6-AN has been tested in CCA, their mechanisms
suggest potential for translational research.

6PGD inhibitors

6PGD maintains redox homeostasis and anabolic metabolism via NADPH production. In HCC models, the
selective 6PGD inhibitor physcion disrupts this pathway, triggering AMPK activation, impairing cell
viability, and altering the NADPH/NAD" ratio®*". The dependence of physcion’s efficacy on AMPK
signaling supports prior findings that 6PGD-AMPK crosstalk regulates metabolic reprogramming in
cancer™. Though not yet studied in CCA, the close metabolic parallels with HCC suggest 6PGD inhibition
may offer therapeutic benefit.

TKT inhibitors

TKT, the key enzyme of the non-oxidative PPP, facilitates NADPH and ribose production critical for tumor
progression®”. In HCC, TKT is the most highly expressed PPP enzyme and correlates with aggressive
features such as large tumor size and vascular invasion, while TKTL1/2 remain undetectable®.
Oxythiamine (OT), a thiamine antimetabolite and irreversible TKT inhibitor, competitively binds the active
site and enhances sorafenib efficacy in HCC models*****. OT induces Go/G1 arrest**, inhibits MAPK
signaling®”, and suppresses migration and MMP-2/9 activity***. Co-treatment with agents like lovastatin or

6-AN amplifies ROS-mediated apoptosis'****'*.,

Genistein, a natural isoflavonoid, also inhibits TKT, disrupting the non-oxidative PPP, reducing nucleotide
synthesis, and restoring sorafenib sensitivity in resistant HCC cells”"*"*. It downregulates HIF-10, HK2, and
GLUT1, and inhibits NF-xB and AKT signaling, showing synergy with agents like tamoxifen and
cisplatin'”. While direct studies in CCA are lacking, TKT’s role in hepatobiliary cancer metabolism
warrants further investigation.
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TALDO inhibitors
TALDO, another enzyme in the non-oxidative PPP, supports redox balance and mitochondrial function”"’,
TALDO inhibition disrupts mitochondrial respiration, membrane potential, and induces oxidative stress in

both animal and patient-derived models'*”.

F1,6BP, a glycolytic intermediate, competitively inhibits TALDO by binding its active site®*. Additional
sugar phosphates like arabinose-5-phosphate and D-tagatose 6-phosphate irreversibly inhibit TALDO via
Schiff base formation with catalytic lysines'®”. Although untested in CCA, TALDO’s role in maintaining
oxidative metabolism positions it as a candidate for future targeting.

Modulation of LDHA in CCA: LDH inhibitors

GNE-140

GNE-140, a selective LDHA inhibitor, reduces glucose uptake and downregulates GLUT1 and LDH
expression in tumor cells, while enhancing glucose availability and GLUT1 expression in tumor-infiltrating
T cells - preserving immune function while impairing tumor glycolysis®*'>*'*!. This tumor-selective metabolic
disruption provides a therapeutic window for combining LDHi with immune checkpoint blockade (ICB).
However, LDH inhibitors have not yet reached clinical trials, and optimal combination strategies with ICB
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are under investigation due to the shared glycolytic demands of immune and tumor cells!

FX11

FX11 selectively inhibits LDHA, increasing mitochondrial oxygen consumption and ROS generation,
thereby inducing apoptosis in glycolysis-dependent lymphoma and pancreatic cancer cells. In vivo, FX11
significantly reduces tumor burden”>**”. Other LDHA-targeting compounds, including galloflavin and N-
hydroxyindole derivatives, demonstrate similar activity, though clinical validation is pending***".

Oxamate and combination approaches

Inhibition of LDHA has been shown to enhance chemosensitivity. Oxamate, a well-characterized LDH
inhibitor, sensitizes resistant breast cancer and erythroblastic oncogene B2 (ERBB2/HER2)-positive cancer
cells to paclitaxel and trastuzumab, respectively, both in vitro and in vivo****”), LDHA silencing via sShRNA
also increases paclitaxel-induced apoptosis in A549 lung cancer cells®**. Additionally, co-administration of
FX11 with FK866, a NAD" biosynthesis inhibitor, induces synergistic tumor regression in lymphoma
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models”. While data in CCA remain lacking, LDHA’s metabolic and immunologic roles support further

investigation of these agents.

Targeting TCA cycle enzymes in CCA: IDH, GLS, PDH, and a-KG dehydrogenase inhibitors

IDH inhibitors

Ivosidenib, a selective IDH1 inhibitor, is approved for metastatic mIDH1 CCA™. In the phase III ClarIDHy
trial NCT02496741, it significantly improved progression-free survival (PFS) versus placebo (HR = 0.37;
95%Cl: 0.25-0.54), indicating a 63% reduction in progression or death risk?”. While overall survival (OS)
showed a numerical increase (10.3 months vs. 7.5 months), it was not statistically significant (HR = 0.79;
95%Cl: 0.56-1.12), likely due to ~70% crossover from placebo to ivosidenib. After adjustment, the OS
benefit reached statistical significance, with the placebo arm’s median OS reduced to 5.1 months (P <
0.001)"”!. Ivosidenib’s efficacy compares favorably with second-line regimens such as FOLFOX and
liposomal irinotecan plus fluorouracil®***, and it is recommended in ESMO guidelines for IDH1-mutant
biliary cancers post-first-line chemoimmunotherapy””. Current trials are evaluating its combinations with
nivolumab registered as NCT04056910, gemcitabine-cisplatin registered as NCT04088188"/, and other
IDH-targeted agents including enasidenib registered as NCT02273739 and LY3410738 registered as
NCTo04521686, supported by references™**.
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Enasidenib, a selective IDH2 inhibitor approved for acute myeloid leukemia, was assessed in the
NCTo02273739 phase I/II trial for solid tumors, including CCA. Among 10 evaluable patients, no objective
responses were observed™?. Its limited activity, along with the low prevalence of IDH2 mutations in CCA,
restricts its clinical relevance.

Dasatinib, a Src/BCR-Abl kinase inhibitor, retains activity in IDH-mutant CCA cell lines resistant to IDH
inhibitors. SRC, but not other dasatinib targets, mediates this sensitivity”*’. A phase II trial (NCT02428855)
in IDH-mutant intrahepatic CCA reported a median PFS of 8.7 months and OS of 37.9 months, supporting
its potential as monotherapy or in combination with IDH inhibitors**..

GLS inhibitors

In mIDH1-expressing cancers, indirect metabolic therapies such as GLS inhibitors have been
investigated”**. Glutamine is a major 2-HG source in mIDH1 CCA and is essential for tumor growth.
Glutaminase 1 (GLS1), often upregulated in CCA, is associated with enhanced invasiveness and
migration””. Therefore, GLS inhibitors may be effective in CCA regardless of IDH mutation status. CB-839
(telaglenastat), a GLS1 inhibitor, was evaluated in a phase I trial NCT02071862 involving IDH-mutant solid
tumors, though mIDH1-specific outcomes remain unpublished*”.

PDH and 0-KG dehydrogenase inhibitor

Devimistat (CPI-613), an inhibitor of PDH and a-KG dehydrogenase - critical enzymes in the TCA cycle
and CCA stemness maintenance®** - was studied in trial NCT0176629. Among tested doses, 2,300 mg/m’
yielded the longest OS (4.7 months), while PFS was highest (2.5 months) at 600/3,000 mg/m®. Preclinical
studies revealed synergy with gemcitabine and cisplatin in CCA models”*
potential for future clinical development.

, suggesting combination

Therapeutic targeting of OXPHOS in CCA: complex | and associated inhibitors

Metformin and SR-18292

Metformin, an indirect Complex I inhibitor, impairs mitochondrial respiration and PGC-1a-associated
OXPHOS, reducing sphere formation, downregulating stemness and EMT markers, and suppressing in vivo
tumor growth in CCA models®". SR-18292, a selective PGC-1a inhibitor, similarly inhibits mitochondrial
biogenesis and stem-like phenotypes, reinforcing the therapeutic relevance of targeting PGC-1a in CCA"*.

Rotenone and deguelin
Rotenone and its derivative deguelin directly inhibit NADH oxidation and electron transfer at Complex I,
inducing apoptosis and tumor growth suppression in preclinical settings"*
application is limited by systemic toxicity affecting the nervous system, liver, and bone marrow

1. However, rotenone’s clinical

[240]

Phenformin and IM156
Phenformin and IM156, more potent Complex I inhibitors than metformin, exhibit enhanced
mitochondrial targeting. IM156 is currently under clinical evaluation due to its improved efficacy profile,

although higher doses are typically required to achieve antitumor effects"**".

BAY-87-2243

Initially identified as a HIF-1a inhibitor, BAY-87-2243 was later shown to directly inhibit Complex I,
decreasing oxygen consumption and mitigating tumor hypoxia. Despite encouraging preclinical efficacy, its
development was halted due to dose-limiting toxicities in a phase I trial NCT01297530%*.



Page 28 of 55 Chanda et al. Hepatoma Res. 2025;11:19 | https://dx.doi.org/10.20517/2394-5079.2025.15

TACS-010759

A derivative of BAY-87-2243, IACS-010759 is a potent Complex I inhibitor that blocks ubiquinone binding
to the ND1 subunit, demonstrating nanomolar IC50 values and significant antitumor effects in preclinical
models. However, Phase I trials in hematologic and solid malignancies (NCT02882321 and NCT03291938)
were terminated due to toxicity and limited clinical benefit®*>**.

Mubritinib
Originally developed as a HER2 kinase inhibitor, mubritinib has been reclassified as a Complex I inhibitor
targeting the ubiquinone-binding site. Its dual mechanism of action offers a novel therapeutic angle,

245]

although its application in CCA remains untested clinically™*.

Emerging inhibitors: AG311 and mdivi-1

AG311 is an experimental agent affecting mitochondrial respiration; however, its mechanism and Complex
I specificity remain unclear. Mdivi-1, initially proposed as a Complex I inhibitor, is now understood to
target mitochondrial fission via dynamin-related protein 1 (Drp1), rather than directly inhibiting Complex
[**>¥l Both require further preclinical validation.

OXPHOS is essential for energy metabolism in CCA, particularly in CSCs enriched via sphere culture,
which show elevated mitochondrial mass, membrane potential, and PGC-1a expression. High levels of
PGC-1a or Complex II correlate with poor prognosis'”. While OXPHOS inhibition is a promising strategy,
current agents are limited by toxicity, low efficacy, or poor specificity, highlighting the need for improved
mitochondrial-targeted therapies.

THERAPEUTIC TARGETING OF ONCOGENIC MUTATIONS IN CCA

CCA is a molecularly heterogeneous malignancy increasingly addressed through precision oncology. KRAS
mutations are targeted by inhibitors such as adagrasib and sotorasib. TP53-directed strategies involve
reactivation, degradation, and synthetic lethality. IDH mutations, associated with metabolic
reprogramming, are targeted via mutant IDH and related enzyme inhibition. ARID1A-deficient tumors
present opportunities for synthetic lethality and epigenetic therapies. FGFR2 fusions, common in
intrahepatic CCA, are treated with agents such as futibatinib and pemigatinib, alongside resistance
management. HER2 alterations are targeted by monoclonal antibodies, ADCs, TKIs, and immune
conjugates [Table 4]. Although MET alterations have been reported, their therapeutic targeting requires
further investigation. These advances highlight the shift toward mutation-driven therapies to improve CCA
outcomes.

Targeting KRAS mutations in CCA: adagrasib, the KRYSTAL-1 trial, and sotorasib

KRAS is a key oncogenic driver in CCA, with activating mutations predominantly at codons 12 (G12), 13
(G13), and 61 (Q61)", among which G12D is most prevalent"”. Although KRAS G12C mutations are
relatively rare in CCA, selective inhibitors targeting this variant have shown clinical potential, including
modulation of glucose metabolism.

Adagrasib and the KRYSTAL-1 trial

Adagrasib is a covalent KRAS G12C inhibitor that traps the mutant protein in its inactive GDP-bound state.
It exhibits favorable pharmacokinetics, including a ~24-h half-life, broad tissue distribution, and central
nervous system penetration. In the KRYSTAL-1 Phase I/II trial NCT03785249, adagrasib monotherapy
demonstrated an objective response rate of 41% and a disease control rate of 100% in patients with KRAS
G12C-mutant gastrointestinal tumors, including biliary tract cancers. The treatment was well tolerated,
underscoring the value of genotype-driven therapy despite the low frequency of KRAS G12C in CCA™*.
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Table 4. Therapeutic targeting of oncogenic mutations in CCA
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Gene/Target Treatment regimen Therapeutic target Combination Phase of clinical NCT number(s) Results References
trial
KRAS Adagrasib (KRYSTAL-1trial) ~ KRAS G12C mutant (inactive Monotherapy Phase I/11 NCT03785249 41% ORR, 100% DCR in Gl [248,249]
GDP-bound form) tumors incl. CCA; well
tolerated; reduces GLUT1and
lipid uptake
Sotorasib Selective KRAS G12C inhibitor Monotherapy FDA-approved in NCT03600883 FDA-approved for NSCLC; [250-254]
NSCLC inhibits glycolysis via TXNIP
upregulation; limited CCA data
TP53 APR 246 (eprenetapopt) Reactivates mutant TP53 via + Azacitidine Phase IlI NCT03745716 ~73% ORR, 60% 1 year [256-259]
cysteine binding relapse-free survival in
MDS/ALL; no CCA data
PEITC Refolds R175H/L mutants, Monotherapy Phase Il NCT01790204 Ongoing; data pending [260]
induces oxidative stress
ATO Degrades/refolds mutant TP53; Mono/combo Early-phase NCT03855371, NCT04869475, Ongoing; no CCA-specific [261-265]
disrupts antioxidant defense NCT04489706, NCT04695223 results
Ganetespib (HSP9O0 inhibitor) Destabilizes mutant TP53 via + Paclitaxel Phase I/11 NCT02012192 Safe, but no added survivalin ~ [267-271]
CHIP/MDM?2 activation ovarian cancer
Statins (e.g., atorvastatin) Promotes TP53 degradation via  Monotherapy Phase Il NCT04767984, NCT03560882 Promising preclinical; CCA [272-277]
mevalonate/CHIP pathway data lacking
Vorinostat (HDAC inhibitor)  Induces TP53 degradation via +17AAG/chemo Phase Il NCT02042989, NCT01339871 Modest benefit; mutation [278-280]
ubiquitination machinery specificity unclear
Adavosertib (WEET inhibitor) ~ Synthetic lethality in TP53- Mono or combo Phase I/ NCTO1164995, NCT01357161, Modest PFS/RR in TP53- [284-289]
deficient cells NCT02272790, NCT03668340 mutated tumors
Lamivudine (LINE 1RTi) Inhibits retrotransposon activity Monotherapy Phase Il NCT03144804 Disease stabilization in TP53-  [290-293]
in TP53-deficient cells mutant CRC
Zoledronic acid + statins Mevalonate pathway inhibition; + Chemotherapy Phase Il NCT03358017 Ongoing in TNBC; TP53- [294-298]
reduces TP53-YAP/TAZ axis stratified
IDH1/2 Ivosidenib Selective IDH1 inhibition Monotherapy Phase Il NCT02496741, NCT04056910, Improved PFS vs. placebo (HR  [37,229-232]
(ClarIDHy) NCT04088188 0.37); adjusted OS significant;
FDA approved
Enasidenib Selective IDH2 inhibition Monotherapy Phase I/11 NCT02273739 No objective response in CCA; [233,234]
limited activity
Dasatinib SRC inhibition (overcomes IDHi  Mono/combo Phase Il NCT02428855 PFS 8.7 mo; OS 37.9 moin [235]
resistance) mIDH1 CCA
CB-839 (Telaglenastat) Glutaminase 1 (GLS1) inhibition  Monotherapy Phase | NCT02071862 Study completed; no published [237,238]
results in mIDHT CCA
Devimistat (CPI-613) Mitochondrial metabolism Combo with gemcitabine Phase I/11 NCT01766297 Synergistic with chemo; max [97,239]

inhibition (PDH/a-KGDH)

+ cisplatin

0S 4.7 mo at 2,300 mg/m?
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ARID1A

FGFR2

HER2

PARP inhibitors (olaparib,
rucaparib, niraparib,
talazoparib)

PHGDH inhibitor (CBR-5884)
+ olaparib

EZH2 inhibitors
(tazemetostat, GSK2816126,
CPI-1205)

PI3K/AKT/mTOR inhibitors
(idelalisib, copanlisib,
MK2206, everolimus,
temsirolimus)

HDACSG inhibitors (tubacin,
NQN-1)

Glutathione pathway
inhibitors (buthionine
sulfoximine, APR-246)

Pemigatinib

Futibatinib (TAS-120)

Pertuzumab + trastuzumab

Trastuzumab deruxtecan (T-
DXd)

Zanidatamab (bispecific

antibody)

Neratinib

Tucatinib + trastuzumab

Synthetic lethality via defective
homologous recombination
DNA repair

Metabolic disruption enhances
PARP inhibitor efficacy

Reverses polycomb-mediated
gene silencing, induces
apoptosis

Blocks dysregulated survival
signaling in ARID1A-deficient
cells

Epigenetic modulation, induces
apoptosis, enhances immune
checkpoint sensitivity

Exploits redox imbalance by
reducing glutathione synthesis

FGFR2 fusion/rearrangement

Pan-FGFR inhibitor (irreversible)

Dual HER2 antibodies (domains
Iland IV)

HER2-targeted antibody-drug
conjugate

Bispecific antibody targeting
HER2 extracellular domains

Irreversible HER2/4 TKI

Selective HER2 TKI + antibody

Preclinical/early clinical

Preclinical

Early clinical/exploratory

Preclinical/exploratory

Preclinical

Preclinical

Monotherapy

Monotherapy

Dual antibody combo

Monotherapy

Monotherapy

Monotherapy

Combo
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Various ongoing
and exploratory

Phase Il

Phase Il

Phase I1/111

Phase lla

(MyPathway)

Phase Il

Phase I/1]

Phase Il

Phase Il

NCT05023655 (solid tumors with
ARID1A mutations), NCT03348631
(ovarian, peritoneal, endometrial
cancers)

NCT02924376

NCT02052778

NCT02091141

NCT04482309

NCT02892123, NCT04466891

NCT01953926

NCT04579380

Sensitizes ARIDTA-deficient
tumors to PARP inhibition;
increased PARP-DNA trapping
and replication stress

Increases ROS and activates
ROS/Wnt/B-catenin pathway;
synergistic antitumor effect
with olaparib

Selective apoptosis in ARID1A-
mutant cells; no CCA-specific
data yet

Heightened sensitivity in
ARID1A-mutant models;
potential monotherapy or
radiosensitizer

Upregulates PD-L1, synergizes
with PD-L1blockade in
ARID1A-deficient tumors

Induces oxidative stress and
apoptosis selectively in
ARID1A-mutant cells

ORR 35.5% in FIGHT-202 trial;
FDA approved for FGFR2-
altered CCA

Overcomes resistance to ATP-
competitive FGFR inhibitors;
FDA approved in 2022
Synergistic inhibition; clinical
activity in HER2+ CCA,;
ongoing

ORR ~37%; median PFS 4.4-
11.9 mo; OS 7.1-21.1 mo;

pulmonary toxicity requires
monitoring

ORR 41.3% in HER2-amplified
CCA; manageable toxicity;
promising

ORR 16% in HER2-mutant,
refractory CCA; S310F and
V7771 mutations common;
further study needed

ORR 46.7%, DCR 76.7%;
median PFS 5.5 mo; well

[299,301]

[301]

[299,300,
302,303]

[299]

[299]

[299]

[35,141,142,
296,304,306]

[294,295,
304,305]

[36,143,297,
307]

[298,299,
308-310]

[300,311,312]

[301,313]

[302,314]
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tolerated; promising combo
Trastuzumab + chemotherapy HER2 + chemo (FOLFOX or Gem Combo Phase Il NCT04722133, CTRI/2019/11/021955 ORR 29.4% (FOLFOX), 55.5% [303,304,315,

+ Cis) (Gem-Cis); good disease 316]
control; ongoing trials

CCA: Cholangiocarcinoma; ATP: adenosine triphosphate; ATO: arsenic trioxide; CB-839: telaglenastat; CHIP: carboxy terminus of Hsc70-interacting protein; CRC: colorectal cancer; DCR: disease control rate; EZH2:
enhancer of zeste homolog 2; FDA: Food and Drug Administration; FGFR: fibroblast growth factor receptor; FOLFOX: folinic acid + fluorouracil + oxaliplatin; GDP: guanosine diphosphate; GLS1: glutaminase 1, HDAC:
histone deacetylase; HER2: human epidermal growth factor receptor 2; IDH: isocitrate dehydrogenase; LINE-1 RTi: long interspersed nuclear element-1 reverse transcriptase inhibitor; mIDH1: mutant IDH1; mTOR:
mammalian target of rapamycin; MDS: myelodysplastic syndrome; NSCLC: non-small cell lung cancer; ORR: objective response rate; OS: overall survival;, PARP: poly(ADP-ribose) polymerase; PDH: pyruvate
dehydrogenase; PFS: progression-free survival; PHGDH: phosphoglycerate dehydrogenase; ROS: reactive oxygen species; RTi: reverse transcriptase inhibitor; SRC: sarcoma family kinases; T-DXd: trastuzumab
deruxtecan; TKI: tyrosine kinase inhibitor; TNBC: triple-negative breast cancer; TP53: tumor protein p53; TXNIP: thioredoxin interacting protein; WEET: G2 checkpoint kinase; YAP/TAZ: yes-associated
protein/transcriptional coactivator with PDZ-binding motif; PEITC: phenethyl isothiocyanate; KRAS: Kirsten rat sarcoma viral oncogene homolog; GDP-bound: guanosine diphosphate-bound; Mono: monotherapy;
Combo: combination therapy; MDS/ALL: myelodysplastic syndrome/acute lymphoblastic leukemia; ALL: acute lymphoblastic leukemia; Gl: gastrointestinal; HSP9O: heat shock protein 90; MDM2: murine double
minute 2; HR: hazard ratio; a-KGDH: alpha-ketoglutarate dehydrogenase; ARID1A: AT-rich interaction domain 1A; Wnt: wingless-related integration site; B-catenin: beta-catenin; PD-L1: programmed death-ligand 1;
PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; FGFR2: fibroblast growth factor receptor 2; NQN-1: selective HDAC6 inhibitor; APR-246: eprenetapopt.

Beyond direct pathway inhibition, adagrasib induces metabolic reprogramming in KRAS G12C-mutant tumors. Transcriptomic analyses from murine
xenografts and patient biopsies revealed downregulation of GLUT1 and low-density lipoprotein receptor, indicating reduced glucose and cholesterol uptake.
Simultaneously, genes involved in cholesterol transport were upregulated, suggesting enhanced lipid efflux. These coordinated changes reflect a shift in tumor
metabolism and may reveal targetable vulnerabilities for combination strategies”*.

Sotorasib
The recent FDA approval of sotorasib, a selective KRAS G12C inhibitor for NSCLC, was supported by sensitive detection of KRAS mutations in circulating

cell-free DNA via droplet digital PCR, highlighting the expanding role of liquid biopsies in mutation profiling®***. However, the concordance and clinical
significance of cfDNA-detected KRAS mutations in CCA remain unclear”.

Metabolically, while KRAS G12D is the predominant mutation in CCA and known to promote glycolysis, KRAS G12C mutations - found in bladder cancer -
also drive altered glucose metabolism. Sotorasib inhibits glucose uptake and glycolysis in KRAS G12C mutant bladder cancer cells by stabilizing thioredoxin-
interacting protein (TXNIP), a negative regulator of glucose metabolism, via suppression of the RAS/RAF/ERK pathway. This metabolic inhibition is selective
for mutant cells, revealing a targeted therapeutic mechanism®*.
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Targeting TP53 mutations in cancer: reactivation, degradation, and synthetic lethality

Restoring wild-type TP53 function in missense TP53 mutants: APR-246, phenethyl isothiocyanate, and arsenic
trioxide

Missense TP53 mutations abrogate tumor suppressor function by destabilizing the protein and impairing
transcriptional activity. Agents such as APR-246 (also known as eprenetapopt/PRIMA-1MET), phenethyl

255]

isothiocyanate (PEITC), and arsenic trioxide (ATO) restore wild-type TP53 function*.

APR-246 covalently modifies cysteine residues in mutant TP53, reactivating its transcriptional function and
synergizing with DNA-damaging agents”*. Mechanistically, APR-246 induces oxidative stress by inhibiting
thioredoxin reductase 1, converting it into a pro-oxidant NADPH oxidase that disrupts redox homeostasis
and triggers endoplasmic reticulum stress in TP53-mutant cells. It further depletes GSH, inducing lipid
peroxidation and ferroptosis, while upregulating HMOX1 and affecting metabolic pathways such as the PPP
and OXPHOS"!. In TP53-mutant myelodysplastic syndrome and acute lymphoblastic leukemia, APR-246
combined with azacitidine achieved up to 73% response rates and 60% one-year relapse-free survival®®*>. A
phase 3 trial (NCT03745716) is ongoing to evaluate its efficacy in TP53-mutated malignancies, although
data in CCA are not available.

PEITC, derived from cruciferous vegetables, refolds TP53R175H/L mutants, induces oxidative stress via
GSH disruption”), and is currently under investigation in a phase 2 study (NCT01790204) of PEITC-rich
watercress juice in oral TP53mutant lesions; its role in CCA remains unaddressed.

ATO, approved for the treatment of acute promyelocytic leukemia, promotes degradation of mutant TP53
through ubiquitin-mediated mechanisms and facilitates the refolding of structural TP53 mutants via
covalent cysteine binding>**. This reactivation of TP53 function restores expression of downstream genes
involved in cell cycle regulation and apoptosis, leading to suppressed tumor growth in models harboring
certain structural TP53 mutations but not DNA contact mutants””. Additionally, ATO disrupts the Nrf2-
mediated antioxidant defense system, reducing ROS detoxification capacity and promoting oxidative stress-
associated metabolic dysfunction, particularly in hepatic tissue®. Several clinical trials are currently
investigating the therapeutic potential of ATO in TP53-mutant malignancies, including NCT03855371,
NCT04869475, NCT04489706, and NCT04695223; however, clinical data specific to CCA have yet to be
reported.

Targeted removal and degradation of mutant TP53: HSP90 inhibitors, statins, ATO, and vorinostat

Mutant TP53 is stabilized by oncogenic stress and contributes to gain-of-function oncogenic
phenotypes®. Its depletion suppresses tumorigenesis, demonstrating tumor dependence”*”. Agents such as
HSPoo inhibitors, statins, ATO, and vorinostat selectively degrade mutant TP53/72/,

Heat shock protein 90 (HSP90) prevents mutant TP53 degradation by inhibiting murine double minute 2
(MDM?2) and c-terminus of hsc70-interacting protein (CHIP), key E3 ubiquitin ligases. Ganetespib, an
HSPoo inhibitor, selectively depletes mutant TP53 in vitro and in vivo with minimal effects on wild-type
TP537*1. Although a phase 1/2 ovarian cancer trial of ganetespib combined with paclitaxel demonstrated
good tolerability, it showed limited efficacy”**"". The therapeutic relevance of this approach in CCA
remains unexplored.

Statins, competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA
reductase), lower plasma cholesterol by suppressing de novo biosynthesis and altering LDL receptor
expression”?!. In the tumor microenvironment, simvastatin induces metabolic reprogramming by reducing
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lactate production and enhancing sensitivity to MCT1 inhibition, suppressing growth in HNSCC"”.
Notably, atorvastatin inhibits the mevalonate pathway and promotes CHIP-mediated degradation of
conformational TP53 mutants by disrupting the interaction between mutant TP53 and DnaJ homolog
subfamily A member 1, a heat shock co-chaperone?. Statins have shown antitumor activity in preclinical
models”*”* and clinical benefit in TP53-mutant lung adenocarcinoma, though not in colon cancer”**”’.
Ongoing trials (NCT04767984 and NCT03560882) may clarify their therapeutic potential; however, no data

specific to CCA are currently available.

ATO promotes degradation of conformational and DNA contact TP53 mutants by enhancing ubiquitin-
mediated proteasomal turnover and restores partial protein function through covalent cysteine
binding”****. It also shows synergy with the HSP90 inhibitor tanespimycin and the histone deacetylase
inhibitor vorinostat. Clinical trials (NCT03381781 and NCT03377725) are ongoing, though none currently
include CCA.

Vorinostat (SAHA), an HDAC inhibitor, promotes degradation of mutant TP53 proteins via ubiquitin
ligases such as MDM2/CHIP, disrupts the HSP90-HDACe6 complex, represses transcription, and induces
autophagy”***.. It enhances sensitivity to chemotherapy and acts synergistically with 17-N-allylamino-17-
demethoxygeldanamycin (17AAG). Clinical trials (NCT02042989 and NCT01339871) demonstrated modest
benefits; however, TP53 mutation-specific responses and CCA data remain limited.

Leveraging synthetic lethality to target TP53 mutations and deletions: adavosertib, LINE-1 RT inhibitors, and
mevalonate pathway blockade

Synthetic lethality, where simultaneous disruption of two genes causes cell death but loss of either alone is
tolerated, enables selective targeting of TP53-deficient cancers by exploiting essential compensatory
pathways”\. Key synthetic lethal partners such as WEE1, PLK1, and PARP regulate the G2/M checkpoint;
inhibition of these is especially lethal to TP53-deficient cells due to TP53’s primary role in the G1
checkpoint®' %],

Adavosertib (AZD1775), a selective WEE1 inhibitor, induces synthetic lethality in TP53-mutant tumors by
disrupting the G2/M checkpoint and increasing DNA damage sensitivity”. Clinical trials in TP53-mutated
ovarian cancer (NCT01164995, NCT01357161, NCT02272790), CRC (FOCUS4-C)*2%! and uterine serous
carcinoma (NCT03668340)* demonstrated modest improvements in PFS and response rates, often
requiring co-occurring alterations such as CCNE1 or MYC amplification for optimal efficacy. Other G2/M
regulators (e.g., UCN-01, BI-2536) have not undergone TP53-stratified evaluation.

LINE-1 retrotransposons, normally silenced in somatic tissues, are derepressed in TP53-deficient cancers,
promoting genomic instability and tumorigenesis®***. Reverse transcriptase inhibitors like efavirenz and
lamivudine suppress LINE-1 activity, with lamivudine preferentially inhibiting the growth of mutant TP53
CRC cells and xenografts®”. A phase 2 trial (NCT03144804) reported disease stabilization in mutant TP53
metastatic CRC, supporting LINE-1 RT inhibition as a therapeutic strategy.

Gain-of-function TP53 mutants enhance YAP/TAZ signaling via the mevalonate pathway, driving cancer
progression™***”). Statins and zoledronic acid inhibit this pathway, reducing mutant TP53 and YAP/TAZ
activity and showing synergistic cytotoxicity®***. A phase 2 trial (NCT03358017) is evaluating their
combination with chemotherapy in triple-negative breast cancer stratified by TP53 status.
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TP53 mutations are frequent in cancer and offer therapeutic opportunities via reactivation, degradation, or
synthetic lethality. While agents such as APR-24s, statins, and WEEL1 inhibitors show preclinical and early
clinical promise, their application to CCA remains limited. Most studies lack TP53-specific stratification,
and the heterogeneity of TP53 mutations underscores the need for tailored, mutation-guided approaches.

Targeting ARID1A-deficient tumors in CCA: synthetic lethality and epigenetic vulnerabilities
ARID1A mutations, common in CCA, impair chromatin remodeling, cell cycle control, and DNA repair,
creating therapeutic vulnerabilities exploitable through synthetic lethality. Targeted strategies - such as
PARP, enhancer of zeste homolog 2 (EZH2), PI3K/AKT/mTOR, HDACs, and GSH pathway inhibition -
have shown preclinical or early clinical promise in ARID1A-deficient cancers**™.

PARP inhibitors: targeting defective DNA repair pathways

ARID1A loss impairs homologous recombination, sensitizing cancer cells to PARP inhibitors that block
single-strand DNA repair and induce synthetic lethality. FDA-approved agents - olaparib, rucaparib,
niraparib, and talazoparib - initially developed for BRCA-mutant cancers, are now under evaluation in
ARID1A-deficient models, which exhibit increased PARP-DNA trapping and replication stress*.

Recent evidence shows that metabolic disruption via phosphoglycerate dehydrogenase (PHGDH) inhibition
can enhance PARP inhibitor efficacy. PHGDH maintains mitochondrial redox balance; its inhibition by
CBR-5884 elevates ROS and activates the ROS/Wnt/B-catenin pathway, suppressing epithelial ovarian
cancer growth. Co-treatment with olaparib amplifies these effects, indicating a synergistic antitumor
strategy linking metabolic stress to DNA repair vulnerability™'..

EZH?2 inhibitors: reversing polycomb-mediated gene silencing

Loss of SWI/SNF (SWItch/Sucrose Non-Fermentable) complex antagonism in ARID1A-deficient tumors
enhances EZH2-mediated gene silencing, promoting tumor progression. EZH2 inhibitors such as
tazemetostat, GSK2816126, and CPI-1205 reactivate silenced tumor suppressors and selectively induce
apoptosis in ARID1A-mutated cells™™. While no clinical trials specifically target ARID1A-mutated cancers,
a phase II study (NCT05023655) is evaluating tazemetostat in solid tumors with ARID1A mutations, and
NCTo03348631 is assessing it in recurrent ovarian, peritoneal, and endometrial cancers regardless of
ARID1A status.

Beyond epigenetics, EZH2 regulates metabolism, affecting therapy response. In ovarian cancer, EZH2
noncatalytically upregulates IDH2, enhancing TCA cycle activity and tumor growth"”. In CRC, EZH2 loss
induces GLS, increasing glutamate and GSH synthesis, reducing ROS, and conferring resistance to nutrient
deprivation””!. This metabolic plasticity contributes to EZH2 inhibitor resistance, supporting combined
targeting of EZH2 and metabolic pathways.

PI3K/AKT/mTOR inhibitors: targeting dysregulated growth signaling

ARID1A loss activates PI3K/AKT/mTOR signaling, enhancing cell survival and resistance to apoptosis. This
pathway becomes a therapeutic dependency, with ARID1A-deficient models showing heightened sensitivity
to PI3K (idelalisib, copanlisib), AKT (MK2206), and mTOR (everolimus, temsirolimus) inhibitors””.
Mechanistically, ARID1A deficiency increases AKT Ser473 phosphorylation and downstream mTOR
signaling, supporting pathway inhibition as a monotherapy or radiosensitizing strategy in ARID1A-mutant
CCA.
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HDACs inhibitors: epigenetic modulation and immunotherapy synergy

HDACs regulates protein degradation, stress responses, and immune signaling. In ARID1A-deficient
tumors, selective HDACs inhibitors (e.g., tubacin, NQN-1) trigger apoptosis and suppress tumor
growth”. HDACs inhibition also elevates PD-L1 expression, enhancing immune recognition and
synergizing with PD-L1 checkpoint blockade in preclinical ARID1A-deficient models. These findings
support an epigenetic-immunotherapy combination approach in CCA.

GSH pathway inhibitors: exploiting redox imbalance

ARID1A mutations suppress SLC7A11, impairing GSH synthesis and sensitizing cells to oxidative stress.
Buthionine sulfoximine and APR-246, which target glutamate-cysteine ligase catalytic subunit, enhance
ROS and induce apoptosis in ARID1A-deficient cells®. This redox imbalance offers a promising
therapeutic strategy, particularly in combination with chemo- or radiotherapy.

Collectively, these approaches highlight the growing potential of targeting synthetic lethal and epigenetic
vulnerabilities in ARID1A-mutated CCA. Further validation of ARID1A as a biomarker will be essential for
advancing precision oncology in this setting.

Targeting FGFR2 alterations in CCA: futibatinib, pemigatinib, and overcoming resistance

Futibatinib

Futibatinib (TAS-120), a pyrazolopyrimidine derivative, is a potent and selective pan-FGFR inhibitor,
exhibiting IC50 values of 3.9, 1.3, 1.6, and 8.3 nM against FGFR1-4, respectively. It demonstrates high
specificity with no reported off-target kinase inhibition. In 2022, futibatinib and pemigatinib received FDA
approval for CCA patients harboring FGFR2 fusions or rearrangements, representing a significant advance
in targeted therapy"™". Unlike ATP-competitive FGFR inhibitors (e.g., infigratinib, BGJ398, Debio 1347),
which often encounter resistance due to FGFR2 kinase domain mutations, futibatinib irreversibly inhibits

305]

FGFRs and has shown clinical efficacy in overcoming resistance in iCCA patients with such mutations".

Pemigatinib

Pemigatinib was evaluated in the phase II FIGHT-202 trial, an open-label, single-arm study enrolling CCA
patients with FGFR2 fusions or rearrangements who had progressed on prior therapy. Patients received
13.5 mg orally once daily in 21-day cycles (2 weeks on, 1 week off) until disease progression or intolerance.
The primary endpoint was objective response rate. The trial is registered under NCT02924376".

Therapeutic targeting of HER2 in CCA: monoclonal antibodies, ADCs, TKls, and immune-conjugates
HER2 overexpression or gene amplification defines a therapeutically actionable subset of CCA, with
ongoing trials evaluating various HER2-directed strategies.

Pertuzumab and trastuzumab (Dual HER2 monoclonal antibodies)

The phase ITa MyPathway trial (NCT02091141) demonstrated synergistic HER2 blockade using pertuzumab
(targeting domain IT) and trastuzumab (targeting domain IV), resulting in clinical activity in HER2-positive
CCAP,

Trastuzumab deruxtecan

In phase II trials, trastuzumab deruxtecan (T-DXd) demonstrated notable efficacy in HER2-positive CCA.
The NCCH1805 HERB trial®® and the JMA-1IA00423 HERB trial reported a 36.4% objective response rate
in patients refractory to gemcitabine, with median PES of 4.4 months and overall survival of 7.1 months,
though 25% experienced interstitial lung disease necessitating close monitoring**”. The phase II DESTINY-
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PanTumoro2 trial (NCT04482309) showed a 37.1% overall response rate in HER2-positive advanced tumors
- including CCA - rising to 61.3% in HER2 IHC 3+ cases, with median progression-free and overall survival
of 11.9 and 21.1 months, respectively; grade 2 3 adverse events occurred in 40.8%, and serious lung toxicity
in 10.5%""°\. Collectively, these data support T-DXd as a promising therapeutic option in HER2-expressing
CCA, warranting vigilant management of pulmonary toxicity.

Zanidatamab (Bispecific monoclonal antibody)

Zanidatamab is a bispecific monoclonal antibody targeting two distinct extracellular domains of HER2,
designed to enhance receptor clustering and degradation. In the phase IIb HERIZON-BTC-o1 trial
(NCTo04466891), zanidatamab demonstrated a 41.3% objective response rate with manageable toxicity in
patients with treatment-refractory, HER2-amplified CCA, supporting its potential as a targeted therapy in
this setting”'". It also showed antitumor activity in HER2-positive malignancies in a phase I trial
(NCT02892123)F,

Neratinib (HER2/4 tyrosine kinase inhibitor)

In the SUMMIT phase II trial NCT01953926, neratinib - an irreversible tyrosine kinase inhibitor of HER2
and HER4 - was evaluated in patients with HER2-mutant, treatment-refractory CCA. Among 25 patients,
including 11 with CCA, the overall response rate was 16%, with S310F and V777L identified as the most
frequent HER2 mutations. Although the primary endpoint was not met, neratinib demonstrated clinical
activity in select HER2-mutant CCA cases, supporting further investigation in combination strategies"”.

Tucatinib plus trastuzumab (Selective HER2 TKI combination)

In the phase II SGNTUC-019 trial NCT 04579380, tucatinib - a selective HER2 tyrosine kinase inhibitor -
combined with trastuzumab demonstrated encouraging antitumor activity in patients with previously
treated HER2-positive metastatic CCA™*. Among 30 enrolled patients, the confirmed objective response
rate was 46.7%, with a disease control rate of 76.7%. Median PFS was 5.5 months, and overall survival at 12
months was 53.6%. The regimen was generally well tolerated; most adverse events were low-grade, and no
treatment-related deaths were reported. These findings support the combination as a promising HER2-
directed strategy in this setting.

Trastuzumab plus chemotherapy (FOLFOX or gemcitabine-cisplatin)

Trastuzumab combined with chemotherapy has demonstrated clinical activity in HER2-positive CCA. In
the phase IT KCSG-HB19-14 trial (NCT04722133), trastuzumab plus FOLFOX achieved an objective
response rate of 29.4% and a disease control rate of 79.4% in patients who had progressed after gemcitabine-
based therapy, with an acceptable safety profile”"”. Similarly, in the Indian TAB phase II trial (CTRI/2019/
11/021955), trastuzumab combined with first-line gemcitabine-cisplatin resulted in a 6-month PFS rate of
75.6%, with an overall response rate of 55.5% and disease control in 80% of patients”'*. These data support
the utility of trastuzumab-based chemotherapy in HER2-positive CCA.

HER2-targeted therapies show promise in CCA but benefit only select patients. Variability in response
highlights the need for standardized diagnostics, predictive biomarkers, and optimized combination
strategies. Emerging trials aim to refine patient selection and expand HER2-directed approaches into earlier
treatment lines.

REGULATORY NON-CODING RNAS IN CCA: ROLES IN METABOLIC DYSREGULATION

MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) are critical non-coding RNAs involved in
gene regulation. miRNAs (~18-23 nucleotides) repress gene expression by binding to the 3’ untranslated
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regions (3’-UTRs) of target mRNAs, promoting degradation or translational inhibition™”. IncRNAs,
defined as transcripts longer than 200 nucleotides, form complex structures that interact with DNA, RNA,
and proteins to regulate gene expression at both transcriptional and post-transcriptional levels®*. Both

[317,318]

classes play essential roles in carcinogenesis .

In CCA, dysregulated expression of specific miRNAs and IncRNAs contributes to tumor proliferation,
invasion, metastasis, and metabolic reprogramming, acting as oncogenes or tumor suppressors”’ . High-
throughput analyses of CCA tissues, cell lines, and circulating samples using RNA sequencing, microarrays,
and NanoString have identified numerous deregulated non-coding RNAs"”'"******|_ These findings support
their potential as prognostic biomarkers and therapeutic targets, particularly in modulating glucose
metabolism, a key driver of CCA progression.

Non-coding RNA-mediated regulation of glucose transporters in CCA

miR-148a and GLUT1 regulation in CCA

GLUT!1 is significantly overexpressed in iCCA and correlates with poor overall and disease-free survival.
Functionally, GLUT1 enhances tumor growth, invasion, and gemcitabine resistance, while its inhibition
reduces these malignant traits. miR-148a, which directly targets GLUT1, is downregulated in iCCA, leading
to GLUT1 overexpression and tumor progression. Restoration of miR-148a suppresses GLUT1 expression
and impairs tumor aggressiveness. Additionally, pharmacologic inhibition of GLUT1 with WZB117
markedly reduced tumor growth in patient-derived xenograft models, highlighting the miR-148a-GLUT1
axis as a promising therapeutic target in iCCA".

Other miRNAs targeting GLUTs in human cancers: lessons for CCA

Several miRNAs regulate glucose transporters across cancer types, offering mechanistic insights applicable
to CCA. In breast cancer, miR-22 targets GLUT1 and suppresses tumor proliferation and invasion, with
levels inversely correlated to tumor stage and prognosis”®*. miR-143 downregulates GLUT1 in immune
cells, limiting glycolytic flux and affecting T cell differentiation”. In bladder cancer, miR-340 inhibits
GLUT1 and the PI3K/AKT pathway, promoting apoptosis and reducing proliferation*. In oral squamous
cell carcinoma (OSCC), miR-340, miR-10a, miR-150-5p, and miR-200c regulate GLUT1 and GLUTS3,
contributing to tumor progression and metastasis”””. Furthermore, let-7a-5p suppresses GLUT12 in triple-
negative breast cancer, reducing cell proliferation and migration"**. These findings suggest a conserved role
of GLUT-targeting miRNAs in tumor metabolism and underscore the need to investigate similar regulatory
networks in CCA.

IncRNA-mediated pathways potentially involving GLUT regulation in CCA

Although direct links between IncRNAs and glucose transporters in CCA remain limited, indirect evidence
suggests metabolic involvement. HOX transcript antisense intergenic RNA (HOTAIR) facilitates CCA cell
proliferation and suppresses apoptosis by modulating the miR-204-5p/high mobility group box 1 (HMGB1)
signaling axis”*”, and in macrophages, it enhances GLUT1 expression through NF-«B activation, increasing
glucose uptake™. Motor neuron and pancreas homeobox 1 antisense RNA 1 (MNX1-AS1) promotes iCCA
progression by activating cellular c-Myc and Myc-associated zinc finger protein (MAZ), which upregulate
MNX1 and Ajuba LIM protein (Ajuba), resulting in inhibition of the Hippo signaling pathway and
activation of Yes-associated protein (YAP), both involved in metabolic regulation". These findings point
to potential roles for HOTAIR and MNX1-AS1 in modulating glucose metabolism in CCA, warranting

further exploration.
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Non-coding RNAs regulating glycolytic enzymes in CCA

Non-coding RNA-mediated regulation of HKII in CCA and other cancers

In CCA, the IncRNA PVT1 is upregulated and functions as a competing endogenous RNA (ceRNA),
sequestering tumor-suppressive miR-143 to prevent inhibition of HKII. This enhances glycolysis, increasing
glucose uptake and lactate production, thereby promoting tumor proliferation, invasion, and poor
prognosis. PVT1 knockdown or miR-143 overexpression decreases HKII expression and impairs tumor
progression in vitro and in vivo, highlighting the PVT1/miR-143/HKII axis as a promising therapeutic

332]

target'

Although studies on other miRNAs targeting HKII in CCA are limited, miR-143 and others are well
characterized in diverse cancers. For example, miR-143 suppresses HKII protein in lung cancer, reducing
glycolysis under mTOR regulation”*’. Similarly, miR-216b downregulates HKII and mTOR signaling in
breast cancer, inhibiting proliferation and enhancing apoptosis”**. In HCC, hypoxia-mediated
downregulation of miR-125a permits HKII overexpression, promoting the Warburg effect; restoring miR-
125a reduces lactate, glucose uptake, ATP, and ROS, impairing tumor growth”*. Additional miRNAs,
including miR-199a-5p, miR-155, and miR-138, modulate HKII and related isoforms across various cancers,
emphasizing conserved miRNA-HKII regulatory mechanisms with translational potential in CCA™*.

333

Non-coding RNA-mediated regulation of PFK-1 in CCA and other cancers

PFK-1, a rate-limiting glycolytic enzyme catalyzing FeP to F1,6P, is negatively regulated by miR-135. This
miRNA directly targets PFK-1, inhibiting aerobic glycolysis and tumor growth, underscoring post-
transcriptional regulation as a key node in cancer metabolic reprogramming with therapeutic

implications**".

Non-coding RNA-mediated regulation of ALDOA in CCA and other cancers

In CCA, ALDOA is suppressed by miR-122-5p, inhibiting proliferation, invasion, and tumor growth*.
Conversely, the IncRNA urothelial cancer associated 1 promotes metastasis via the miR-122/ chloride
intracellular channel 1 axis and ERK/MAPK pathway activation. Hepatocyte nuclear factor 6, studied in

[340]

HCC, upregulates miR-122, reinforcing tumor suppression*’..

In other cancers, miR-122 acts as a tumor suppressor by targeting ALDOA, and its inhibition by the
upregulated IncRNA DIO30S promotes pancreatic cancer progression via the miR-122/ALDOA axis"*".
The miR-15a/16-1 cluster also modulates ALDOA-linked metabolic reprogramming”*. In esophageal
squamous cell carcinoma (ESCC), miR-378a-3p targets ALDOA, GLUT1, and PKM2, reducing ATP
production and inducing apoptosis®*!. In CRC, IncRNA NONHSAG028908.3 acts as a ceRNA for miR-34,
derepressing ALDOA to promote glycolysis and proliferation”*. Lung cancer studies reveal ALDOA
enhances stemness and drug resistance through a non-enzymatic pathway by suppressing miR-145,
independent of its enzymatic role; miR-378 may regulate this axis”*!. These findings position ALDOA as a
critical metabolic regulator modulated by diverse non-coding RNAs, presenting therapeutic targets in CCA.

Non-coding RNA-mediated regulation of PKM2 in CCA and other cancers

MiRNAs such as miR-122, miR-1286, miR-21, and miR-520a-3p regulate PKM2 and LDHA, key glycolytic
enzymes in cancer metabolism. In CCA and ESCC, miR-122 suppresses PKM2, inhibiting glycolysis, EMT,
and tumor progression”**”. Downregulation of miR-122 in gallbladder and CRCs enhances PKM2 activity,
promoting tumor growth and therapy resistance; restoring miR-122 reverses these effects”. In NSCLC,
miR-1286 targets PKM2 to reduce lactate production and proliferation, suggesting potential applicability in
CCAP*. Additionally, miR-21 and miR-520a-3p inhibit PKM2 and LDHA in cisplatin-resistant NSCLC and
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gastric cancer, disrupting glycolysis and PI3K/AKT/mTOR/HIF-1a signaling”***°. Given miR-122’s dual
regulation of ALDOA and PKM2 in CCA, it emerges as a pivotal modulator of glycolytic enzymes driving
tumor metabolism and progression. These insights emphasize miRNA-enzyme interactions as critical
targets for metabolic intervention in CCA.

Non-coding RNA control of the PPP in CCA

Non-coding RNA-mediated regulation of oxidative PPP enzymes: G6PD and 6PGD in CCA and other cancers

The oxidative PPP, essential for NADPH production and redox homeostasis, is tightly regulated by non-
coding RNAs. G6PD, the rate-limiting enzyme, is directly suppressed by miR-1, which inhibits tumor
metabolism"™".. Liver-specific miR-122 also downregulates G6PD; its loss disrupts redox balance and drives
metabolic reprogramming in liver cancers™. Another key enzyme, 6PGD, overexpressed in cancers
including leukemia®®, is post-transcriptionally repressed by miR-206 and miR-613. These miRNAs
attenuate 6PGD-driven metabolic rewiring and cisplatin resistance in ovarian and lung cancers"**".
Although direct evidence in CCA is sparse, these conserved mechanisms emphasize the therapeutic promise

of targeting oxidative PPP enzymes via non-coding RNAs.

Non-coding RNA-mediated regulation of non-oxidative PPP enzymes: TKT and TALDO in CCA and beyond

TKT, a key non-oxidative PPP enzyme, is increasingly recognized as a miRNA-regulated metabolic node. In
pancreatic cancer, prolactin receptor (PRLR) signaling upregulates miR-4763-3p and miR-3663-5p, which
suppress TKT and GePD, reducing nucleotide biosynthesis and enhancing gemcitabine sensitivity".
Similarly, in CRC, miR-124 targets PRPS1 and RPIA, impairing ribose production and tumor
proliferation””. In cervical cancer, miR-497 directly downregulates TKT, inducing GSH depletion and ROS
accumulation, thereby increasing cisplatin sensitivity”*”. Although these miRNA-mediated controls remain
unconfirmed in CCA, their metabolic significance suggests that targeting TKT via miRNAs like miR-124,
miR-497, or miR-4763-3p may offer novel therapeutic avenues to modulate nucleotide synthesis and

chemoresistance.

Non-coding RNA regulation of LDHA in CCA

miRNAs control of LDHA and export

Though specific CCA data are limited, numerous miRNAs regulate LDHA in other cancers. LDHA, critical
for lactate production, is targeted by miR-30d-5p (gallbladder cancer), miR-30a-5p and miR-34a (breast
cancer), miR-383 (ovarian cancer), miR-449a (NSCLC), miR-142-3p (HCC), miR-204-3p (bladder cancer),
miR-329-3p and miR-323a-3p (osteosarcoma), and miR-489-3p (pancreatic cancer)”. Similarly, lactate
transporters MCT1 and MCT4 are regulated by miRNAs including miR-124 (medulloblastoma, breast
cancer), miR-342-3p (HCC, triple-negative breast cancer), miR-449a (glioma), and miR-145-5p (HCC).
Although unexplored in CCA, these miRNA-mediated pathways present promising targets for disrupting
tumor LDHA.

Non-coding RNAs modulating the TCA cycle in CCA

Regulation of the IDH by miRNAs

IDH mutations characterize a CCA subtype with mitochondrial activation, DNA hypermethylation, and
altered chromatin modifier gene expression. miR-194-5p is significantly upregulated in this subtype,
inversely correlating with chromatin modifier signatures, implicating it in epigenetic and metabolic
reprogramming linked to IDH-driven tumorigenesis"””. Evidence from IDH-mutant gliomas further
highlights miRNA involvement: accumulation of the oncometabolite 2-HG induces promoter
hypermethylation, suppressing tumor-suppressive miRNAs such as miR-148a. Additional miRNAs
influenced by IDH status - miR-106b, miR-130b, miR-98-3p, miR-185 - modulate proliferation and
progression, while the IDH1 R132H mutation downregulates miR-141-3p, miR-7-5p, and miR-223-3p,
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upregulating IGF1R and promoting aggressiveness. Moreover, 2-HG-mediated EMT involves suppression
of miR-200b/c and induction of ZEB1"*. Although these pathways remain unconfirmed in CCA, they
underscore miRNAs as critical regulators and potential therapeutic targets in IDH-mutant cancers.

Non-coding RNA influence on OXPHOS and mitochondrial biogenesis in CCA

Direct evidence in CCA is lacking; however, miRNAs modulating PGC-1a, a master regulator of
mitochondrial biogenesis and OXPHOS, have been identified in other cancers. In breast cancer, miR-217
suppresses PGC-1q; its downregulation enhances PGC-1a expression and reduces proliferation, suggesting a
tumor-suppressive function®. In HCC, miR-23a binds PGC-1a 3’-UTR, decreasing mitochondrial
function and gluconeogenesis®”. Likewise, in osteosarcoma, miR-23b-3p targets PGC-10, suppressing
OXPHOS and promoting aerobic glycolysis consistent with the Warburg effect®”. These conserved
miRNA-PGC-1a interactions offer promising targets for modulating metabolic reprogramming in CCA.

LIMITATIONS AND CHALLENGES IN METABOLIC TARGETING OF CCA: DRUG
RESISTANCE, TOXICITY, AND TUMOR SPECIFICITY

Despite promising preclinical data supporting the repurposing of antidiabetic agents such as metformin and
SGLT2 inhibitors in CCA, important limitations persist. Tumor cells exhibit substantial metabolic
flexibility, often bypassing inhibited pathways and leading to therapeutic resistance over time"*'’.
Furthermore, systemic agents like SGLT2 inhibitors may activate unintended pro-tumorigenic processes,
including the NAD" salvage pathway, thereby complicating their safety profile"'**. Targeting GLUTs,
particularly GLUT1, faces similar challenges. Although overexpressed in CCA, GLUT1 is also essential for
glucose uptake in normal tissues, and its inhibition risks off-target effects and metabolic disruption in non-
malignant cells. In addition, the heterogeneous expression of glucose transporters across tumor subtypes

[46,166-168]

undermines therapeutic specificity .

Therapeutic targeting of key glycolytic enzymes - HKII, PFK-1, ALDOA, and PKM2 - offers a direct
approach to disrupt tumor metabolism, yet resistance mechanisms remain a significant hurdle. Metabolic
reprogramming may allow tumor cells to compensate via alternate pathways, reducing the efficacy of single-
agent inhibitors**7*"””., Similarly, compounds such as LND and shikonin show potential in preclinical
models but may exert off-target or dose-limiting toxicities"”"”*"****). Parallel strategies targeting the PPP,
including inhibition of G6PD, 6PGD, TKT, and TALDO, are hampered by the ubiquitous expression of
these enzymes in both malignant and healthy cells. This raises concerns over systemic toxicity and restricts
therapeutic windows, especially given their vital roles in maintaining redox balance and nucleotide
biosynthesis'******,

Targeting LDHA via LDHA inhibitors like FX11 and oxamate holds promise in reshaping the tumor
microenvironment and enhancing antitumor immunity. However, because both cancer and immune cells
rely on glycolysis, these approaches risk collateral effects on immune function and potential tumor
adaptation"**"">">*?_Inhibition of TCA cycle enzymes, including IDH1/2, GLS, and -KG dehydrogenase,
has shown early efficacy, particularly with agents like ivosidenib and devimistat. Nevertheless, acquired
resistance - such as activation of compensatory pathways like SRC - and limited efficacy in IDH2-mutant or
wild-type cases remain critical concerns®>»**>>¥72%),

Finally, mitochondrial OXPHOS inhibition, especially targeting Complex I, has demonstrated robust
antitumor effects in CCA stem-like cells. Yet, toxicity has impeded clinical translation. Agents such as
rotenone, BAY-87-2243, and IACS-010759 were discontinued due to neurotoxicity, hepatotoxicity, and
hematologic side effects*****>*). Even clinically relevant agents like metformin and phenformin exert
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systemic mitochondrial effects that may impact high-energy-demand normal tissues®**"". While selective
inhibitors of PGC-1a, such as SR-18292, offer a more targeted approach by exploiting CSC vulnerabilities,
tumor heterogeneity in mitochondrial dependency and variable expression of metabolic targets like PGC-1a

or IDH1/2 further complicate personalized application*****.

Opverall, major limitations across all metabolic targeting strategies in CCA include metabolic plasticity and
redundancy, allowing tumor cells to adapt by switching among glycolysis, PPP, LDHA, TCA cycle, and
OXPHOS pathways to evade single-target inhibition. Tumor heterogeneity adds complexity, with diverse
metabolic phenotypes and genetic backgrounds complicating the broad application of metabolic inhibitors.
Off-target toxicity poses significant risks due to the essential roles of many metabolic enzymes in normal
proliferative and immune cells. Furthermore, the lack of CCA-specific clinical data means that most
metabolic inhibitors have been tested primarily in other cancer types, limiting direct translational evidence.
The complex effects of metabolic interventions on immune modulation may also inadvertently impair
antitumor immunity or activate compensatory tumor-promoting pathways. Addressing these challenges
will require comprehensive, integrated approaches combining metabolic inhibitors with chemotherapy,
immunotherapy, and molecularly targeted agents, guided by detailed tumor metabolic profiling. Continued
preclinical and clinical research is essential to optimize dosing, minimize toxicity, and develop effective
combination regimens that exploit the unique metabolic vulnerabilities of CCA.

CONCLUSION

Metabolic dysregulation, particularly in glucose metabolism, plays a critical role in the progression and
carcinogenesis of CCA. Elevated glucose levels in CCA cells are driven by increased GLUT1 expression,
resulting in enhanced glycolytic flux. While the Warburg effect predominates, OXPHOS also contributes to
CCA cell stemness and proliferation. Dysregulation of key enzymes involved in glycolysis, the PPP, LDHA,
and the TCA cycle further supports tumor growth and survival by maintaining redox balance. These
metabolic alterations, driven by common oncogenic mutations in CCA, shape critical cell signaling
pathways that promote tumorigenesis.

The disruption of glucose metabolism, including glycolysis and OXPHOS, and the regulation of redox
homeostasis, present valuable targets for therapeutic intervention in CCA. Current strategies, such as IDH1
inhibitors like Ivosidenib and GLS1 inhibitors, show potential in targeting metabolic pathways. However,
the full extent of metabolic dysregulation in CCA remains inadequately explored, and additional research is
needed to elucidate the underlying mechanisms and their role in tumor progression.

Moreover, repurposing existing drugs, such as those used in diabetes management, may offer new
opportunities for targeting upregulated metabolic pathways in CCA. Future studies should prioritize
investigating glucose metabolic reprogramming in chemoresistant CCA, as this could lead to novel
therapeutic combinations of chemotherapy and targeted metabolic therapies. Advancing our understanding
of these metabolic targets is essential for developing more effective treatment strategies for patients with
advanced CCA.
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