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KEYWORDS Abstract Tumor cells alter several critical metabolic pathways to satisfy their demands for
Cancer hallmarks; rapid proliferation and survival. Maladjustment of cholesterol metabolism is present in diverse
Cancer metabolism; types of tumor cells. 3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) is a critical
Cholesterol enzyme in regulating cholesterol biosynthesis and metabolism. Many studies have demon-
biosynthesis; strated the up-regulated expression of HMGCR in various tumor cells and the correlation with
HMGCR; tumor progression by modulating key cancer characteristics, especially the reprogramming of
Therapeutic targets cellular metabolism, maintaining proliferative signaling and evasion of cell death, and promot-

ing invasion and metastasis. Targeting HMGCR can inhibit tumor cell proliferation, increase
apoptosis, reverse resistance to chemotherapy, and inhibit metastasis, implicating HMGCR
as a promising target for cancer therapies. Although challenges, such as side effects, remain
significant, small-molecule inhibitors of HMGCR with potential anti-tumor properties have
been developed for use alone or in combination with other anti-cancer agents. This review sys-
tematically integrates recent advances from HMGCR biology to therapeutic strategies by
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bridging mechanistic insights with translational challenges. The review aims to redefine
HMGCR targeting as a multifaceted therapeutic paradigm in precision oncology.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Cancer is a widespread and complex illness that manifests
as the transformation of normal cells into malighant cells
through a multistage process. This involves several mech-
anisms, including somatic mutations, epigenetic alter-
ations, uncontrolled cell proliferation, and metabolic
reconfiguration. These changes profoundly affect cellular
metabolism. Notably, cancer cells produce energy mainly
through glycolysis under aerobic conditions, a phenomenon
known as the Warburg effect.”? This metabolic shift en-
ables cancer cells to proliferate rapidly, withstand hypoxic
conditions, and evade programmed cell death.® To meet
their escalating demands for energy, biomass, and
signaling, cancer cells enhance glycolysis and other meta-
bolic pathways, such as lipid metabolism, nucleotide syn-
thesis, and amino acid metabolism.* The cholesterol
metabolic pathway is critical in oncology, serving as a
master regulator of lipid homeostasis through its dual roles
in gene expression regulation and signal transduction cas-
cades. Although steroid hormones and membrane signaling
molecules are essential for cancer cell survival, cholesterol
plays an even more fundamental role as a biosynthetic
precursor of these bioactive molecules. Beyond its classical
function in maintaining cell membrane fluidity and struc-
tural integrity, cholesterol dynamically modulates mem-
brane microdomain organization, thereby regulating
oncogenic receptor tyrosine kinases, such as epidermal
growth factor receptor (EGFR) and human epidermal
growth factor receptor 2 (HER2). Crucially, cellular
cholesterol levels must be tightly balanced; dysregulation
disrupts sterol regulatory element-binding protein (SREBP)
pathways and drives carcinogenesis through multiple
mechanisms, including reactive oxygen species-mediated
DNA damage, inflammatory cytokine overproduction, and
formation of therapy-resistant niches. This metabolic
imbalance has been epidemiologically and mechanistically
linked to malignancies, such as breast and prostate can-
cers, as well as comorbidities spanning cardiovascular dis-
orders and neurodegenerative pathologies.’

The mevalonate pathway, which is a key step in
cholesterol synthesis, uses 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase (HMGCR) as the rate-
limiting enzyme. This enzyme converts HMG-CoA to meva-
lonic acid, which is essential for cholesterol and isoprenoid
synthesis.® Under normal conditions, HMGCR activity is
tightly controlled, but its expression is often increased in
tumors due to the increased demand for cholesterol and
isoprenoids needed for membrane formation and protein
modifications involved in cancer development.”-® HWGCR is
elevated in several cancers, including breast, prostate,
liver, and colorectal cancers, where elevated levels are

correlated with greater tumor growth rate, improved sur-
vival, increased migration, and reduced treatment
response, suggesting that HMGCR acts as an oncogenic
driver.”~'? Thus, the fine-tuned regulation of HMGCR
expression and function is necessary to maintain a choles-
terol balance. Biological systems fine-tune the complex
regulation of this enzyme through transcription, trans-
lation, protein stability, and epigenetic modifications.’* '°

This review examines the emerging significance of
HMGCR in diverse human malignancies, particularly its
critical role in tumor advancement and metabolic reprog-
ramming. Current therapeutic approaches directed at
HMGCR inhibition, including statin-based pharmacological
interventions and synergistic combination treatment mo-
dalities, are critically analyzed. The review further ad-
dresses the existing therapeutic constraints and biological
challenges associated with these strategies. Finally, po-
tential investigative pathways are proposed to advance the
development of innovative oncological treatments target-
ing HMGCR, emphasizing the need for optimized thera-
peutic precision and enhanced clinical efficacy.

Structure of HMGCR

HMGCR is the major enzyme that catalyzes lipid meta-
bolism. The enzyme is located in the endoplasmic reticulum
(ER) membrane. It interacts with membrane components
and soluble substrates, and is embedded in the lipid bilayer
through hydrophobic interactions.’ These two identical
subunits are important for the stability of the enzyme and
possibly for its activity.” Structurally, these domains
contribute to the functional properties of HMGCR. In the
third portion (C-terminal domain) of the enzyme that faces
the cytoplasm, HMG-CoA (the key step in cholesterol syn-
thesis) is reduced to methylmalonyl-CoA, a rate-limiting
step in cholesterol and fatty acid synthesis.'® An active site
in this domain is essential for substrate binding and catal-
ysis.'® Structural characterization of key residues that
facilitate proton transfer and substrate positioning during
the catalytic process and product release has identified
residue interactions mediating the various stages of enzyme
function.?® Furthermore, the N-terminus contains a regu-
latory domain that interacts with multiple molecules to
modulate HMGCR activity. This domain functions as an
intracellular cholesterol sensor by binding to sterols and
other metabolites at specific sites to provide feedback
regulation of the enzyme’s function.?'"%* X-ray crystallog-
raphy and cryo-electron microscopy structural examina-
tions of HMGCR have provided detailed and extensive
information on its catalytic mechanisms.?*

The detailed characterization of distinct regions of
HMGCR has been obtained from high-resolution crystal
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structures, along with insights into its interactions with
statins.'® Specifically, Istvan et al have, for example, made
a major contribution in elucidating the binding mode of
statins at the active site, in a manner analogous to HMG-
CoA, as well as the mechanism of competitive inhibition.?
Additionally, the different conformational states of HMGCR
determined by cryo-electron microscopy have been studied
recently, with the findings highlighting structural changes
upon substrate binding and regulatory interactions.'” The
structure of HMGCR highlights its two critical roles. As a key
regulator of cellular lipid levels, it catalyzes cholesterol
biosynthesis and acts as a regulatory hub. HMGCR is a
unique enzyme with a specialized catalytic and regulatory
domain, whose cooperative activity precisely controls
enzymatic activity, which in turn is an important target for
therapeutic interventions in cholesterol-related diseases
(Fig. 1). Ultimately, understanding this complex structure
will help improve our fundamental biological knowledge
and inform the rational design of drugs targeting this
enzyme.

Physiological roles and regulatory mechanisms
of HMGCR

Physiological roles of HMGCR

HMGCR plays critical roles in cholesterol biosynthesis and
maintenance of cellular homeostasis, particularly within
the ER, mitochondria, and Golgi apparatus. In cholesterol
biosynthesis, HMGCR facilitates the conversion of HMG-CoA

production. HMGCR is important in maintaining ER mem-
brane integrity and functionality. This is due to its ability to
regulate cholesterol levels, which is essential for the
optimal operation of ER-resident proteins that participate
in various cellular activities. Furthermore, within the
mitochondria, HMGCR is associated with the regulation of
cellular energy metabolism and apoptosis, as the synthesis
and distribution of cholesterol in the mitochondrial mem-
branes are critical for these processes. Additionally, in the
Golgi apparatus, cholesterol synthesis mediated by HMGCR
is essential for post-translational modification and traf-
ficking of proteins, thereby influencing cellular signaling
and communication. The various roles of HMGCR in these
organelles reinforce their significance in maintaining
cellular homeostasis and overall health. Cholesterol func-
tions as an important cell membrane component and a
precursor for steroid hormone biosynthesis.?® The liver
primarily synthesizes cholesterol, with HMGCR and squa-
lene monooxygenase (SM) serving as critical regulators.
HMGCR converts HMG-CoA to mevalonate, an essential in-
termediate in cholesterol and isoprenoid production. Iso-
prenoids produced through the methylmalonic acid
pathway are necessary for protein isoprenylation.?’ %’
Cholesterol biosynthesis is strictly regulated at various
levels. For example, SREBPs enhance HMGCR expression
when intracellular cholesterol levels decrease.'*%3! In
contrast, high cholesterol levels activate the ubiquitin-
proteasome system to degrade HMGCR, which is mediated
by insulin-induced gene 1 (Insig-1) proteins.?”*? Further-
more, HMGCR phosphorylation reduces its activity.>* Thus,
cholesterol synthesis can be regulated based on the cellular

to mevalonate, a core intermediate in cholesterol  energy and metabolic demands.*3°
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Figure 1

Structure of HWGCR, a membrane protein unique for its localization in both the endoplasmic reticulum and peroxisome.

Its structure includes a membrane-binding domain alongside a kinase activity domain. The gene for HWGCR located at the 5q13.3
locus encodes the P04035-1 and P04035-2 active isoforms. These homologues differ significantly in their catalytic domains; the
catalytic domain of P04035-2 is 53 amino acids shorter than that of P04035-1.
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Regulatory mechanisms of HMGCR

HMGCR expression is essential for maintaining cholesterol
homeostasis, a critical aspect of cellular functions. At the
transcriptional level, HMGCR expression is primarily
controlled by SREBPs, particularly SREBP2.3¢ Conversely,
SREBPs remain sequestered within the ER when cholesterol
levels are sufficient, thereby inhibiting HMGCR expres-
sion.®” Post-translationally, HMWGCR feedback inhibition is
mediated by sterols and non-sterol metabolites. These
metabolites facilitate ubiquitination and subsequent pro-
teasomal degradation of HMGCR. In this context, ubiquitin-
specific peptidase 20 (USP20) plays a critical role in stabi-
lizing HMGCR by removing ubiquitin tags, particularly under
conditions characterized by high insulin and glucose levels
associated with ample feeding, which activate the mTORC1
signaling pathway.'® Furthermore, hormonal regulation
significantly influences HMGCR expression. Thyroid hor-
mones and insulin increase HMGCR expression, while
glucagon and fasting conditions impede its activity.>%3°
Additionally, inflammatory cytokines and AMP-activated
protein kinase (AMPK) activity also regulate HMGCR regu-
lation; in response to energy stress, AMPK reduces HMGCR
expression,“’ as shown in Table 1.

Transcriptional regulation of HMGCR

SREBPs function as primary regulators of HMGCR tran-
scription once mature, and nuclear SREBP2 interacts with
sterol regulatory elements (SRE) to enhance the expression
of genes related to cholesterol synthesis and uptake,
particularly HMGCR and low-density lipoprotein receptor
(LDLR). In cells exhibiting high cholesterol levels, structural
alterations in the SREBP cleavage-activating protein (SCAP)
catalyze the formation of an SREBP/SCAP-Insig complex
anchored to the ER,**> preventing SREBP2 translocation to
the Golgi apparatus for maturation, thereby inhibiting
cholesterol synthesis enzyme gene transcription and
reducing intracellular cholesterol synthesis. Conversely, in
cells with cholesterol levels below 5 %, the SREBPs/SCAP
complex dissociates from Insig and, with the assistance of
the Copll, translocates to the Golgi apparatus.®®>” Mature
SREBP2 then enters the nucleus to activate cholesterol
synthesis-related genes, promoting cholesterol produc-
tion.>® Additionally, follicle-stimulating hormone (FSH) ac-
tivates the Gi2a/B-arrestin-2/protein kinase B (AKT)

pathway through the hepatic FSH receptor (FSHR), inhibit-
ing forkhead box O1 (FoxO1) binding to the SREBP2 pro-
moter and preventing FoxO1-mediated repression of
SREBP2 gene transcription,””®® leading to SREBP2 up-
regulation and increased HMGCR transcription and choles-
terol biosynthesis.®® Decreased total sterol content is
associated with elevated intracellular propionic and
methylmalonic acid levels, which inhibit HMGCR activity
and cholesterol biosynthesis.®' Treatment of mice with
MMAB antisense inhibitors significantly reduces hepatic
HMGCR activity and sterol content while increasing SREBP2-
mediated gene expression.®’ CREB-regulated transcription
coactivator 2 (CRTC2) regulates SREBP2 transcription
through CRE binding protein, increasing SREBP2 transcrip-
tion by binding to insulin response element 1 in the SREBP2
promoter, which facilitates hepatic cholesterol synthe-
sis.®>%% The aryl hydrocarbon receptor (AhR) regulates
cholesterol biosynthesis genes, including HMGCR, by bind-
ing to DRE sequences in their promoters.®*%> Peroxisome
proliferator-activated receptor alpha (PPARa) is a critical
regulator of hepatic lipid metabolism. Crosstalk between
PPARa and SREBP signaling has been documented.®® RUNX
family transcription factor 1 (RUNX1) regulates cholesterol
synthesis by modulating HMGCR expression. RUNX1 knock-
down in colorectal cancer cells activates HMGCR tran-
scription, thereby increasing cholesterol levels and
impeding cancer progression, while elevated RUNX1
expression is associated with poor outcomes of colorectal
cancer."" Moreover, microRNAs, such as miR-206, regulate
HMGCR transcription by targeting liver X receptor alpha
(LXRA) and HMGCR in hepatocytes, inhibiting de novo fatty
acid synthesis, production of very-low-density lipoprotein,
and cholesterol biosynthesis, while promoting cholesterol
efflux in macrophages through the trichorhinophalangeal
syndrome 1 (TRPS1) signaling.®’

Post-translational modification of HMGCR

HMGCR also exhibits a post-transcriptional regulatory
mechanism, as demonstrated by Agbo et al in their explo-
ration of cholesterol homeostasis. The authors identified
that heterogeneous nuclear ribonucleoproteins (hnRNPs)
play a critical role in the post-transcriptional regulation of
HMGCR, through the binding to the 3’-untranslated region
(3’-UTR) of HMGCR mRNA, which subsequently reduces its
stability.®®“’ Additionally, the activity of HMGCR can be

Table 1  The proteins regulating HMGCR activity.

Targets Effect on HMGCR Type of targets Mechanisms References
Insig-1 Inhibits HMGCR activity Protein Feedback inhibition 41

SREBP2 Activates HMGCR transcription Transcription factor  Positive regulation 42,43
AMPK Inhibits HMGCR activity Protein kinase Phosphorylation-induced inhibition 44,45
Cholesterol  Inhibits HMGCR activity Metabolite Feedback inhibition 21,46
Mevalonate  Activates HMGCR transcription Metabolite Positive regulation 6,47,48
FPP Inhibits HMGCR activity Metabolite Feedback inhibition 49,50
Statins Inhibit HMGCR activity Drug Competitive inhibition 51,52

PKA Phosphorylates and inhibits HAGCR  Protein kinase Phosphorylation-induced inhibition 17,53

Note: Insig-1, insulin-induced gene 1; SREBP2, sterol regulatory element-binding protein 2; AMPK, AMP-activated protein kinase; FPP:
farnesyl pyrophosphate; PKA, protein kinase A; HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase.
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regulated through post-translational modifications in
response to the accumulation of steroidal and non-steroidal
metabolic byproducts.”” The primary mechanism for
HMGCR degradation occurs through a ubiquitin-proteasome
pathway that is dependent on sterol levels. The ubiquitin-
proteasome system is essential for maintaining cholesterol
homeostasis because it regulates protein ubiquitination and
degradation in response to various signals. This system
encompasses all aspects of cholesterol metabolism,
including synthesis, absorption, and excretion.”" The
glycoprotein 78 (GP78) membrane-bound ubiquitin ligase
facilitates the degradation of both HMGCR and Insig-1.”% In
addition to GP78, the E3 ligase TRC8 (translocation in renal
cancer from chromosome 8) has also been implicated in the
ubiquitination and degradation of HMGCR, as initially pro-
posed by Jo et al. Insig-l and Insig-Il contribute to the
ubiquitination process of HMGCR mediated by TRC8.”%"3
Cao et al demonstrated that ubiquitin fusion degradation 1
(Ufd1) played a critical role in assisting gp78 during this
process, with both single and multiple binding sites for
ubiquitin that interact with gp78 to enhance HMGCR
degradation rates.”* Jo et al revealed that transmembrane
and ubiquitin-like domain containing 1 (TMUB1) served as a
connector between the stomatin/prohibitin/flotillin/
HfIKC2 (SPFH2) and gp78 within the ER membrane, thereby
contributing to the regulation of HMGCR ubiquitination and
degradation.”® Thus, current research indicates that gp78-
mediated ubiquitination of HMGCR requires the coopera-
tion of Ufd1, SPFH2, and TMUB1. During the normal-to-
preneoplastic transition, the 5 isomiRNA of miR-140-3p
(miR-140-3p-1) and its direct gene targets, HMGCR and
HMG-CoA synthase 1 (HMGCS1), were found to be
dysregulated.>®

In 2018, Menzies et al and Jiang et al identified ring
finger protein 145 (RNF145) as a third E3 ligase.”® RNF145 is
an unstable E3 ligase that is sensitive to sterols and resides
permanently within the ER, where it accumulates after
sterol depletion.”” Cholesterol overload prompts the
recruitment of RNF145 to HMGCR through Insig-1 and Insig-
Il, promoting its ubiquitination and subsequent proteasomal
degradation.”®”” In addition to the three E3 ligases dis-
cussed above, two other types of E3 ligases exist. The first
is heading date 1 (Hd1), which is partially affected by the
absence of RNF145 and GP7, leading to decreased HMGCR
activity when UBEG2 serves as an E3 ligase. However, this
variant was not regulated by internal cholesterol levels.
The second type is membrane-associated ring—CH—type
finger 6 (MARCH6), which was identified by Zelcer et al
during their investigation of SM, another enzyme that
constrains the rate of the mevalonate pathway. The authors
show that the MARCH6 E4 ligase affects squalene mono-
oxygenation and influences HMGCR stability.”®

Epigenetic modifications of HMGCR

In addition to the well-documented post-translational reg-
ulatory mechanisms, recent research has focused on
elucidating the epigenetic regulation of HMGCR. HMGCR
DNA undergoes histone acetylation. A study conducted by Li
et al”® reveals that exposure to caffeine, nicotine, and
ethanol during pregnancy activates the glucocorticoid

receptor (GR). This activation has two distinct effects: GR
binds directly to the promoter region of HMGCR, thereby
increasing its expression, and also promotes the expression
of miR-133a-3p. This microRNA targets salt intolerance 1
(Sit1), leading to increased HMGCR histone acetylation,
particularly at H3K9ac and H3K27ac, and elevated overall
expression levels.”” Consequently, these aberrant histone
modifications result in increased HMGCR levels in female
offspring from gestation through postnatal development,
ultimately augmenting hepatic cholesterol synthesis and
potentially contributing to hypercholesterolemia in adult
females.® It is noteworthy that, in contrast to females, the
underlying mechanism in male patients with high choles-
terol levels primarily involves reduced expression of
LDLR.8" Furthermore, the epigenetic regulation of HWGCR
extends beyond acetylation modifications and may also
encompass DNA methylation processes.’ Liu et al®” iden-
tified that IncRNA AT102202 was capable of decreasing
HMGCR expression levels. A point prediction analysis uti-
lizing data from the UCSC Genome Database demonstrated
a significant overlap between IncRNA AT102202 and exons
4—6 of HMGCR. However, further research is necessary to
elucidate the precise mechanisms underlying the regulation
of HMGCR by IncRNA AT102202. It has been hypothesized
that this IncRNA recruits complexes that promote methyl-
ation at the HMGCR DNA locus, thereby inhibiting its
expression.

In conclusion, epigenetic modifications affecting HWGCR
primarily facilitate transcription through histone acetyla-
tion with the potential involvement of methylation alter-
ations. The role of RNA modifications in the regulation of
HMGCR remains unclear and warrants further investigation.

Dysregulation of HMGCR in cancer metabolism
and signaling

The emerging role of HMGCR in cancers

A substantial body of evidence from numerous studies has
demonstrated that a considerable number of human can-
cers overexpress HMGCR. Elevated levels of HMGCR have
been observed in a number of different malignancies,
including breast cancer, prostate cancer, hepatocellular
carcinoma (HCC), colorectal cancer, lung cancer, and
ovarian cancer.'"52:6%:83785 Thjs yp-regulation is frequently
associated with poor prognosis and increased tumor
aggressiveness.®® Cancer cells exploit the mevalonate
pathway to satisfy their increased cholesterol re-
quirements, thereby facilitating rapid cell proliferation,
membrane biogenesis, and oncogenic signhaling path-
ways.“®®” The up-regulation of HMGCR in these cells con-
tributes to enhanced survival and resistance to apoptosis. &
This effect is partially attributed to the roles of cholesterol
and isoprenoids in maintaining membrane integrity, while
modulating cell signaling pathways and enabling the syn-
thesis of essential lipids and steroids.’®> Under metabolic
stress conditions, such as hypoxia and nutrient deprivation,
HMGCR promotes the survival of cancer cells by sustaining
the production of cholesterol and other critical metabo-
lites.®”°° HMGCR plays an essential role in fulfilling the
metabolic demands of proliferating cancer cells.
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Cholesterol synthesized through the mevalonate pathway,
which is regulated by HMGCR, is important for cell mem-
brane formation as well as for producing lipid rafts involved
in signal transduction processes.*® HMGCR overexpression
facilitates rapid tumor growth by ensuring a continuous
supply of cholesterol and isoprenoids necessary for cellular
division and activation of oncogenic pathways.>? This sus-
tained supply also enhances resistance to apoptosis within
cancer cells, further accelerating tumor expansion.

The expression levels of HMGCR vary considerably among
different cancers. Breast cancer cells overexpressing
HMGCR show increased proliferation and poor prognosis.®"
Similarly, elevated HMGCR levels in prostate cancer corre-
late with higher Gleason scores and more advanced stages.®
Colon cancer tumor tissues exhibit significantly higher
HMGCR expression than adjacent normal tissues, high-
lighting its role in tumorigenesis. Liver cancer cells over-
expressing HMGCR feature larger tumors, higher grades,
and an increased risk of metastasis.®” Furthermore, HMGCR
activates the Hedgehog pathway, regulating stem-like
properties and metastasis in liver cancer. lts expression
positively correlates with smoothened receptor levels. In-
hibition of the Hedgehog pathway can counteract the
stimulatory effects of HMGCR on stem-like properties and
metastasis in HCC.”>'* In MCF-7 cells, HMGCR expression is
associated with a stem-like phenotype, as evidenced by
increased NANOG and sex determining region Y-box 2
(S0X2) expression and enhanced mammosphere formation.

HMGCR overexpression is associated with primary tumor
growth and increased metastatic potential.”> This is
particularly evident in cancers, such as breast cancer and
liver cancer, where HMGCR overexpression correlates with
markers of epithelial—mesenchymal transition, a process
that is critical for metastasis.”®”" Transforming growth
factor-beta 1 (TGF-B1)-treated NCI—H322M cells with
reduced HMGCR expression were more sensitive to ator-
vastatin’s inhibitory effects than those with uninhibited
HMGCR expression.”* Besides, cytochrome P450 family 11
subfamily A member 1 (CYP11A1) silencing sensitized
statin-resistant castration-resistant prostate cancer cell
line, DU-145, to atorvastatin by reducing HWGCR expression
and increasing intracellular free cholesterol.”® Moreover,
CYP11A1 silencing induced epithelial—mesenchymal tran-
sition in DU-145 cells, resulting in a statin-sensitive
mesenchymal-like phenotype.”> HMGCR supports metas-
tasis by influencing cell motility, invasion, and the ability to
survive in the bloodstream and colonize distant organs. For
example, in breast cancer, high HWGCR expression has been
associated with an increased likelihood of bone metastasis,
whereas in HCC, it has been correlated with lung metas-
tasis.” In HMGCR-overexpressing hepatoma cells, the
expression of N-cadherin, a marker of
epithelial—mesenchymal transition, was up-regulated,
whereas its expression was down-regulated following
HMGCR knockdown.'* However, no significant change was
observed in the expression level of E-cadherin. Further-
more, only vismodegib, an inhibitor of the Hedgehog
signaling pathway and an US FDA-approved drug for the
treatment of basal cell carcinoma, was able to reverse the
stimulatory effects of HMGCR on epithelial cell adhesion
molecule (EPCAM) and prominin 1 (PROM1) expression. This
strongly suggests that HWGCR may enhance the stemness

and metastatic potential of HCC cells via activation of the
Hedgehog signaling pathway.'* Overexpression of HMGCR
promoted gastric cancer cell growth and migration,
whereas HMGCR knockdown inhibited these processes as
well as tumorigenesis. Mechanistically, HMGCR activated
the Hedgehog/glioma-associated homologue-1  (Gli1)
signaling pathway and up-regulated Gli1 target gene
expression. Collectively, HMGCR exhibits tumor-promoting
effects in gastric cancer and may serve as a potential
therapeutic target,’® as shown in Table 2.

Role in cancer metabolism

Metabolic reprogramming in cancer cells, a hallmark of
tumorigenesis, involves the reconfiguration of various
metabolic processes. HMGCR plays an essential role in
reprogramming, because cancer cells frequently rewire
their metabolic pathways to sustain uncontrolled prolifer-
ation. The enzymatic activity of HMGCR is critical for the
Warburg effect, as it facilitates the synthesis of lipid
components necessary for cell membrane formation and
regulates the pathways that promote anabolic growth.
Recent studies have indicated that HMGCR overexpression
drives metabolic reprogramming in tumor cells, highlighting
its potential as a target for disrupting the metabolic de-
pendencies of cancer cells.'"?

Yang et al have demonstrated that activation of liver X
receptors (LXRs) facilitates cholesterol efflux, leading to a
reduction in total cholesterol levels through a complex
interplay. This metabolic shift sensitizes isocitrate dehy-
drogenase 1 (IDH1)-mutant glioma cells to HMGCR inhibition
by atorvastatin, highlighting the central role of HMGCR in
the metabolic reprogramming of glioma.'"® In lung cancer,
reduced brain-specific angiogenesis inhibitor 1 (BAI1)
expression is associated with poorer prognosis; conversely,
BAI1 overexpression down-regulates HMGCR and promotes
metabolic reprogramming through up-regulation of
stearoyl-CoA desaturase 1 (SCD1), thereby inhibiting tumor
growth and metastasis."'* Additionally, elevated expression
of cholesterol synthesis-related genes in breast cancer is
associated with decreased recurrence-free survival. HMGCR
overexpression in MCF-7 cells induces a stem-like pheno-
type characterized by elevated pluripotency markers and
an increased population of CD441/CD24°"/~ and CD133™
cells, indicating its involvement in tumor initiation and
progression.®? In the context of HCC, X-box binding protein
1 unspliced isoform (XBP1-u) stimulates tumor growth by
increasing cholesterol biosynthesis through stabilization of
SREBP2 and subsequent up-regulation of HMGCR. This re-
veals a novel XBP1-u/SREBP2/HMGCR axis that is critical for
lipid accumulation and tumorigenesis.'™ In prostate can-
cer, an increased activity of biological pathways involved in
fatty acid synthesis and cholesterol metabolism has been
observed."'® The administration of an HMGCR inhibitor at
clinically achievable concentrations represents a promising
therapeutic strategy to enhance anti-tumor efficacy, while
simultaneously disrupting metabolic reprogramming.*°
Similarly, aberrant lipid metabolism serves as a hallmark of
tumor growth and metastasis in glioblastoma-initiating
cells. As natural products, flavonoids have shown potential
to inhibit HMGCR-mediated de novo lipid synthesis.!"”
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Table 2  Expression level and effect of HMGCR in different
types of cancer.

HMGCR Clinical
expression characteristics
level

Cancer type References

Promotes cell
proliferation;
associated with
poor prognosis;
increased risk of
metastasis
Associated with
higher Gleason
scores; correlates
with advanced
disease stages;
resistance to
therapy

Promotes tumor
growth; promotes
metastatic
potential; poor
overall survival
Increased tumor
aggressiveness;
correlates with
advanced tumor
stage; poor
prognosis
Promotes cell
proliferation;
associated with
chemoresistance;
poor clinical
outcomes
Promotes
tumorigenesis;
associated with
poor prognosis
Supports tumor
growth and
survival; associated
with
chemoresistance;
potential target for
novel therapies
Promotes tumor
growth, migration,
and metastasis;
poor overall
survival

Breast cancer High 91,97

Prostate High
cancer

98,99

Hepatocellular High
carcinoma

14,100

Colorectal High 101—103

cancer

Ovarian cancer High 104,105

Lung cancer  Variable 52,106,107

Pancreatic High
cancer

108,109

Glioblastoma  High 88,110,111

Note: HMGCR,
reductase.

3-hydroxy-3-methylglutaryl coenzyme A

Notably, defective cholesterol accumulation in myeloid-
derived suppressor cells and the consequent loss of AKT-
mechanistic target of rapamycin complex 1 (mTORC1)-
SREBP2-HMGCR signaling in receptor-interacting serine/
threonine-protein kinase 3 (RIPK3)-deficient myeloid-

derived suppressor cells has been described. However, this
interference can also promote the immunosuppressive ac-
tivity of myeloid-derived suppressor cells. Taken together,
these findings highlight the critical role of HWGCR-mediated
cholesterol metabolism in regulating immune responses
within the tumor microenvironment, supporting HMGCR-
targeted chemotherapy as a feasible therapeutic strategy
to overcome tumor immune evasion.” "> HMGCR is primarily
regulated by transcription factor SREBP2, which is required
to maintain control of genes involved in the biosynthesis
and homeostasis of cholesterol.*> HMGCR is a key enzyme in
the cholesterol biosynthesis pathway and an important
regulator of metabolic reprogramming in various can-
cers.*>® 118 |ntervention at this pathway may identify
innovative therapeutic strategies to disrupt the metabolic
adaptations that enable tumor growth and survival.

Signal transduction pathways associated with
HMGCR in cancer

Several signaling pathways that promote cancer progression
are HMGCR-dependent. HMGCR is significantly elevated in
cancer cells and serves to increase cholesterol synthesis
required for tumor cell growth and survival. HMGCR exerts
a particularly pronounced effect on the phosphoinositide 3-
kinase (PI3K)/AKT/mTOR pathway, which is pivotal in
regulating cell growth, survival, and metabolic path-
ways.""” Moreover, HMGCR regulates the Hippo signaling
pathway, where cholesterol regulates Yes-associated pro-
tein (YAP) and Tafazzin (TAZ) activation and nuclear
localization, promoting the expression of genes that
enhance cell proliferation and survival (Fig. 2).'2%"%
HMGCR is also involved in other oncogenic pathways,
including SREBP1-mediated cholesterol biosynthesis.'?
Furthermore, HMGCR influences cancer immunity by regu-
lating programmed death-ligand 1 (PD-L1) expression.'??
Therapeutically, inhibiting HMGCR with statins or other
inhibitors shows promise in disrupting these oncogenic
pathways, limiting tumor growth, and increasing the effi-
cacy of immune checkpoint inhibitors, making it a potential
target for cancer treatment.'?

Mevalonate pathway and oncogenic signaling

SREBP2 activates the transcription of key enzymes in the
methylmalonate pathway, including HMGCR and methyl-
malonyl-CoA kinase, by binding to sterol regulatory ele-
ments in gene promoters. SREBP2 and its regulated enzyme
HMGCR are essential for cancer progression and are po-
tential therapeutic targets. Lipase inhibitors, statins, and
bisphosphonates can effectively treat various cancers by
inhibiting SREBP2, HMGCR, and farnesyl pyrophosphate
synthase (FPPS), respectively, either singly or in combina-
tion with other drugs.”? The mevalonate pathway is critical
for synthesizing isoprenoids, including farnesyl pyrophos-
phate (FPP) and geranylgeranyl pyrophosphate (GGPP),
through the regulation of HMGCR. These compounds are
essential for the prenylation of small GTPases, which play
significant roles in cell proliferation, survival, and migra-
tion. Abnormal regulation of HMGCR and rewiring in the
methylglutarate pathway can trigger GTPase activation,
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Figure 2 The signal transduction pathways associated with HMGCR in cancer. HMGCR is crucial in cancer for cholesterol
biosynthesis and oncogenic signaling, as its overexpression enhances mevalonate production, facilitating the prenylation of pro-
teins that activate pathways promoting tumor growth and survival.

ultimately contributing to oncogenic signaling and tumor
growth. Furthermore, HMGCR activity and metabolites
derived from the methylglutarate pathway are important in
modulating oxidative stress and inflammation within the
tumor microenvironment. Isoprenoids produced through
this pathway can influence reactive oxygen species gener-
ation and inflammatory signaling processes, facilitating
cancer progression.'?*~'?8 Additionally, MYCN regulates
genes associated with the methylmalonic acid pathway. Of
note, T-cell acute lymphoblastic leukemia is sensitive to
HMGCR inhibition."? Moreover, preclinical research shows
that lipophilic statins and well-designed bisphosphonates
can selectively inhibit enzymes in the methylmalonic acid
pathway, while also exhibiting significant adjuvant ef-
fects.'®? Recent studies have highlighted the pivotal role of
the methylmalonic acid pathway in modulating immune
responses, indicating its potential as a target for vaccine
adjuvants.*? By targeting this pathway, robust Th1 and
cytolytic T-cell responses can be elicited, thereby
increasing antigen-specific anti-tumor immunity.8”"*'
SREBP2 binds with affinity to SRE located in the promoter
regions of its target genes, thereby stimulating the tran-
scription of genes involved in the mevalonate pathway,
including HMGCR, mevalonate kinase, and several other
essential enzymes.***” Both SREBP2 and its downstream-
regulated enzymes, encompassing HMGCR from the
mevalonate cascade, have been implicated in the pro-
gression of diverse cancer types, such as prostate cancer,
breast cancer, lung cancer, and HCC, and so are potential
therapeutic targets.*” Importantly, preclinical and clinical
investigations have documented the utilization of statins,
which specifically target HMGCR, either as monotherapy or
in combination with additional therapeutic agents, for the
management of various cancers. Additionally, studies on
the role of HMGCR in cancer metabolism have supple-
mented research on conventional herbal therapies, exem-
plified by Citri Reticulatae Pericarpium-Reynoutria
japonica Houtt combination, which has revealed potential
therapeutic targets associated with breast cancer liver
metastasis. Modulation of extracellular matrix protein 1

(ECM1) expression through knockdown or overexpression
affects tumor cholesterol content by modulating critical
biosynthetic genes, including acyl-CoA:cholesterol acyl-
transferase 2 (ACAT2), HMGCS1, HMGCR, mevalonate ki-
nase (MVK), and mevalonate diphosphate decarboxylase
(MVD). These observations suggest that Citri Reticulatae
Pericarpium-Reynoutria japonica Houtt combination may
act as a valuable adjunct therapy by disrupting ECM1-driven
cholesterol synthesis in triple-negative breast cancer cells
(Fig. 3)."*?

PI3K/AKT/mTOR pathway

HMGCR plays a critical role in cholesterol biosynthesis and
is tightly associated with the PI3K/AKT/mTOR signaling
pathway that controls cell growth, survival, and meta-
bolism."® By facilitating the cholesterol production,
HMGCR promotes the activation of AKT, thereby supporting
the survival and proliferation of cancer cells. Moreover, the
methylmalonic acid pathway provides cells with essential
lipids and sterols for membrane-bound organelle forma-
tion.”*° Interaction with the mTOR pathway further pro-
motes cellular growth and division.”> mTORC1 regulates
HMGCR stability through deubiquitination mediated by
USP20. Postprandial increases in insulin and glucose levels
stimulate mTORC1 to phosphorylate USP20 at serine resi-
dues S132 and S134, which subsequently recruits USP20 to
the HMGCR complex, inhibiting degradation mechanisms.
Notably, feed-induced stabilization of HMGCR is compro-
mised in mice exhibiting liver-specific USP20 deletions or in
those harboring knock-in mutations in USP20 (S132A/
S134A). These findings elucidate a novel regulatory mech-
anism linking mTORC1 to HMGCR through the phosphoryla-
tion of USP20, and suggest that inhibitors targeting USP20
may effectively reduce cholesterol levels for the treatment
of metabolic disorders, including cancers.' Additionally,
Haskins et al reported that the EGFR family member ERBB4
could enhance cholesterol biosynthesis through the PI3K
and mTOR signaling pathways by SREBP2, thereby further
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supporting cancer cell proliferation.”* In malignancies,
such as breast cancer, the nucleobindin-2/nesfatin-1 axis
up-regulates cholesterol synthesis through the mTORC1-
SREBP2-HMGCR pathway, thereby promoting metastasis.
Introduction of the ligand neuregulin 1 (NRG1) significantly
increases the levels of the cleaved mature variant of
SREBP2 through a mechanism that is effectively inhibited
by agents targeting PI3K or by the simultaneous inhibition
of mTORC1/2. In contrast, this response is unaffected by
the inhibition of AKT or isolated mTORC1 activity.'** These
findings suggest that the inhibition of HMGCR or its regu-
latory pathways, such as the PI3K/AKT/mTOR signaling
cascade, may represent a promising therapeutic strategy
for cancer treatment."”

YAP/TAZ signaling

The YAP and TAZ signaling pathways interact with HMGCR,
highlighting its role in tumorigenesis,
epithelial—mesenchymal transition, and metastasis. TAZ
deletion consistently results in reduced growth rates and
mortality in HCC, whereas activated TAZ overexpression is
sufficient to initiate the development of HCC. The regula-
tion of TAZ expression in HCC by cholesterol synthesis is
exemplified by pharmacological or genetic suppression of
HMGCR."?® Furthermore, progression driven by TAZ, as well
as MET/CTNNB1-S45Y, requires TEAD2 expression.
Conversely, TEAD4 plays a comparatively minor role. Among

these factors, TEAD2 has the most significant impact on
patient survival in HCC.""®

Therapeutic potential and challenges of
HMGCR inhibitors in cancer

Given its essential role in cancer metabolism and frequent
overexpression in various malignancies, HMGCR represents
a promising therapeutic target. Inhibition of HMGCR may
disrupt the supply of cholesterol and isoprenoids, which are
essential for cancer cell proliferation, survival, and
metastasis. This could potentially lead to tumor regression.

Clinical observational studies have suggested that statin
use is associated with a reduced risk of certain cancers and
improved survival outcomes. However, the results have
been inconclusive, and randomized controlled trials are
needed to establish definitive efficacy in cancer treat-
ment.’" IDH-mutated gliomas, in which IDH1 mutation is an
essential event in gliomagenesis, lead to significant alter-
ations in cholesterol metabolism. Specifically, Yang et al
observed that the mutant IDH1 (R132H) variant reduced the
cholesterol content and promoted the production of 24-
OHC, which activated LXRs and promoted the degradation
of LDLR, thereby reducing cholesterol influx into cells.
Interestingly, the authors described that this reduction
stimulated compensatory cholesterol biosynthesis, sensi-
tizing IDH1-mutated glioma cells to atorvastatin, an HMGCR
inhibitor."™ Importantly, statins, which are approved by
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the US FDA as cholesterol-lowering drugs, target HMGCR to
inhibit liver cancer stem cells and their metastatic prop-
erties.’3>13¢ This is critical since HMGCR stimulates the
Hedgehog signaling pathway, which fosters liver cancer
regrowth and metastasis. Therefore, simvastatin may serve
as a feasible clinical therapy to curtail liver cancer
metastasis. > Moreover, as an HMGCR inhibitor, statins can
suppress PPAR coactivator 1 alpha (PGC-1a) activity,
counteracting BRAF inhibitor-resistant melanoma."*” Addi-
tionally, statins, either alone or combined with chemo-
therapeutic agents, reduced p140Cap breast cancer cell
viability.'?® Physapubenolide is a vinolactone compound
sourced from the physalis herb. This compound is cytotoxic
to cancer cells, enhancing sensitivity to vemurafenib, with
anti-cancer effects by targeting HMGCR. In melanoma
cells, physapubenolide interacts with HMGCR, resulting in
reduced protein expression and the blockade of the
HMGCR/ YAP pathway.>*"*® The combination of HMGCR in-
hibitors with various therapeutic agents presents a prom-
ising strategy for overcoming resistance and increasing
anti-cancer efficacy. Notably, the concurrent administra-
tion of statins alongside PI3K/AKT/mTOR inhibitors, which
target another critical pathway in cancer metabolism, has
demonstrated  synergistic  effects in  preclinical
studies.>® %% Additional potential combinations include
pairing HMGCR inhibitors with immune checkpoint in-
hibitors to enhance anti-tumor immune responses or inte-
grating them with chemotherapeutic agents to increase
tumor sensitivity to treatment.'*""'*? Currently, these
combinatorial strategies are under evaluation in clinical
trials aimed at identifying effective regimens for diverse
cancer types. For instance, statins enhance the effective-
ness of chemotherapeutic agents that include doxorubicin
and paclitaxel by sensitizing cancer cells to apoptosis.'?’
Moreover, the combination of statins with targeted thera-
pies or immunotherapies has been investigated as a means

of circumventing resistance mechanisms and improving
treatment outcomes (Table 3).

HMGCR inhibitors and effectiveness in preclinical
and clinical studies

The most well-known HMGCR inhibitors are statins, a class
of drugs that are widely used to lower cholesterol levels
and prevent cardiovascular diseases. Statins inhibit HWGCR
by competitively binding to the enzyme’s active site,
inhibiting the conversion of HMG-CoA to mevalonate, the
precursor of cholesterol.*> Common statins include ator-
vastatin, simvastatin, lovastatin, and rosuvastatin.'®? These
drugs differ in their potency, lipid solubility, and pharma-
cokinetic properties, which can influence their effective-
ness in cancer treatment (Table 4).

A significant number of preclinical studies have sup-
ported the cancer-prevention properties of statins. In vitro,
statins promote apoptosis, inhibit cell growth, and disrupt
the cell cycle in diverse cancer cell lines, such as breast,
prostate, colon, and liver cancers. The anti-cancer effects
of statins are mediated by the depletion of intracellular
cholesterol and inhibition of protein isoprenylation. This
process modifies the activity of small GTPases, including
Ras and Rho, and disrupts lipid rafts, which are essential for
cancer cell signaling.'*® Statin usage may lower the risk of
certain cancers, prompting clinical studies to explore their
potential in cancer treatment and cardiovascular disease
prevention.'®® However, the results have been inconclu-
sive. Some trials have reported modest benefits, such as
reduced cancer recurrence and improved survival, whereas
others have found no significant effects. This variability in
clinical outcomes may be attributed to factors including
differences in statin type, dosage, treatment duration, and
patient population. Additionally, the timing of statin

Table 3  HMGCR inhibitors in anti-tumor therapy for different cancers.
HMGCR Cancer type Mechanisms Effects References
inhibitor
Atorvastatin Breast cancer Inhibits HMGCR, reducing cholesterol Decreases tumor cell 52,143,144
and isoprenoid levels proliferation; induces
apoptosis
Prostate cancer Inhibits HMGCR, affecting androgen Reduces tumor growth; 99,145,146
receptor signaling enhances sensitivity to
therapies
Simvastatin Colorectal cancer Decreases mevalonate pathway Suppresses tumor growth; 11,121,147
metabolites reduces metastasis
Ovarian cancer Induces apoptosis through cholesterol Slows tumor progression; 148—150
depletion enhances chemosensitivity
Rosuvastatin Hepatocellular Regulates lipid metabolism and Reduces tumor size and 151,152

carcinoma
Lung cancer
Lovastatin Pancreatic cancer

Gastric cancer

inflammatory pathways
Alters immune microenvironment
Inhibits cell cycle progression

Suppresses proliferation through

metastasis
Promotes anti-tumor immunity 52,153—155

mevalonate pathway inhibition

Pitavastatin Multiple myeloma

Induces apoptosis through

Induces G; arrest; decreases 42,156,157
cell viability

Reduces tumor growth 157—159
Decreases cell survival 146,160,161

mitochondrial dysfunction

Note: HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase.
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Table 4 Overview of HMGCR inhibitors in anticancer therapy for different cancers.
Cancer type Cell lines Inhibitor Drug concentration References
Breast cancer MDA MB 231 cell line Atorvastatin 110 pM 146
Xenograft mouse model Simvastatin 520 mg/kg 165,166
Prostate cancer LNCaP cell line Rosuvastatin 0.55 pM 167
C42B xenograft model Atorvastatin 10 mg/kg 168,169
Colorectal cancer HT29 cell line Lovastatin 110 WM 170
AOM/DSS mouse model Simvastatin 5 mg/kg 171173
Ovarian cancer SKOV3 cell line Atorvastatin 110 uM 174
Ovarian xenograft model Rosuvastatin 5 mg/kg 175,176
Hepatocellular carcinoma HepG2 cell line Pitavastatin 0.11 uM 177,178
DEN model Atorvastatin 10 mg/kg 179,180
Lung cancer A549 cell line Simvastatin 15 uM 181—184

Note: HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; DEN, diethylnitrosamine.

administration, relative to cancer diagnosis and disease
stage, may influence outcomes. In addition, digoxin and
ouabain can enhance cholesterol synthesis in HepG2 cells
and increase HMGCR activity and expression by binding to
SREBP2 and HMGCR promoters. However, this enhancement
is reduced in cells in which SREBP2 is silenced or when the
cholesterol content is elevated.®*

Combination therapies involving HMGCR inhibitors

Cancer cells often develop resistance to single-agent
therapies such as statins. Combination therapies involving
HMGCR inhibitors and other anti-cancer agents have been
proposed to overcome this challenge. The goal is to
enhance treatment efficacy by simultaneously targeting
multiple pathways. Statins have been combined with
various therapeutic agents, including chemotherapeutics,
targeted therapies, and immunotherapies, to achieve syn-
ergistic effects.

In preclinical studies, the combination of statins with
traditional chemotherapeutic agents, including doxoru-
bicin, paclitaxel, and cisplatin, has yielded encouraging
outcomes.'®> By rewiring the lipid composition of cell
membranes, statins can enhance the cytotoxic activity of
these agents, which is a critical factor for drug penetration
and efficacy.'® Clinical trials have also explored combina-
tions of statins with chemotherapy. For instance, a study
involving atorvastatin in conjunction with docetaxel in
prostate cancer patients reported improved outcomes
compared with chemotherapy alone.'® Similarly, in breast
cancer cases, the addition of simvastatin to tamoxifen
resulted in increased apoptosis. Moreover, statins have
been integrated with targeted therapies, such as PI3K/
AKT/mTOR inhibitors, to disrupt cancer cell metabolism
through multiple mechanisms.' For example, in breast
cancer models, concurrent administration of statins with
the mTOR inhibitor everolimus enhanced anti-tumor effects
by inhibiting both cholesterol synthesis and mTOR
signaling. %10

Current research has explored the potential of inte-
grating statins with immune checkpoint inhibitors, partic-
ularly antibodies to programmed cell death 1 (PD-1) and

PD-L1. By modulating the tumor microenvironment and
reducing immune evasion, statins may enhance anti-tumor
immune responses.'® Preliminary studies suggest that
statins facilitate immune cell infiltration into tumors and
increase the efficacy of checkpoint inhibitors, representing
a promising strategy to improve outcomes in immuno-
therapy.”> In mouse tumors, the activation of AMPK
demonstrated a synergistic effect against cancer. Specif-
ically, AMPK triggers p38 MAPK activation, which in turn
leads to phosphorylation of GSK-3b and the subsequent
down-regulation of PD-1 in regulatory T cells.*® Moreover,
research indicates that lipophilic statins and rationally
designed nitrogen-containing bisphosphonates, which
target specific enzymes within this pathway, exhibit sig-
nificant adjuvant properties in preclinical settings. Several
studies have identified potential therapeutic targets asso-
ciated with breast cancer liver metastasis in traditional
herbal medicines, including Citri Reticulatae Pericarpium
and Reynoutria japonica Houtt,'*? as shown in Figure 4.

Challenges and limitations in targeting HMGCR in
specific cancer types

A significant challenge in the use of statins as anti-cancer
therapeutics is the emergence of drug resistance. Cancer
cells can evade statin therapy by up-regulating alternative
cholesterol synthesis pathways or increasing extracellular
cholesterol uptake. Certain tumors may also activate
compensatory mechanisms to withstand statin exposure,
such as the increased expression of mevalonate pathway
enzymes downstream of HMGCR or the induction of auto-
phagy. These adaptive strategies reduce the efficacy of
statins and limit their therapeutic potential. Moreover,
research has implicated oncogenes, such as TP53 and MYC,
in metabolic shifts associated with cancer progression.
Notably, HMGCR-targeting statins induce apoptosis in
chronic lymphocytic leukemia cells, highlighting the ther-
apeutic potential of modulating lipid metabolism in various
malignancies.'®® Although statins are generally well-toler-
ated for cardiovascular disease management, prolonged
high-dose administration for cancer treatment may result
in adverse reactions, including muscle toxicity (myopathy
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or rhabdomyolysis), liver impairment, and potential in-
teractions with conventional cancer therapies. '8~ 1%
HMGCR inhibitors, commonly known as statins, have
gained attention as potential adjuncts in oncology due to
their ability to modulate lipid metabolism and interfere
with oncogenic signaling pathways.'>>" A growing body of
evidence supports their therapeutic potential across
various cancers. In breast cancer, especially aggressive
subtypes such as triple-negative tumors, statins target the
cancer cells’ reliance on cholesterol by reducing membrane
components essential for Ras/Rho GTPase activation.'%"%3
Recent clinical trials have demonstrated that combining
high-dose atorvastatin with neoadjuvant chemotherapy
enhances treatment efficacy.'® Similarly, in prostate can-
cer, preclinical studies show that simvastatin enhances the
effects of androgen receptor (AR) antagonists by destabi-
lizing lipid rafts crucial for AR signaling.'®® These findings
are supported by population-based studies indicating that
statin use is associated with a lower risk of lethal prostate
cancer.'® In colorectal cancer, research highlights statins’
capacity to induce ferroptosis in KRAS-mutant cells through
depletion of coenzyme Q10."”” Moreover, combination
therapies involving statins and EGFR inhibitors show po-
tential in overcoming resistance to cetuximab.'”® Although
statins generally exhibit a favorable safety profile, with
manageable musculoskeletal and metabolic side effects,
several challenges remain, such as dose-dependent toxicity
and cancer cells’ ability to adapt metabolically via squa-
lene synthase up-regulation or HMGCR gene amplifica-
tion.'” To address these issues, ongoing clinical trials are
investigating genotype-guided dosing strategies, such as
those based on SLCO1B1 polymorphisms, as well as novel
delivery systems like liposomal formulations.?”° Addition-
ally, biomarker-driven approaches that assess HMGCR
expression and mevalonate pathway activity are being
developed to improve patient selection.’®' As statins

transition from cardiovascular medications to potential
oncology therapeutics, their integration with immunother-
apies and targeted agents, such as the observed enhance-
ment of PD-1 blockade in preclinical colorectal cancer
models, positions them as promising tools in precision
oncology, pending further validation through large-scale
clinical trials.?"2%2

Conclusions

Cholesterol is an indispensable component of the
mammalian cell membrane that plays a pivotal role in
physiological processes. The function of HMGCR in choles-
terol synthesis is irrefutable, and its regulation is highly
intricate, with only the transcriptional regulation and
ubiquitination degradation of HMGCR being relatively well
understood. HMGCR regulation is subject to different in-
fluences within the context of the same disease. Further-
more, the results of numerous studies have yet to yield a
more systematic conclusion. However, the roles of HWGCR
in cancer remain controversial. The regulatory mechanism
of HMGCR remains unclear. These include the molecular
mechanism of rewiring in transmembrane helix conforma-
tion induced by sterols in HMGCR ubiquitination, the mo-
lecular mechanism of UbiA prenyltransferase domain
containing 1 (UBIAD1) inhibition of HMGCR ubiquitination in
high GGPP, and other epigenetic regulation and non-coding
RNA modifications.?°® Further investigations are required to
ascertain whether there is another molecular mechanism of
ubiquitination degradation. The molecular mechanisms of
HMGCR ubiquitination, the existence of other epigenetic
regulations and non-coding RNA modifications, and other
potential molecular mechanisms for ubiquitination and
degradation have been studied. The deubiquitinating en-
zymes USP20, heat shock protein 90 (HSP90), and
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acetaldehyde dehydrogenase family 2 member B (ALDH2B)
are involved in HMGCR ubiquitination."® Consequently, it is
imperative to consider the upstream factors influencing
ubiquitination in future studies. Furthermore, although
statins can inhibit HMGCR and have an inhibitory effect on
the development of some cancers, some cancer cell types
have demonstrated resistance to statins. Further studies
are required to gain a deeper understanding of HMGCR. In
addition to the continued search for HMGCR-targeted
drugs, the use of HMGCR-rich regulatory mechanisms to
inhibit cholesterol metabolism represents a promising
avenue for investigation. These unanswered questions
could be addressed through a deeper understanding of
HMGCR ubiquitination. The findings could provide a focus
for future research.

This review provides a comprehensive overview of the
regulatory mechanisms of HMGCR, including transcrip-
tional, translational, post-translational, and epigenetic
modifications. The pathological conditions associated with
abnormalities in HMGCR expression and activity are
detailed, offering novel insights and valuable reference
points for research into cholesterol synthesis. As studies on
HMGCR and cancer progress, future research will focus on
elucidating the molecular mechanisms underlying HMGCR’s
tumor-promoting function, identifying patient populations
that may benefit from HMGCR-targeted therapy, and
investigating potential interactions between HMGCR and
the tumor microenvironment. Furthermore, the assessment
of the efficacy and safety of HMGCR-directed therapies in
patients with cancer through preclinical and clinical trials is
vital for the translation of promising preclinical findings
into clinical practice. The rapidly developing field of
HMGCR as a metabolic regulator of human cancer has sig-
nificant clinical implications. A deeper understanding of
HMGCR'’s role of HMGCR in cancer and the development of
targeted strategies is expected to improve cancer treat-
ment outcomes. Collectively, these multidisciplinary ap-
proaches may redefine metabolic modulation as the
cornerstone of next-generation anti-cancer therapeutics.

CRediT authorship contribution statement

Wenfang Li: Writing — review & editing, Writing — original
draft, Investigation, Conceptualization. Jianxiong Xu:
Writing — original draft, Investigation. Yuxuan Long:
Writing — original draft. Han Zhang: Writing — original
draft. Xiaojuan Rong: Validation, Funding acquisition.
Zhengding Su: Writing — review & editing, Writing — orig-
inal draft, Funding acquisition.

Conflict of interests

The authors declared no conflict of interests.

Funding

This work was supported by grants from the National Nat-
ural Science Foundation of China (No. 32471260, 82460809)
and the Tianshan Talent Training Program (Xinjiang, China)
(No. 2023TSYCCX0065).

Acknowledgements

Our intention is to summarize the state of the field. How-
ever, due to space limitations, we would like to apologize
to authors whose works are not cited here. Their contri-
butions should not be considered less important than those
that are cited. Besides, we would like to thank Editage
(www.editage.cn) for English language editing.

References

1. Liao M, Yao D, Wu L, et al. Targeting the Warburg effect: a
revisited perspective from molecular mechanisms to tradi-
tional and innovative therapeutic strategies in cancer. Acta
Pharm Sin B. 2024;14(3):953—1008.

2. Fendt SM. 100 years of the Warburg effect: a cancer meta-
bolism endeavor. Cell. 2024;187(15):3824—3828.

3. Horn P, Tacke F. Metabolic reprogramming in liver fibrosis.
Cell Metab. 2024;36(7):1439—1455.

4. Martinez-Reyes |, Chandel NS. Cancer metabolism: looking
forward. Nat Rev Cancer. 2021;21(10):669—680.

5. Luo J, Yang H, Song BL. Mechanisms and regulation of choles-
terol homeostasis. Nat Rev Mol Cell Biol. 2020;21(4):225—245.

6. Yeganeh B, Wiechec E, Ande SR, et al. Targeting the meval-
onate cascade as a new therapeutic approach in heart dis-
ease, cancer and pulmonary disease. Pharmacol Ther. 2014;
143(1):87—110.

7. Wang H, Shu L, Lv C, et al. BRCC36 deubiquitinates HMGCR to
regulate the interplay between ferroptosis and pyroptosis.
Adv Sci (Weinh). 2024;11(11):e2304263.

8. Sun L, Ding H, Jia Y, et al. Associations of genetically proxied
inhibition of HMG-CoA reductase, NPC1L1, and PCSK9 with
breast cancer and prostate cancer. Breast Cancer Res. 2022;
24(1):12.

9. Romo-Perez A, Dominguez-Gomez G, Chavez-Blanco AD,
Gonzalez-Fierro A, Correa-Basurto J, PaSTe Duenas-Gonzalez
A. Blockade of the lipid phenotype of prostate cancer as
metabolic therapy: a theoretical proposal. Curr Med Chem.
2024;31(22):3265—3285.

10. Min HK, Kapoor A, Fuchs M, et al. Increased hepatic synthesis
and dysregulation of cholesterol metabolism is associated
with the severity of nonalcoholic fatty liver disease. Cell
Metab. 2012;15(5):665—674.

11. Chang Z, Liu B, He H, Li X, Shi H. High expression of RUNX1 in
colorectal cancer subtype accelerates malignancy by inhib-
iting HMGCR. Pharmacol Res. 2024;206:107293.

12. Liang J, Yu D, Luo C, et al. Epigenetic suppression of PGC1a.
(PPARGC1A) causes collateral sensitivity to HWGCR-inhibitors
within BRAF-treatment resistant melanomas. Nat Commun.
2023;14(1):3251.

13. Saito Y, Yin D, Kubota N, et al. A therapeutically targetable
TAZ-TEAD2 pathway drives the growth of hepatocellular car-
cinoma via ANLN and KIF23. Gastroenterology. 2023;164(7):
1279—1292.

14. Zhang Z, Yang J, Liu R, et al. Inhibiting HMGCR represses
stemness and metastasis of hepatocellular carcinoma via
Hedgehog signaling. Genes Dis. 2024;11(5):101285.

15. Lu XY, Shi XJ, Hu A, et al. Feeding induces cholesterol
biosynthesis via the mTORC1-USP20-HMGCR axis. Nature.
2020;588(7838):479—484.

16. Marianayagam NJ, Sunde M, Matthews JM. The power of two:
protein dimerization in biology. Trends Biochem Sci. 2004;29
(11):618—625.

17. Chen H, Qi X, Faulkner RA, et al. Regulated degradation of
HMG CoA reductase requires conformational changes in ste-
rol-sensing domain. Nat Commun. 2022;13(1):4273.


http://www.editage.cn
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref1
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref1
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref1
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref1
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref2
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref2
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref3
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref3
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref4
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref4
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref5
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref5
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref6
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref6
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref6
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref6
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref7
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref7
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref7
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref8
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref8
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref8
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref8
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref9
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref9
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref9
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref9
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref9
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref10
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref10
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref10
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref10
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref11
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref11
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref11
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref12
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref12
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref12
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref12
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref13
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref13
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref13
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref13
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref14
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref14
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref14
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref15
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref15
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref15
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref16
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref16
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref16
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref17
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref17
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref17

14 W. Li et al.

18. Friesen JA, Rodwell VW. The 3-hydroxy-3-methylglutaryl co- transcriptomics and network pharmacology analysis. Int J Mol
enzyme-A (HMG-CoA) reductases. Genome Biol. 2004;5(11): Sci. 2022;24(1):187.

248. 39. Ridruejo E, Romero-Caimi G, Obregon MJ, Kleiman de

19. Istvan ES, Deisenhofer J. Structural mechanism for statin in- Pisarev D, Alvarez L. Potential molecular targets of statins in
hibition of HMG-CoA reductase. Science. 2001;292(5519): the prevention of hepatocarcinogenesis. Ann Hepatol. 2018;
1160—1164. 17(3):490—-500.

20. Miller BR, Kung Y. Structural features and domain movements 40. PokhrelRH, AcharyaS, Ahn JH, et al. AMPK promotes antitumor
controlling substrate binding and cofactor specificity in class immunity by downregulating PD-1 in regulatory T cells via the
Il HMG-CoA reductase. Biochemistry. 2018;57(5):654—662. HMGCR/p38 signaling pathway. Mol Cancer. 2021;20(1):133.

21. Jiang SY, Li H, Tang JJ, et al. Discovery of a potent HMG-CoA 41. Burg JS, Powell DW, Chai R, Hughes AL, Link AJ,
reductase degrader that eliminates statin-induced reductase Espenshade PJ. Insig regulates HMG-CoA reductase by con-
accumulation and lowers cholesterol. Nat Commun. 2018;9 trolling enzyme phosphorylation in fission yeast. Cell Metab.
(1):5138. 2008;8(6):522—531.

22. Jo Y, DeBose-Boyd RA. Post-translational regulation of HMG 42. Xue L, Qi H, Zhang H, et al. Targeting SREBP-2-regulated
CoA reductase. Cold Spring Harbor Perspect Biol. 2022;14 mevalonate metabolism for cancer therapy. Front Oncol.
(12):a041253. 2020;10:1510.

23. Zhong S, Li L, Liang N, et al. Acetaldehyde Dehydrogenase 2 43. Tao R, Xiong X, DePinho RA, Deng CX, Dong XC. Hepatic
regulates HMG-CoA reductase stability and cholesterol syn- SREBP-2 and cholesterol biosynthesis are regulated by Fox03
thesis in the liver. Redox Biol. 2021;41:101919. and Sirt6. J Lipid Res. 2013;54(10):2745—2753.

24. Wang HW, Wang JW. How cryo-electron microscopy and X-ray 44. Loh K, Tam S, Murray-Segal L, et al. Inhibition of adenosine
crystallography complement each other. Protein Sci. 2017;26 monophosphate-activated protein kinase-3-hydroxy-3-meth-
(1):32—39. ylglutaryl coenzyme a reductase signaling leads to hyper-

25. Istvan ES, Palnitkar M, Buchanan SK, Deisenhofer J. Crystal cholesterolemia and promotes hepatic steatosis and insulin
structure of the catalytic portion of human HMG-CoA reduc- resistance. Hepatol Commun. 2019;3(1):84—98.
tase: insights into regulation of activity and catalysis. EMBO J. 45. Ke R, Xu Q, Li C, Luo L, Huang D. Mechanisms of AMPK in the
2000;19(5):819—830. maintenance of ATP balance during energy metabolism. Cell

26. Duan Y, Gong K, Xu S, Zhang F, Meng X, Han J. Regulation of Biol Int. 2018;42(4):384—392.
cholesterol homeostasis in health and diseases: from mech- 46. Toyota Y, Yoshioka H, Sagimori |, Hashimoto Y, Ohgane K.
anisms to targeted therapeutics. Signal Transduct Target Bisphosphonate esters interact with HMG-CoA reductase
Ther. 2022;7(1):265. membrane domain to induce its degradation. Bioorg Med

27. Bao C, Wu T, Zhu S, et al. Regulation of cholesterol homeo- Chem. 2020;28(14):115576.
stasis in osteoporosis mechanisms and therapeutics. Clin Sci 47. GonglL, XiaoY, Xia F, et al. The mevalonate coordinates energy
(Lond). 2023;137(15):1131—1143. input and cell proliferation. Cell Death Dis. 2019;10(4):327.

28. Clendening JW, Penn LZ. Targeting tumor cell metabolism 48. Guerra B, Recio C, Aranda-Tavio H, Guerra-Rodriguez M,
with statins. Oncogene. 2012;31(48):4967—4978. Garcia-Castellano JM, Fernandez-Pérez L. The mevalonate

29. Raulien N, Friedrich K, Strobel S, et al. Glucose-oxygen pathway, a metabolic target in cancer therapy. Front Oncol.
deprivation constrains HMGCR function and Rac1 prenylation 2021;11:626971.
and activates the NLRP3 inflammasome in human monocytes. 49. Park J, Zielinski M, Magder A, Tsantrizos YS, Berghuis AM.
Sci Signal. 2024;17(845). eadd8913. Human farnesyl pyrophosphate synthase is allosterically

30. Kube I, Tardio LB, Hofmann U, et al. Hypothyroidism increases inhibited by its own product. Nat Commun. 2017;8:14132.
cholesterol gallstone prevalence in mice by elevated hydro- 50. Weivoda MM, Hohl RJ. Effects of farnesyl pyrophosphate
phobicity of primary bile acids. Thyroid. 2021;31(6):973—984. accumulation on calvarial osteoblast differentiation. Endo-

31. Fimognari GM, Rodwell VW. Cholesterol biosynthesis: meval- crinology. 2011;152(8):3113—3122.
onate synthesis inhibited by bile salts. Science. 1965;147 51. Trub AG, Wagner GR, Anderson KA, et al. Statin therapy in-
(3661):1038. hibits fatty acid synthase via dynamic protein modifications.

32. Zhou W, Liu H, Yuan Z, et al. Targeting the mevalonate Nat Commun. 2022;13(1):2542.
pathway suppresses ARID1A-inactivated cancers by promoting 52. Gobel A, Breining D, Rauner M, Hofbauer LC, Rachner TD.
pyroptosis. Cancer Cell. 2023;41(4):740—756.e10. Induction of 3-hydroxy-3-methylglutaryl-CoA reductase me-

33. Bai X, Ali A, Wang N, et al. Inhibition of SREBP-mediated lipid diates statin resistance in breast cancer cells. Cell Death Dis.
biosynthesis and activation of multiple anticancer mecha- 2019;10(2):91.
nisms by platinum complexes: ascribe possibilities of new 53. Zhang X, Song Y, Feng M, et al. Thyroid-stimulating hormone
antitumor strategies. Eur J Med Chem. 2022;227:113920. decreases HMG-CoA reductase phosphorylation via AMP-acti-

34. Parker RA, Miller SJ, Gibson DM. Phosphorylation state of HMG vated protein kinase in the liver. J Lipid Res. 2015;56(5):
CoA reductase affects its catalytic activity and degradation. 963—971.

Adv Enzym Regul. 1986;25:329—343. 54. Du D, Liu C, Qin M, et al. Metabolic dysregulation and

35. Miller SJ, Parker RA, Gibson DM. Phosphorylation and degra- emerging therapeutical targets for hepatocellular carcinoma.
dation of HMG CoA reductase. Adv Enzym Regul. 1989;28: Acta Pharm Sin B. 2022;12(2):558—580.

65—77. 55. De Giorgi M, Jarrett KE, Burton JC, et al. Depletion of

36. Chen L, Ma MY, Sun M, et al. Endogenous sterol intermediates essential isoprenoids and ER stress induction following acute
of the mevalonate pathway regulate HMGCR degradation and liver-specific deletion of HMG-CoA reductase. J Lipid Res.
SREBP-2 processing. J Lipid Res. 2019;60(10):1765—1775. 2020;61(12):1675—1686.

37. Lee KH, Jeong ES, Jang G, et al. Unripe Rubus coreanus 56. Faulkner RA, Yang Y, Tsien J, Qin T, DeBose-Boyd RA. Direct
miquel extract containing ellagic acid regulates AMPK, SREBP- binding to sterols accelerates endoplasmic reticulum-associ-
2, HMGCR, and INSIG-1 signaling and cholesterol metabolism ated degradation of HMG CoA reductase. Proc Natl Acad Sci
in vitro and in vivo. Nutrients. 2020;12(3):610. USA. 2024;121(7):€2318822121.

38. Zhu Y, Zhang J, Wang C, et al. Ameliorative effect of etha- 57. DeBose-Boyd RA, Ye J. SREBPs in lipid metabolism, insulin

nolic Echinacea purpurea against hyperthyroidism-induced

oxidative stress via AMRK and PPAR signal pathway using

signaling, and beyond. Trends Biochem Sci. 2018;43(5):
358—368.


http://refhub.elsevier.com/S2352-3042(25)00434-9/sref18
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref18
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref18
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref19
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref19
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref19
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref20
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref20
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref20
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref21
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref21
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref21
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref21
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref22
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref22
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref22
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref23
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref23
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref23
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref24
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref24
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref24
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref25
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref25
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref25
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref25
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref26
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref26
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref26
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref26
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref27
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref27
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref27
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref28
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref28
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref29
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref29
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref29
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref29
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref30
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref30
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref30
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref31
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref31
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref31
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref32
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref32
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref32
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref33
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref33
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref33
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref33
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref34
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref34
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref34
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref35
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref35
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref35
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref36
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref36
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref36
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref37
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref37
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref37
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref37
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref38
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref38
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref38
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref38
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref38
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref39
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref39
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref39
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref39
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref40
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref40
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref40
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref41
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref41
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref41
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref41
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref42
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref42
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref42
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref43
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref43
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref43
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref44
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref44
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref44
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref44
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref44
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref45
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref45
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref45
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref46
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref46
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref46
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref46
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref47
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref47
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref48
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref48
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref48
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref48
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref49
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref49
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref49
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref50
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref50
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref50
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref51
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref51
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref51
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref52
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref52
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref52
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref52
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref53
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref53
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref53
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref53
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref54
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref54
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref54
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref55
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref55
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref55
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref55
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref56
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref56
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref56
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref56
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref57
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref57
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref57

HMGCR in cancers: Biology to therapeutics

15

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

72.

73.

74.

75.

76.

77.

Chandrasekaran P, Weiskirchen R. The role of SCAP/SREBP as
central regulators of lipid metabolism in hepatic steatosis. Int
J Mol Sci. 2024;25(2):1109.

Zhou N, Wang N, Qin X, et al. Expression of follicle-stimu-
lating hormone receptor (FSHR), protein kinase B-2 (AKT2)
and adapter protein with PH domain, PTB domain, and
leucine zipper (APPL1) in pig ovaries. Pol J Vet Sci. 2017;20
(4):661—667.

Guo Y, Zhao M, Bo T, et al. Blocking FSH inhibits hepatic
cholesterol biosynthesis and reduces serum cholesterol. Cell
Res. 2019;29(2):151—166.

Goedeke L, Canfran-Duque A, Rotllan N, et al. MMAB pro-
motes negative feedback control of cholesterol homeostasis.
Nat Commun. 2021;12(1):6448.

LiY, Song Y, Zhao M, et al. A novel role for CRTC2 in hepatic
cholesterol synthesis through SREBP-2. Hepatology. 2017;66
(2):481—497.

Han J, Li E, Chen L, et al. The CREB coactivator CRTC2 con-
trols hepatic lipid metabolism by regulating SREBP1. Nature.
2015;524(7564):243—246.

Zhao Z, Hao D, Wang L, et al. CtBP promotes metastasis of
breast cancer through repressing cholesterol and activating
TGF-B signaling. Oncogene. 2019;38(12):2076—2091.

Saed L, Jelen A, Mirowski M, Satagacka-Kubiak A. Prognostic
significance of HMGA1 expression in lung cancer based on
bioinformatics analysis. Int J Mol Sci. 2022;23(13):6933.

van der Meer DLM, Degenhardt T, Vaisanen S, et al. Profiling of
promoter occupancy by PPARalpha in human hepatoma cells
via ChIP-chip analysis. Nucleic Acids Res. 2010;38(9):
2839—2850.

Liu N, Tian J, Steer CJ, Han Q, Song G. MicroRNA-206-3p
suppresses hepatic lipogenesis and cholesterol synthesis while
driving cholesterol efflux. Hepatology. 2025;81(1):111—-125.
Yu CY, Theusch E, Lo K, et al. HNRNPA1 regulates HMGCR
alternative splicing and modulates cellular cholesterol
metabolism. Hum Mol Genet. 2014;23(2):319—332.

Agbo J, Akinyemi AR, Li D, et al. RNA-binding protein hnRNPR
reduces neuronal cholesterol levels by binding to and sup-
pressing HMGCR. J Integr Neurosci. 2021;20(2):265—276.
Nishi H, Fisher EA. Cholesterol homeostasis regulation by miR-
223: basic science mechanisms and translational implications.
Circ Res. 2015;116(7):1112—1114.

Sharpe LJ, Cook ECL, Zelcer N, Brown AJ. The UPS and downs
of cholesterol homeostasis. Trends Biochem Sci. 2014;39(11):
527-535.

Liu TF, Tang JJ, Li PS, et al. Ablation of gp78 in liver improves
hyperlipidemia and insulin resistance by inhibiting SREBP to
decrease lipid biosynthesis. Cell Metab. 2012;16(2):213—225.
Jo Y, Lee PCW, Sguigna PV, DeBose-Boyd RA. Sterol-induced
degradation of HMG CoA reductase depends on interplay of
two Insigs and two ubiquitin ligases, gp78 and Trc8. Proc Natl
Acad Sci USA. 2011;108(51):20503—20508.

Cao J, Wang J, Qi W, et al. Ufd1 is a cofactor of gp78 and plays
a key role in cholesterol metabolism by regulating the sta-
bility of HMWG-CoA reductase. Cell Metab. 2007;6(2):115—128.
Jo Y, Sguigna PV, DeBose-Boyd RA. Membrane-associated
ubiquitin ligase complex containing gp78 mediates sterol-
accelerated degradation of 3-hydroxy-3-methylglutaryl-co-
enzyme A reductase. J Biol Chem. 2011;286(17):
15022—15031.

Menzies SA, Volkmar N, van den Boomen DJ, et al. The sterol-
responsive RNF145 E3 ubiquitin ligase mediates the degrada-
tion of HMG-CoA reductase together with gp78 and Hrd1.
elife. 2018;7:e40009.

Jiang LY, Jiang W, Tian N, et al. Ring finger protein 145
(RNF145) is a ubiquitin ligase for sterol-induced degradation
of HMG-CoA reductase. J Biol Chem. 2018;293(11):
4047—4055.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zelcer N, Sharpe LJ, Loregger A, et al. The E3 ubiquitin ligase
MARCH6 degrades squalene monooxygenase and affects 3-
hydroxy-3-methyl-glutaryl coenzyme A reductase and the
cholesterol synthesis pathway. Mol Cell Biol. 2014;34(7):
1262—1270.

Li X, Hu W, Li L, et al. miR-133a-3p/Sirt1 epigenetic pro-
gramming mediates hypercholesterolemia susceptibility in
female offspring induced by prenatal dexamethasone expo-
sure. Biochem Pharmacol. 2022;206:115306.

Meaney S. Epigenetic regulation of cholesterol homeostasis.
Front Genet. 2014;5:311.

Ma S, Sun W, Gao L, Liu S. Therapeutic targets of hypercho-
lesterolemia: HMGCR and LDLR. Diabetes Metab Syndr Obes.
2019;12:1543—1553.

Liu G, Zheng X, Xu Y, Lu J, Chen J, Huang X. Long non-coding
RNAs expression profile in HepG2 cells reveals the potential
role of long non-coding RNAs in the cholesterol metabolism.
Chin Med J. 2015;128(1):91-97.

Xiao MY, Pei WJ, Li S, et al. Gypenoside L inhibits hepato-
cellular carcinoma by targeting the SREBP2-HMGCS1 axis and
enhancing immune response. Bioorg Chem. 2024;150:107539.
Rodriguez-Broadbent H, Law PJ, Sud A, et al. Mendelian
randomisation implicates hyperlipidaemia as a risk factor for
colorectal cancer. Int J Cancer. 2017;140(12):2701—2708.
Fang S, Yarmolinsky J, Gill D, et al. Association between
genetically proxied PCSK9 inhibition and prostate cancer risk:
a Mendelian randomisation study. PLoS Med. 2023;20(1):
e€1003988.

Huang X, Wei X, Qiao S, et al. Low-density lipoprotein re-
ceptor (LDLR) and 3-hydroxy-3-methylglutaryl coenzyme a
reductase (HMGCR) expression are associated with platinum-
resistance and prognosis in ovarian carcinoma patients. Can-
cer Manag Res. 2021;13:9015—9024.

Xia Y, Xie Y, Yu Z, et al. The mevalonate pathway is a drug-
gable target for vaccine adjuvant discovery. Cell. 2018;175
(4):1059—1073.e21.

Qiu Z, Yuan W, Chen T, et al. HMGCR positively regulated the
growth and migration of glioblastoma cells. Gene. 2016;576(1
Pt 1):22-27.

Hu N, Chen C, Wang J, Huang J, Yao D, Li C. Atorvastatin ester
regulates lipid metabolism in hyperlipidemia rats via the
PPAR-signaling pathway and HMGCR expression in the liver.
Int J Mol Sci. 2021;22(20):11107.

Alannan M, Trézéguet V, Amoédo ND, et al. Rewiring lipid
metabolism by targeting PCSK9 and HMGCR to treat liver
cancer. Cancers. 2022;15(1):3.

Bjarnadottir O, Feldt M, Inasu M, et al. Statin use, HMGCR
expression, and breast cancer survival - the Malmo Diet and
Cancer Study. Sci Rep. 2020;10(1):558.

Marks MP, Giménez CA, Isaja L, et al. Role of hydrox-
ymethylglutharyl-coenzyme A reductase in the induction of
stem-like states in breast cancer. J Cancer Res Clin Oncol.
2024;150(2):106.

Kar SP, Brenner H, Giles GG, et al. Body mass index and the
association between low-density lipoprotein cholesterol as
predicted by HMGCR genetic variants and breast cancer risk.
Int J Epidemiol. 2019;48(5):1727—1730.

Warita K, Ishikawa T, Sugiura A, et al. Concomitant attenua-
tion of HMGCR expression and activity enhances the growth
inhibitory effect of atorvastatin on TGF-B-treated epithelial
cancer cells. Sci Rep. 2021;11(1):12763.

Tashiro J, Sugiura A, Warita T, et al. CYP11A1 silencing sup-
presses HMGCR expression via cholesterol accumulation and
sensitizes CRPC cell line DU-145 to atorvastatin. J Pharmacol
Sci. 2023;153(3):104—112.

Li C, Wu W, Xie K, Feng Y, Xie N, Chen X. HMGCR is up-regu-
lated in gastric cancer and promotes the growth and migra-
tion of the cancer cells. Gene. 2016;587(1):42—47.


http://refhub.elsevier.com/S2352-3042(25)00434-9/sref58
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref58
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref58
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref59
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref59
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref59
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref59
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref59
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref60
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref60
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref60
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref61
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref61
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref61
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref62
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref62
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref62
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref63
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref63
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref63
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref64
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref64
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref64
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref65
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref65
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref65
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref66
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref66
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref66
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref66
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref67
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref67
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref67
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref68
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref68
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref68
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref69
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref69
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref69
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref70
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref70
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref70
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref71
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref71
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref71
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref72
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref72
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref72
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref73
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref73
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref73
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref73
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref74
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref74
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref74
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref75
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref75
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref75
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref75
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref75
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref76
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref76
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref76
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref76
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref77
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref77
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref77
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref77
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref78
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref78
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref78
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref78
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref78
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref79
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref79
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref79
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref79
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref80
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref80
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref81
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref81
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref81
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref82
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref82
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref82
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref82
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref83
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref83
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref83
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref84
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref84
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref84
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref85
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref85
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref85
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref85
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref86
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref86
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref86
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref86
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref86
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref87
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref87
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref87
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref88
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref88
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref88
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref89
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref89
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref89
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref89
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref90
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref90
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref90
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref91
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref91
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref91
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref92
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref92
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref92
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref92
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref93
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref93
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref93
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref93
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref94
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref94
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref94
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref94
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref95
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref95
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref95
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref95
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref96
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref96
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref96

16

W. Li et al.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Bjarnadottir O, Romero Q, Bendahl PO, et al. Targeting HMG-
CoA reductase with statins in a window-of-opportunity breast
cancer trial. Breast Cancer Res Treat. 2013;138(2):499—508.
Ashida S, Kawada C, Inoue K. Stromal regulation of prostate
cancer cell growth by mevalonate pathway enzymes HMGCS1
and HMGCR. Oncol Lett. 2017;14(6):6533—6542.

Gobel A, Pahlig S, Motz A, et al. Overcoming statin resistance
in prostate cancer cells by targeting the 3-hydroxy-3-meth-
ylglutaryl-CoA-reductase. Biochem Biophys Res Commun.
2024;710:149841.

Che L, Chi W, Qiao Y, et al. Cholesterol biosynthesis supports
the growth of hepatocarcinoma lesions depleted of fatty acid
synthase in mice and humans. Gut. 2020;69(1):177—186.
Sharma B, Gupta V, Dahiya D, Kumar H, Vaiphei K, Agnihotri N.
Clinical relevance of cholesterol homeostasis genes in colo-
rectal cancer. Biochim Biophys Acta Mol Cell Biol Lipids.
2019;1864(10):1314—1327.

Xiao M, Xu J, Wang W, et al. Functional significance of
cholesterol metabolism in cancer: from threat to treatment.
Exp Mol Med. 2023;55(9):1982—1995.

Bengtsson E, Nerjovaj P, Wangefjord S, et al. HMG-CoA
reductase expression in primary colorectal cancer correlates
with favourable clinicopathological characteristics and an
improved clinical outcome. Diagn Pathol. 2014;9:78.

Zhao J, Zhang X, Gao T, et al. SIK2 enhances synthesis of fatty
acid and cholesterol in ovarian cancer cells and tumor growth
through PI3K/Akt signaling pathway. Cell Death Dis. 2020;11
(1):25.

Zhao S, Cheng L, Shi Y, Li J, Yun Q, Yang H. MIEF2 reprograms
lipid metabolism to drive progression of ovarian cancer
through ROS/AKT/mTOR signaling pathway. Cell Death Dis.
2021;12(1):18.

Hartmann P, Trufa DI, Hohenberger K, et al. Contribution of
serum lipids and cholesterol cellular metabolism in lung
cancer development and progression. Sci Rep. 2023;13(1):
5662.

Yuan H, Wu H, Cheng J, Xiong J. SIAH1 ubiquitination-modi-
fied HMGCR inhibits lung cancer progression and promotes
drug sensitivity through cholesterol synthesis. Cancer Cell Int.
2023;23(1):71.

Zhou L, Wang Q, Zhang H, Li Y, Xie S, Xu M. YAP inhibition by
nuciferine via AMPK-mediated downregulation of HMGCR
sensitizes pancreatic cancer cells to gemcitabine. Bio-
molecules. 2019;9(10):620.

Rebelo A, Kleeff J, Sunami Y. Cholesterol metabolism in
pancreatic cancer. Cancers. 2023;15(21):5177.

Ahmad F, Sun Q, Patel D, Stommel JM. Cholesterol meta-
bolism: a potential therapeutic target in glioblastoma. Can-
cers. 2019;11(2):146.

Hamm R, Zeino M, Frewert S, Efferth T. Up-regulation of
cholesterol associated genes as novel resistance mechanism
in glioblastoma cells in response to archazolid B. Toxicol Appl
Pharmacol. 2014;281(1):78—86.

Gobel A, Rauner M, Hofbauer LC, Rachner TD. Cholesterol and
beyond - the role of the mevalonate pathway in cancer
biology. Biochim Biophys Acta Rev Cancer. 2020;1873(2):
188351.

Yang R, Zhao Y, Gu Y, et al. Isocitrate dehydrogenase 1 mu-
tation enhances 24(S)-hydroxycholesterol production and al-
ters cholesterol homeostasis in glioma. Oncogene. 2020;39
(40):6340—6353.

Liu L, Chai L, Ran J, Yang Y, Zhang L. BAI1 acts as a tumor
suppressor in lung cancer A549 cells by inducing metabolic
reprogramming via the SCD1/HMGCR module. Carcinogenesis.
2020;41(12):1724—1734.

Wei M, Nurjanah U, Herkilini A, et al. Unspliced XBP1 con-
tributes to cholesterol biosynthesis and tumorigenesis by

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

stabilizing SREBP2 in hepatocellular carcinoma. Cell Mol Life
Sci. 2022;79(9):472.

Hoque A, Chen H, Xu XC. Statin induces apoptosis and cell
growth arrest in prostate cancer cells. Cancer Epidemiol
Biomarkers Prev. 2008;17(1):88—94.

Guo C, Zhang L, Zhao M, et al. Targeting lipid metabolism
with natural products: a novel strategy for gastrointestinal
cancer therapy. Phytother Res. 2023;37(5):2036—2050.
Zhang J, Liu B, Xu C, et al. Cholesterol homeostasis confers
glioma malignancy triggered by hnRNPA2B1-dependent regu-
lation of SREBP2 and LDLR. Neuro Oncol. 2024;26(4):684—700.
Huang J, Chen S, Cai D, Bian D, Wang F. Long noncoding RNA
INncARSR promotes hepatic cholesterol biosynthesis via
modulating Akt/SREBP-2/HMGCR pathway. Life Sci. 2018;203:
48—-53.

Wang HY, Yu P, Chen XS, et al. Identification of HMWGCR as the
anticancer target of physapubenolide against melanoma cells
by in silico target prediction. Acta Pharmacol Sin. 2022;43(6):
1594—1604.

Ni W, Mo H, Liu Y, et al. Targeting cholesterol biosynthesis
promotes anti-tumor immunity by inhibiting long noncoding
RNA SNHG29-mediated YAP activation. Mol Ther. 2021;29(10):
2995-3010.

He Y, Qi S, Chen L, et al. The roles and mechanisms of SREBP1
in cancer development and drug response. Genes Dis. 2024;11
(4):100987.

Li L, Wang H, Zhang S, et al. Statins inhibit paclitaxel-induced
PD-L1 expression and increase CD8" T cytotoxicity for better
prognosis in breast cancer. Int J Surg. 2024;110(8):
4716—4726.

Edmond J, Fogelman AM, Popjak G. Mevalonate metabolism:
role of kidneys. Science. 1976;193(4248):154—156.

Centonze G, Natalini D, Grasso S, et al. p140Cap modulates
the mevalonate pathway decreasing cell migration and
enhancing drug sensitivity in breast cancer cells. Cell Death
Dis. 2023;14(12):849.

Peng H, Yang M, Feng K, Lv Q, Zhang Y. Semaphorin 3C
(Sema3C) reshapes stromal microenvironment to promote
hepatocellular carcinoma progression. Signal Transduct
Target Ther. 2024;9(1):169.

Qi CL, Huang ML, Zou Y, et al. The IRF2/CENP-N/AKT signaling
axis promotes proliferation, cell cycling and apoptosis resis-
tance in nasopharyngeal carcinoma cells by increasing aerobic
glycolysis. J Exp Clin Cancer Res. 2021;40(1):390.

Tong J, Lan XT, Zhang Z, et al. Ferroptosis inhibitor liprox-
statin-1 alleviates metabolic dysfunction-associated fatty
liver disease in mice: potential involvement of PANoptosis.
Acta Pharmacol Sin. 2023;44(5):1014—1028.

Tan SH, Tan TK, Yokomori R, et al. TAL1 hijacks MYCN
enhancer that induces MYCN expression and dependence on
mevalonate pathway in T-cell acute lymphoblastic leukemia.
Leukemia. 2023;37(10):1969—1981.

Shafer M, Low V, Li Z, Blenis J. The emerging role of dysre-
gulated propionate metabolism and methylmalonic acid in
metabolic disease, aging, and cancer. Cell Metab. 2025;37(2):
316—329.

Acharya S, Timilshina M, Chang JH. Mevalonate promotes
differentiation of regulatory T cells. J Mol Med (Berl). 2019;97
(7):927-936.

Wang J, Chen Y, Luo Z, et al. Citri Reticulatae Pericarpium-
Reynoutria japonica Houtt. herb pair suppresses breast can-
cer liver metastasis by targeting ECM1-mediated cholesterol
biosynthesis pathway. Phytomedicine. 2023;116:154896.
Ning S, Liu C, Wang K, et al. NUCB2/Nesfatin-1 drives breast
cancer metastasis through the up-regulation of cholesterol
synthesis via the mTORC1 pathway. J Transl Med. 2023;21(1):
362.


http://refhub.elsevier.com/S2352-3042(25)00434-9/sref97
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref97
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref97
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref98
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref98
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref98
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref99
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref99
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref99
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref99
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref100
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref100
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref100
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref101
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref101
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref101
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref101
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref102
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref102
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref102
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref103
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref103
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref103
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref103
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref104
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref104
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref104
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref104
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref105
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref105
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref105
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref105
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref106
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref106
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref106
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref106
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref107
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref107
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref107
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref107
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref108
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref108
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref108
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref108
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref109
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref109
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref110
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref110
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref110
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref111
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref111
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref111
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref111
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref112
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref112
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref112
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref112
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref113
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref113
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref113
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref113
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref114
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref114
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref114
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref114
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref115
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref115
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref115
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref115
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref116
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref116
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref116
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref117
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref117
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref117
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref118
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref118
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref118
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref119
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref119
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref119
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref119
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref120
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref120
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref120
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref120
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref121
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref121
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref121
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref121
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref122
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref122
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref122
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref123
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref123
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref123
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref123
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref124
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref124
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref125
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref125
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref125
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref125
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref126
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref126
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref126
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref126
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref127
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref127
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref127
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref127
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref128
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref128
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref128
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref128
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref129
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref129
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref129
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref129
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref130
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref130
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref130
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref130
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref131
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref131
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref131
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref132
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref132
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref132
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref132
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref133
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref133
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref133
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref133

HMGCR in cancers: Biology to therapeutics

17

134.

135.

136.

137.

138.

139.

140.

141,

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Haskins JW, Zhang S, Means RE, et al. Neuregulin-activated
ERBB4 induces the SREBP-2 cholesterol biosynthetic pathway
and increases low-density lipoprotein uptake. Sci Signal.
2015;8(401):ra111.

Buchwald H. Cholesterol inhibition, cancer, and chemo-
therapy. Lancet. 1992;339(8802):1154—1156.

Tripathi S, Gupta E, Galande S. Statins as anti-tumor agents: a
paradigm for repurposed drugs. Cancer Rep (Hoboken). 2024;
7(5):e2078.

Borgquist S, Bjarnadottir O, Kimbung S, Ahern TP. Statins: a
role in breast cancer therapy? J Intern Med. 2018;284(4):
346—357.

Parihar SP, Guler R, Brombacher F. Statins: a viable candidate
for host-directed therapy against infectious diseases. Nat Rev
Immunol. 2019;19(2):104—117.

Hillis AL, Martin TD, Manchester HE, et al. Targeting choles-
terol biosynthesis with statins synergizes with AKT inhibitors
in triple-negative breast cancer. Cancer Res. 2024;84(19):
3250—3266.

Liao J, Duan Y, Liu Y, et al. Simvastatin alleviates glymphatic
system damage via the VEGF-C/VEGFR3/PI3K-Akt pathway
after experimental intracerebral hemorrhage. Brain Res Bull.
2024;216:111045.

Musset L, Allenbach Y, Benveniste O, et al. Anti-HMGCR an-
tibodies as a biomarker for immune-mediated necrotizing
myopathies: a history of statins and experience from a large
international multi-center study. Autoimmun Rev. 2016;15
(10):983—993.

Zhang W, Prince HM, Reardon K. Statin-induced anti-HMGCR
antibody-related immune-mediated necrotising myositis
achieving complete remission with rituximab. BMJ Case Rep.
2019;12(11):e232406.

Youssef S, Stiive O, Patarroyo JC, et al. The HMG-CoA
reductase inhibitor, atorvastatin, promotes a Th2 bias and
reverses paralysis in central nervous system autoimmune
disease. Nature. 2002;420(6911):78—84.

Foda MY, Salem ML, AlAkwaa FM, El-Khawaga OY. Atorvastatin
lowers breast cancer risk by reversing an early tumorigenic
signature. Sci Rep. 2024;14(1):17803.

Zhou Y, Tashiro J, Kamatani S, et al. HMG-CoA reductase
degrader, SR-12813, counteracts statin-induced upregulation
of HMG-CoA reductase and augments the anticancer effect of
atorvastatin. Biochem Biophys Res Commun. 2023;677:13—19.
Jiang W, Hu JW, He XR, Jin WL, He XY. Statins: a repurposed
drug to fight cancer. J Exp Clin Cancer Res. 2021;40(1):241.
Longo J, van Leeuwen JE, Elbaz M, Branchard E, Penn LZ.
Statins as anticancer agents in the era of precision medicine.
Clin Cancer Res. 2020;26(22):5791—5800.

Xia L, Ding S, Wang X, et al. Advances in ovarian cancer
treatment using a combination of statins with other drugs.
Front Pharmacol. 2022;13:1048484.

Stine JE, Guo H, Sheng X, et al. The HMG-CoA reductase in-
hibitor, simvastatin, exhibits anti-metastatic and anti-
tumorigenic effects in ovarian cancer. Oncotarget. 2016;7(1):
946—960.

Manzano-Leon N, Garcia-Lopez P. Statins as adjuvants in the
treatment of ovarian cancer: controversy and misunder-
standing. Eur J Pharmacol. 2021;896:173915.

Rosenson RS. Rosuvastatin: a new inhibitor of HMG-coA
reductase for the treatment of dyslipidemia. Expert Rev
Cardiovasc Ther. 2003;1(4):495—505.

Olsson AG, McTaggart F, Raza A. Rosuvastatin: a highly
effective new HMG-CoA reductase inhibitor. Cardiovasc Drug
Rev. 2002;20(4):303—328.

Ahmadi Y, Haghjoo AG, Dastmalchi S, Nemati M, Bargahi N.
Effects of Rosuvastatin on the expression of the genes
involved in cholesterol metabolism in rats: adaptive re-
sponses by extrahepatic tissues. Gene. 2018;661:45—50.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Zi L, Zhou W, Xu J, et al. Rosuvastatin nanomicelles target
neuroinflammation and improve neurological deficit in a
mouse model of intracerebral hemorrhage. Int J Nanomed.
2021;16:2933—-2947.

Karkeet RM, Zekri AN, Sayed-Ahmed MM, et al. The prognosis
of lipid reprogramming with the HMG-CoA reductase inhibitor,
rosuvastatin, in castrated Egyptian prostate cancer patients:
randomized trial. PLoS One. 2022;17(12):e0278282.

Gyoten M, Luo Y, Fujiwara-Tani R, et al. Lovastatin treatment
inducing apoptosis in human pancreatic cancer cells by
inhibiting cholesterol rafts in plasma membrane and mito-
chondria. Int J Mol Sci. 2023;24(23):16814.

Gao J, Hu J, Yu F, et al. Lovastatin inhibits erythroleukemia
progression through KLF2-mediated suppression of MAPK/ERK
signaling. BMC Cancer. 2023;23(1):306.

Yang CQ, Wei XJ, Wei-Xinbing, et al. Lovastatin inhibited the
growth of gastric cancer cells. Hepatogastroenterology. 2014;
61(129):1—4.

Cui MY, Yi X, Zhu DX, Wu J. The role of lipid metabolism in
gastric cancer. Front Oncol. 2022;12:916661.

de Wolf E, Abdullah MI, Jones SM, et al. Dietary geranylger-
aniol can limit the activity of pitavastatin as a potential
treatment for drug-resistant ovarian cancer. Sci Rep. 2017;7
(1):5410.

Tilija Pun N, Jeong CH. Statin as a potential chemothera-
peutic agent: current updates as a monotherapy, combination
therapy, and treatment for anti-cancer drug resistance.
Pharmaceuticals. 2021;14(5):470.

Lewis LS. Statins, cholesterol, and mevalonate pathways?
Lancet. 1996;347(9000):551.

Scicchitano F, Constanti A, Citraro R, De Sarro G, Russo E.
Statins and epilepsy: preclinical studies, clinical trials and
statin-anticonvulsant drug interactions. Curr Drug Targets.
2015;16(7):747—756.

Campia |, Gazzano E, Pescarmona G, Ghigo D, Bosia A,
Riganti C. Digoxin and ouabain increase the synthesis of
cholesterol in human liver cells. Cell Mol Life Sci. 2009;66(9):
1580—1594.

Barbalata Cl, Tefas LR, Achim M, Tomuta I, Porfire AS. Statins
in risk-reduction and treatment of cancer. World J Clin Oncol.
2020;11(8):573—-588.

Yao X, Xie R, Cao Y, et al. Simvastatin induced ferroptosis for
triple-negative breast cancer therapy. J Nanobiotechnol.
2021;19(1):311.

Deezagi A, Safari N. Rosuvastatin inhibit spheroid formation
and epithelial-mesenchymal transition (EMT) in prostate
cancer PC-3 cell line. Mol Biol Rep. 2020;47(11):8727—8737.
Marti JLG, Beckwitt CH, Clark AM, Wells A. Atorvastatin fa-
cilitates chemotherapy effects in metastatic triple-negative
breast cancer. Br J Cancer. 2021;125(9):1285—1298.

He Z, Xu D, Shen F, et al. Atorvastatin enhances inhibitory
effects of irradiation on tumor growth by reducing MSH2
expression both in prostate cancer cells and xenograft tumor
models. Anti Cancer Agents Med Chem. 2022;22(7):
1328—1339.

Huang X, Liang N, Zhang F, Lin W, Ma W. Lovastatin-induced
mitochondrial oxidative stress leads to the release of mtDNA
to promote apoptosis by activating cGAS-STING pathway in
human colorectal cancer cells. Antioxidants. 2024;13(6):679.
Chang HL, Chen CY, Hsu YF, et al. Simvastatin induced HCT116
colorectal cancer cell apoptosis through p38MAPK-p53-survi-
vin signaling cascade. Biochim Biophys Acta. 2013;1830(8):
4053—4064.

Xie W, Peng M, Liu Y, Zhang B, Yi L, Long Y. Simvastatin in-
duces pyroptosis via ROS/caspase-1/GSDMD pathway in colon
cancer. Cell Commun Signal. 2023;21(1):329.

Cho SJ, Kim JS, Kim JM, Lee JY, Jung HC, Song IS. Simvastatin
induces apoptosis in human colon cancer cells and in tumor


http://refhub.elsevier.com/S2352-3042(25)00434-9/sref134
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref134
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref134
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref134
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref135
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref135
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref136
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref136
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref136
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref137
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref137
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref137
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref138
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref138
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref138
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref139
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref139
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref139
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref139
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref140
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref140
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref140
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref140
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref141
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref141
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref141
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref141
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref141
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref142
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref142
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref142
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref142
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref143
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref143
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref143
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref143
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref144
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref144
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref144
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref145
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref145
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref145
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref145
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref146
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref146
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref147
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref147
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref147
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref148
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref148
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref148
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref149
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref149
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref149
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref149
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref150
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref150
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref150
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref151
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref151
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref151
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref152
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref152
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref152
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref153
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref153
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref153
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref153
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref154
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref154
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref154
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref154
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref155
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref155
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref155
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref155
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref156
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref156
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref156
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref156
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref157
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref157
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref157
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref158
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref158
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref158
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref159
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref159
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref160
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref160
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref160
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref160
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref161
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref161
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref161
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref161
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref162
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref162
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref163
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref163
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref163
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref163
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref164
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref164
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref164
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref164
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref165
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref165
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref165
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref166
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref166
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref166
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref167
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref167
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref167
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref168
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref168
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref168
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref169
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref169
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref169
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref169
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref169
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref170
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref170
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref170
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref170
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref171
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref171
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref171
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref171
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref172
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref172
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref172
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref173
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref173

18

W. Li et al.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

xenografts, and attenuates colitis-associated colon cancer in
mice. Int J Cancer. 2008;123(4):951—-957.

Jones HM, Fang Z, Sun W, et al. Erratum: Atorvastatin exhibits
anti-tumorigenic and anti-metastatic effects in ovarian can-
cer in vitro. Am J Cancer Res. 2018;8(5):915.

Kulmatycki K, Hanna |, Meyers D, et al. Evaluation of a po-
tential transporter-mediated drug interaction between rosu-
vastatin and pradigastat, a novel DGAT-1 inhibitor. Int J Clin
Pharmacol Ther. 2015;53(5):345—355.

Kumar JS, Thirupataiah B, Medishetti R, et al. Rosuvastatin
based novel 3-substituted isocoumarins/3-alkylideneph-
thalides: ultrasound assisted synthesis and identification of
new anticancer agents. Eur J Med Chem. 2020;201:112335.
Kharouba M, El-Kamel A, Mehanna R, Thabet E, Heikal L.
Pitavastatin-loaded bilosomes for oral treatment of hepato-
cellular carcinoma: a repurposing approach. Drug Deliv. 2022;
29(1):2925—-2944.

Wang J, Tokoro T, Higa S, Kitajima I. Anti-inflammatory effect
of pitavastatin on NF-kappaB activated by TNF-alpha in he-
patocellular carcinoma cells. Biol Pharm Bull. 2006;29(4):
634—639.

Simon TG, Bonilla H, Yan P, Chung RT, Butt AA. Atorvastatin
and fluvastatin are associated with dose-dependent re-
ductions in cirrhosis and hepatocellular carcinoma, among
patients with hepatitis C virus: results from ERCHIVES. Hep-
atology. 2016;64(1):47—57.

Kim MH, Kim MY, Salloum S, et al. Atorvastatin favorably
modulates a clinical hepatocellular carcinoma risk gene
signature. Hepatol Commun. 2022;6(9):2581—2593.

Yu X, Pan Y, Ma H, Li W. Simvastatin inhibits proliferation and
induces apoptosis in human lung cancer cells. Oncol Res.
2013;20(8):351—357.

Wang F, Liu W, Ning J, et al. Simvastatin suppresses prolif-
eration and migration in non-small cell lung cancer via
pyroptosis. Int J Biol Sci. 2018;14(4):406—417.

Chen WW, Qi JW, Hang Y, et al. Simvastatin is beneficial to
lung cancer progression by inducing METTL3-induced m°A
modification on EZH2 mRNA. Eur Rev Med Pharmacol Sci.
2020;24(8):4263—4270.

Yang TY, Lin WM, Lin CL, Sung FC, Kao CH. Correlation be-
tween use of simvastatin and lovastatin and female lung
cancer risk: a nationwide case-control study. Int J Clin Pract.
2015;69(5):571-576.

Gui YJ, Liao CX, Liu Q, et al. Efficacy and safety of statins and
exercise combination therapy compared to statin mono-
therapy in patients with dyslipidaemia: a systematic review
and meta-analysis. Eur J Prev Cardiol. 2017;24(9):907—916.
Ferri N, Ruscica M, Santos RD, Corsini A. Fixed combination
for the treatment of dyslipidaemia. Curr Atheroscler Rep.
2023;25(10):691—699.

Gui L, Chen K, Yan J, Chen P, Gao WQ, Ma B. Targeting the
mevalonate pathway potentiates NUAK1 inhibition-induced
immunogenic cell death and antitumor immunity. Cell Rep
Med. 2025;6(2):101913.

Nie Y, Yun X, Zhang Y, Wang X. Targeting metabolic reprog-
ramming in chronic lymphocytic leukemia. Exp Hematol
Oncol. 2022;11(1):39.

Pinal-Fernandez |, Casal-Dominguez M, Derfoul A, et al. Ma-
chine learning algorithms reveal unique gene expression

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

profiles in muscle biopsies from patients with different types
of myositis. Ann Rheum Dis. 2020;79(9):1234—1242.
Mariampillai K, Granger B, Amelin D, et al. Development of a
new classification system for idiopathic inflammatory myop-
athies based on clinical manifestations and myositis-specific
autoantibodies. JAMA Neurol. 2018;75(12):1528—1537.
Allenbach Y, Arouche-Delaperche L, Preusse C, et al. Necrosis
in anti-SRP" and anti-HMGCR" myopathies: role of autoanti-
bodies and complement. Neurology. 2018;90(6):e507—e517.
Clendening JW, Pandyra A, Boutros PC, et al. Dysregulation of
the mevalonate pathway promotes transformation. Proc Natl
Acad Sci U S A. 2010;107(34):15051—15056.

Beckwitt CH, Shiraha K, Wells A. Lipophilic statins limit can-
cer cell growth and survival, via involvement of Akt signaling.
PLoS One. 2018;13(5):e0197422.

Li W, Wang D, Lin C, et al. A meta-analysis of the incidence of
adverse reactions of statins in various diseases. Cardiovasc
Ther. 2025;2025:6684099.

lannelli F, Lombardi R, Costantini S, et al. Integrated prote-
omics and metabolomics analyses reveal new insights into the
antitumor effects of valproic acid plus simvastatin combina-
tion in a prostate cancer xenograft model associated with
downmodulation of YAP/TAZ signaling. Cancer Cell Int. 2024;
24(1):381.

Cao Z, Yao J, He Y, et al. Association between statin exposure
and incidence and prognosis of prostate cancer: a meta-
analysis based on observational studies. Am J Clin Oncol.
2023;46(7):323—334.

Zhu J, Xiong Y, Zhang Y, et al. Simvastatin overcomes the
pPCK1-pLDHA-SPRINGlac  axis-mediated ferroptosis and
chemo-immunotherapy resistance in AKT-hyperactivated
intrahepatic cholangiocarcinoma. Cancer Commun (Lond).
2025;45(8):1038—1071.

Chen Y, Liu G, Guo L, Wang H, Fu Y, Luo Y. Enhancement of
tumor uptake and therapeutic efficacy of EGFR-targeted
antibody cetuximab and antibody-drug conjugates by
cholesterol sequestration. Int J Cancer. 2015;136(1):
182—194.

Lagunas-Rangel FA, Liepinsh E, Fredriksson R, et al. Off-target
effects of statins: molecular mechanisms, side effects and
the emerging role of kinases. Br J Pharmacol. 2024;181(20):
3799—-3818.

Guan ZW, Wu KR, Li R, et al. Pharmacogenetics of statins
treatment: efficacy and safety. J Clin Pharm Therapeut.
2019;44(6):858—867.

Efentakis P, Choustoulaki A, Kwiatkowski G, et al. Early
microvascular coronary endothelial dysfunction precedes
pembrolizumab-induced cardiotoxicity. Preventive role of
high dose of atorvastatin. Basic Res Cardiol. 2025;120(1):
263—286.

Kansal V, Burnham AJ, Kinney BLC, et al. Statin drugs enhance
responses to immune checkpoint blockade in head and neck
cancer models. J Immunother Cancer. 2023;11(1):e005940.
Johnson BM, DeBose-Boyd RA. Underlying mechanisms for
sterol-induced ubiquitination and ER-associated degradation
of HMG CoA reductase. Semin Cell Dev Biol. 2018;81:
121—128.


http://refhub.elsevier.com/S2352-3042(25)00434-9/sref173
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref173
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref174
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref174
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref174
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref175
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref175
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref175
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref175
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref176
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref176
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref176
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref176
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref177
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref177
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref177
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref177
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref178
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref178
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref178
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref178
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref179
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref179
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref179
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref179
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref179
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref180
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref180
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref180
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref181
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref181
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref181
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref182
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref182
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref182
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref183
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref183
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref183
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref183
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref184
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref184
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref184
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref184
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref185
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref185
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref185
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref185
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref186
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref186
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref186
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref187
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref187
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref187
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref187
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref188
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref188
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref188
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref189
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref189
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref189
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref189
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref190
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref190
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref190
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref190
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref191
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref191
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref191
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref192
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref192
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref192
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref193
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref193
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref193
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref194
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref194
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref194
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref195
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref196
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref196
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref196
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref196
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref197
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref197
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref197
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref197
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref197
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref198
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref198
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref198
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref198
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref198
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref199
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref199
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref199
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref199
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref200
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref200
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref200
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref201
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref201
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref201
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref201
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref201
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref202
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref202
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref202
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref203
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref203
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref203
http://refhub.elsevier.com/S2352-3042(25)00434-9/sref203

	Emerging roles of the metabolic regulator 3-hydroxy-3-methylglutaryl coenzyme-CoA reductase in human cancers: From biology  ...
	Introduction
	Structure of HMGCR
	Physiological roles and regulatory mechanisms of HMGCR
	Physiological roles of HMGCR
	Regulatory mechanisms of HMGCR
	Transcriptional regulation of HMGCR
	Post-translational modification of HMGCR
	Epigenetic modifications of HMGCR

	Dysregulation of HMGCR in cancer metabolism and signaling
	The emerging role of HMGCR in cancers
	Role in cancer metabolism

	Signal transduction pathways associated with HMGCR in cancer
	Mevalonate pathway and oncogenic signaling
	PI3K/AKT/mTOR pathway
	YAP/TAZ signaling

	Therapeutic potential and challenges of HMGCR inhibitors in cancer
	HMGCR inhibitors and effectiveness in preclinical and clinical studies
	Combination therapies involving HMGCR inhibitors
	Challenges and limitations in targeting HMGCR in specific cancer types

	Conclusions
	CRediT authorship contribution statement
	FundingThis work was supported by grants from the National Natural Science Foundation of China (No. 32471260, 82460809) and ...
	Conflict of interests
	Funding
	Acknowledgements
	References


