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Abstract. Protein prenylation is a prevalent post‑transla‑
tional modification of proteins, pivotal in regulating their 
biological functions. It influences critical cellular processes 
such as signal transduction, cell cycle control and apoptosis. 
Isoprenylcysteine carboxymethyltransferase (ICMT) serves 
as the terminal enzyme in this pathway, catalyzing the 
methylation of proteins containing‑CAAX or ‑CXC motifs, 
thereby modulating their subcellular localization and biolog‑
ical activity. Accumulating evidence indicates that ICMT 
inhibition disrupts key malignant phenotypes, such as tumor 
cell proliferation, migration and invasion, and attenuates 
the functional dependency of RAS proteins on prenylation. 
Consequently, ICMT has emerged as an important regulator 
of cancer‑associated signaling and a potential therapeutic 
target. This review summarizes current knowledge on 
ICMT‑mediated protein modification, its regulatory mecha‑
nisms and its roles in cancer progression, with the aim of 
highlighting recent advances and discussing the therapeutic 
implications of targeting ICMT in oncology. 
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1. Introduction

Protein prenylation is an essential post‑translational modifica‑
tion that regulates the function of specific proteins involved 
in eukaryotic cell biology, particularly those implicated in 
tumor initiation and progression. This modification primarily 
occurs on CAAX motifs and involves three key steps: First, a 
15‑carbon (farnesyl) or 20‑carbon (geranyl) isoprenoid lipid 
is covalently attached to a cysteine residue by protein farne‑
syltransferase (FTase) or protein geranlygeranyltransferase 
I (GGTase I), for instance: The HRAS can only be FTase 
catalytic, but KRAS and NRAS can be catalyzed by FTase 
and GGTase I (1). Second, the‑AAX tripeptide is cleaved by 
Ras‑converting enzyme 1 (RCE1), a protease that catalyzes 
endoproteolytic hydrolysis  (2,3). Finally, isoprenylcysteine 
carboxymethyltransferase (ICMT) catalyzes the methylation 
of the cysteine‑terminal α‑carboxylic acid, completing the 
modification  (4), as indicated in Fig. 1. The processing of 
CAAX proteins has attracted substantial attention due to the 
pivotal role of mutant Ras proteins in cancer development. 
Despite the potential of FTase inhibitors in cancer therapy, their 
efficacy is limited by the compensatory activation of GGTase 
I when FTase is inhibited, highlighting the need for alterna‑
tive therapeutic strategies  (5,6). ICMT, however, uniquely 
modifies CAAX proteins, making it a more promising target. 
In RCE1‑deficient fibroblasts, Ras mislocalization and mark‑
edly reduced cell growth are observed, and RCE1‑deficient 
mice typically die in late gestation or shortly after birth (7). 
By contrast, ICMT‑deficient mice exhibit more pronounced 
phenotypic defects, including severe growth retardation 
during embryonic development and lethality by embryonic 
day 10.5‑11.5 (8). These findings underscore the irreplaceable 
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role of ICMT in cellular homeostasis. As such, targeting ICMT 
may offer a novel approach for cancer treatment by disrupting 
the modification and localization of CAAX proteins, such as 
Ras, thus inhibiting tumor cell proliferation and migration. 
This emerging strategy presents new avenues for therapeutic 
intervention in cancer.

To systematically summarize the ICMT‑related findings, 
the PubMed (https://pubmed.ncbi.nlm.nih.gov/) and X‑MOL 
(https://www.x‑mol.com/) databases were searched without a 
lower date limit through December 2025, sorting results ‘most 
recent first’, and Boolean logic coupled with MeSH terms was 
used to link ‘prenylcysteine carboxyl methyltransferase’ to 
breast, pancreatic, gastric, hepatocellular and epithelial ovarian 
cancers as well as non‑tumor diseases, RAS family, Ras 
homolog gene family, member A (RhoA), Rab GTPases, apop‑
tosis, autophagy, cell cycle, migration, invasion, breast‑cancer 
stemness and DNA‑damage repair, retaining only full‑length, 
data‑complete original studies while excluding abstracts, 
conference papers, letters, duplicates and articles loosely 
connected to ICMT regulation and disease. 

Fig. 2 systematically illustrates the research milestones 
of ICMT. The journey began in 1978 with the discovery of 
the farnesyl‑like isoprene moiety in fungal rhodotorucine 
A, providing the first evidence of cysteine‑linked thioether 
bonding (9). By 1988, the confirmation of human RAS protein 
farnesylation established a critical link between post‑transla‑
tional modification and oncogenesis (10,11). The 1990s saw the 
elucidation of the ‘CAAX’ modification cascade‑catalyzed by 
FTase/GGTase I, RCE1 and ICMT, positioning ICMT as the final 
essential step (2,12‑15). Functional breakthroughs occurred in 
2004 and 2010, demonstrating that ICMT deficiency or inhibi‑
tion suppresses K‑Ras/B‑Raf‑mediated transformation and 
triggers autophagy‑dependent apoptosis (16,17). More recent 
advances in 2015 and 2021 expanded its role to mitochondrial 
metabolic reprogramming and DNA damage repair (18,19). 
Recently, findings published in 2024 reveal that ICMT 
promotes invasive pseudopodia and metastasis, underscoring 
its multifaceted regulatory roles in tumor progression (20). 
Building upon these evolutionary milestones, this review 
offers a holistic perspective on the biochemical intricacies 
of ICMT‑driven modifications and their complex regula‑
tory networks. We seek to delineate how recent mechanistic 
breakthroughs can be leveraged to develop ICMT‑targeted 
interventions, thereby offering a forward‑looking perspective 
on its therapeutic viability in oncology.

2. Structure and function of ICMT

The direct homologue of ICMT in Saccharomyces cerevisiae, 
STE14p, was the first enzyme of this class to be cloned and 
sequenced, establishing it as a founding member of the eukary‑
otic protein methyltransferase family (21). Subsequently, a 
human homologue of STE14 was identified, sharing significant 
sequence similarity with its yeast counterpart (21). The human 
and mouse genes were subsequently designated ICMT2 and 
ICMT, respectively. ICMT is composed of eight transmem‑
brane α‑helices (M1‑M8), predominantly located within the 
endoplasmic reticulum membrane. Notably, the M1‑M3 region 
is unique to animal ICMT, where it interacts closely with M4 
and the M4‑M5 junction (15,21). These regions are stabilized 

within the transmembrane domain through interactions 
between M1, M2 and M3, as well as between the M6‑M7 and 
M5‑M6 junctions. The largest cytoplasmic region of ICMT 
contains the AdoHcy binding site, which is defined by an 
extension of M8 and the M6‑M7 linkage (22). Genetic deletion 
of M1 and M2 leads to inactivation of human ICMT (23).

Protein isoprenylation is a critical post‑translational 
modification that enables proteins bearing‑CAAX or ‑CXC 
motifs to acquire their full biological activity after transcrip‑
tion and translation (24). ICMT serves as the terminal enzyme 
in this process, catalyzing the methylation of isoprenylated 
proteins, with major substrates including Ras proteins, 
various Rho GTPases and the γ‑subunit of G proteins (1). In 
summary, ICMT, as a key isoprenyl‑cysteine carboxymeth‑
yltransferase, plays a vital role within the eukaryotic protein 
methyltransferase family. Its unique transmembrane structure 
and functional domains facilitate its stable residence in the 
endoplasmic reticulum membrane, where it catalyzes the 
isoprenylation modification of numerous critical proteins, 
thereby influencing their biological functions. In this review, 
the comprehensive role of ICMT in regulating different 
diseases and their progression will be discussed, particularly 
for cancer.

3. ICMT in cancer therapy

Mutations in Ras genes are among the most common genetic 
alterations in human cancers, occurring in ~30% of cancer 
cases (25). Protein isoprenylation is a crucial post‑translational 
modification that allows proteins with ‑CAAX or ‑CXC motifs 
to achieve their full biological function. ICMT catalyzes the 
final step in this process, methylating isoprenylated proteins. 
However, current targeted therapies aimed at disrupting the 
isoprenylation process face significant challenges.

Although inhibitors of farnesyltransferase can block 
the isoprenylation of certain Ras proteins (e.g., KRAS and 
NRAS), these proteins can still be modified through the 
alternative geranylgeranylation pathway, resulting in drug 
resistance  (6). While concurrent inhibition of FTase and 
GGTase I has been shown to block the isoprenylation of 
oncogenic Ki‑Ras4B in animal models, the dose required 
to achieve effective anti‑tumor efficacy causes rapid animal 
mortality (26). Furthermore, inhibition of RCE1 in the second 
step of isoprenylation has shown variable inhibitory effects 
in different tissues (27,28). This variability can lead to severe 
side effects, including disruption of normal visual and cardiac 
cell functions, and may even promote the development of acute 
myeloid leukemia (1,29).

Given these limitations, targeting the methylation step 
catalyzed by ICMT‑the final step in the isoprenylation 
pathway‑may represent a more effective and specific approach 
for cancer therapy. By focusing on the methylation of 
isoprenylated proteins, such as Ras, it may be possible to 
reduce resistance and minimize off‑target effects, offering a 
promising therapeutic strategy (30).

The expression of ICMT in various cancers has garnered 
significant attention due to the broad spectrum of ICMT 
substrates. However, significantly higher expression levels 
were observed in testicular and prostate cancers, while the 
lowest expression was noted in adrenal cancer. This pattern 
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suggests that while ICMT impacts a wide range of cancer 
cells, its expression varies considerably across different 
cancers (20,31). Notably, the variability in ICMT expression 
within the same cancer type implies that its function may not 
be determined solely by its abundance in the cell. Instead, 
it is likely influenced by the role of ICMT's substrates and 
their ability to regulate relevant cellular processes, as indi‑
cated in Fig. 3. The following content will mainly focus on 
ICMT‑regulated cancer development, according to different 
cancer types, especially pancreatic cancer and breast cancer. 
Also, some critical substrates of ICMT will be discussed in 
this review.

4. Role of ICMT in pancreatic cancer

ICMT regulates the initiation of pancreatic cancer. Human 
pancreatic ductal adenocarcinoma (PDA) is characterized by 
oncogenic KRAS mutations, which occur in >90% of PDAC 
cases (32). Activating mutations in the KRAS proto‑oncogene 
have been identified in patients with pancreatic intraepithelial 
neoplasia (PanIN), indicating the significant role of KRAS 
mutations in the pathogenesis of PDA (33). Court et al (34) devel‑
oped a Pdx1‑Cre, LSL‑KrasG12D mouse model with ICMT 
knockout at the embryonic stage and demonstrated that the 
progression from PanIN to PDA was significantly accelerated 
in ICMT‑deficient pancreata. Similarly, in a Notch1‑deficient 

mouse model, the effects of Notch1 and ICMT deficiency were 
comparable, suggesting that both may influence pancreatic 
cancer development through a shared pathway, potentially due 
to the dependence of the Notch1 signaling pathway on ICMT 
activity. By contrast, in a mouse model without Kras‑induced 
carcinogenesis, ICMT deficiency alone did not result in tumor 
formation, indicating that ICMT deficiency alone is insuf‑
ficient to drive pancreatic tumorigenesis (34). On the other 
hand, in a pancreatic cancer cell model, the ICMT inhibitor 
compound 8.12 not only induced cell cycle arrest and inhibited 
anchorage‑independent growth in HepG2 and PC3 cells, but 
also promoted autophagy by dose‑dependently increasing light 
chain 3 (LC3)‑II levels in both cell types (35). In summary, 
while ICMT inhibition accelerates tumor progression in 
animal models, it shows promising therapeutic effects in 
cellular models, highlighting the differential impact of ICMT 
inhibition depending on the model used.

ICMT regulates apoptosis and autophagy in pancreatic 
cancer. Autophagy is a highly conserved intracellular degrada‑
tion process that maintains cellular homeostasis by degrading 
damaged, misfolded or aged proteins and organelles via the 
lysosomal system (36‑38). While apoptosis, a programmed 
cell death process, is activated by death signals and can be 
mediated through extrinsic receptor‑dependent pathways 
or intrinsic mitochondrial pathways (39,40). Mitochondrial 

Figure 1. Three steps of CAAX protein prenylation. After the RAS gene is transcribed and translated on the ribosome, it is anchored to the endoplasmic reticulum 
membrane for further modification. First, a 15‑carbon (farnesyl) or 20‑carbon (geranyl) isoprenoid lipid is covalently attached to a cysteine residue by protein 
FTase or GGTase I. Subsequently, the ‑AAX tripeptide is cleaved by RCE1, a protease that catalyzes endoproteolytic hydrolysis. Finally, ICMT catalyzes the 
methylation of the cysteine‑terminal α‑carboxylic acid, completing the modification. FTase, farnesyltransferase; GGTase I, geranlygeranyltransferase I; RCE1, 
Ras‑converting enzyme 1; ICMT, isoprenylcysteine carboxymethyltransferase.
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respiration plays a pivotal role in tumor cell survival  (41). 
Since Warburg et al (42) first established the link between 
mitochondria and cancer via the Warburg effect in the 1920s, 
subsequent investigations have consistently demonstrated 
that targeted inhibition of mitochondrial respiration can 
potently suppress tumor progression and reverse therapeutic 
resistance (43,44). ICMT was also recently reported to play 
a critical role in regulating cell survival and death through 
its influence on apoptosis and autophagy. In sensitive pancre‑
atic cancer cells, inhibition of ICMT led to mitochondrial 
respiratory defects and cellular energy depletion, resulting 
in significant upregulation of p21. However, cells resistant 
to ICMT inhibition did not show mitochondrial dysfunc‑
tion or alterations in p21 signaling, and instead, apoptosis 
was induced through p21‑activated BCL2/adenovirus E1B 
19 kDa‑interacting protein 3 (BNIP3) expression, rather than 
autophagy  (45). Treatment of HepG2 cells with an ICMT 
inhibitor caused a marked increase in LC3‑II protein levels, 
with LC3‑II translocation to autophagosomes, which is a 
widely used indicator of autophagy induction. These findings 
suggest that ICMT inhibition triggers autophagy in pancreatic 
cancer cells by increasing LC3‑II levels (17). Thus, inhibition 

of ICMT appears to have a negative effect on tumor cell 
survival, inducing autophagy and potentially contributing to 
therapeutic efficacy.

ICMT regulates the cell cycle in pancreatic cancer. The cell 
cycle is a tightly regulated process through which cells divide, 
ensuring accurate replication and distribution of genetic mate‑
rial. Dysregulation of the cell cycle can lead to uncontrolled 
cell proliferation, a hallmark of cancer (46,47). ICMT directly 
influences cell cycle progression by regulating the expression 
and activity of cell cycle‑related proteins (45). Inhibition of 
ICMT in pancreatic cancer cells led to cell cycle arrest and 
apoptosis via the p21 and p21‑regulated BNIP3 pathway (45). 
Further experiments showed that treatment of HepG2 cells 
with ICMT inhibitors resulted in a significant increase in the 
proportion of cells in the G1 phase, along with enhanced cell 
death, especially with prolonged treatment. Notably, the activity 
of caspase 3 was significantly increased in the cell lysates, and 
there was a marked elevation in p27 protein levels (17). These 
results collectively confirm that ICMT inhibition effectively 
induces cell cycle arrest and promotes apoptosis in HepG2 
cells. Therefore, in pancreatic cancer cells, ICMT inhibition 

Figure 2. Timeline of ICMT research. In 1978, chemical analyses from a study on fungal mating factor rhodotorucine A revealed a farnesyl‑like isoprene linked 
to the Cys residue of the peptide via a thioether bond (9); in 1988, human RAS proteins were found to be indeed farnesylated and this modification was required 
for oncogenic RAS‑transformed cells (10,11); in the 1990s, the three‑step modification process of CAAX protein was reported to be catalyzed by FTase or 
GGTase I, RCE1 and ICMT, respectively (2,12‑15); in 2004, inactivation of ICMT was found to inhibit the transformation of oncogenic K‑Ras and B‑Raf (16); 
in 2010, inhibition of ICMT was indicated to induce autophagy‑dependent apoptosis and impair tumor growth (17); in 2015, ICMT was reported to regulate 
mitochondrial respiration and cancer cell metabolism (18); in 2021, inhibition of ICMT was indicated to impair DNA damage repair (19); in 2024, ICMT was 
found to promote the formation of invasive pseudopods and metastasis of cancer cells (20). FTase, farnesyltransferase; GGTase I, geranlygeranyltransferase I; 
RCE1, Ras‑converting enzyme 1; ICMT, isoprenylcysteine carboxymethyltransferase.
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Figure 3. Expression pattern of ICMT in different cancer types and breast cancer cell lines. (A) Expression of ICMT in 30 cancer types. It is expressed 
significantly higher in testicular and prostate cancers, but lowest in adrenal cancer. The data were generated using the Human Protein Atlas (https://www.
proteinatlas.org). (B) Expression of ICMT in 30 cancer types. The data were generated using cBioPortal (https://www.cbioportal.org). (C) Expression of ICMT 
in different breast cancer cells. The expression of ICMT was the highest in SK‑BR‑3 and MDA‑MB‑330 cells. The data were generated using Human Protein 
Atlas (https://www.proteinatlas.org). (D) Pie chart illustrating the proportion of ICMT expression in luminal A, luminal B, HER2 positive, triple negative A 
and triple negative B. Among them, triple negative A and B and luminal A accounted for ~20%. ICMT, isoprenylcysteine carboxymethyltransferase; TCGA, 
The Cancer Genome Atlas.
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not only induces cell cycle arrest but also triggers apoptosis 
through multiple pathways, providing a solid foundation for 
understanding the role of ICMT in cell cycle regulation and 
highlighting it as a potential therapeutic target for pancreatic 
cancer.

5. Role of ICMT in breast cancer

ICMT regulates breast cancer tumorigenesis. ICMT plays a 
crucial regulatory role in the initiation and transformation of 
breast cancer. Lau et al (48) investigated the effect of ICMT on 
KRAS mutant (G12V) cells by constructing an HME1‑shp53 
cell model. Their results showed that deletion of ICMT inhib‑
ited colony formation, while restoration of ICMT expression 
re‑established this ability, indicating that ICMT is critical for 
KRAS‑driven cancer progression (48). In KRAS‑transfected 
fibroblasts, the absence of carboxymethylation led to rapid 
turnover of RhoA and upregulation of the cyclin‑dependent 
kinase inhibitor p21Cip1. Of note, deletion of the p21Cip1 gene 
abolished the effects of ICMT inactivation on cell growth 
and KRAS‑induced soft agar colony formation, suggesting 
that ICMT influences cell growth and KRAS transformation 
through interaction with p21Cip1 (16). In summary, ICMT is 
essential for the initiation and maintenance of KRAS‑driven 
cancers, and its loss significantly impairs cell transformation 
and colony formation.

ICMT regulates autophagy and apoptosis in breast cancer. 
Studies have reported that inhibiting ICMT in breast cancer 
can induce autophagy and apoptosis, like the phenotypes 
observed in pancreatic cancer. Autophagy and apoptosis often 
work synergistically to induce cancer cell death, particularly 
during chemotherapy or radiotherapy in breast cancers, and 
typically occur in cells with intact apoptotic pathways (49,50). 
Inhibition of ICMT impairs the function of mitochondrial 
complexes I, II and III in cancer cells, leading to decreased ATP 
production and depletion of tricarboxylic acid cycle metabo‑
lites. This disruption inhibits cell growth and metabolism, 
triggering a significant autophagic response (18). Treatment 
with the ICMT inhibitor Cysmethynil led to a significant 
increase in intracellular LC3‑II levels and the formation of 
autophagic lysosomes, indicating that ICMT inhibition induces 
autophagic cell death (51). These findings suggest that ICMT 
affects both autophagy and apoptosis, underlining its potential 
as a therapeutic target for cancer treatment by modulating 
mitochondrial function and cellular metabolism.

ICMT regulates breast cancer migration and invasion. Cancer 
metastasis involves several steps: In situ tumor growth, angio‑
genesis, epithelial‑mesenchymal transition (EMT), invasion, 
endocytosis, circulation, exocytosis, dormancy and metastatic 
growth (52). In the highly metastatic human breast cancer cell 
line MDA‑MB‑231, inhibition of ICMT significantly reduced 
cell adhesion and spreading ability. Further experiments 
showed that ICMT inhibition also impaired cell migration, 
suggesting that ICMT plays a key role in promoting the migra‑
tory and invasive abilities of breast cancer cells (53). Integrin 
β3 is strongly associated with invasiveness and cancer lethality 
in various tissues (54,55). In the breast cancer cell line MCF‑7, 
forced expression of integrin β3 led to a more polarized 

cellular morphology, increased levels of phosphorylated 
focal adhesion kinase and enhanced actin stress fiber forma‑
tion. However, these effects were completely reversed upon 
ICMT inhibition, indicating that the function of integrin β3 in 
promoting cancer cell polarity and migration is dependent on 
ICMT activity (56). These findings underscore the importance 
of ICMT in regulating the migration and invasion of breast 
cancer cells, highlighting it as a potential therapeutic target in 
breast cancer metastasis.

ICMT regulates breast cancer stem cells (CSCs). CSCs are 
a subpopulation of tumor cells with stem cell‑like proper‑
ties. They have a significantly higher proliferative capacity 
compared to other cancer cells within the same tumor and 
play an essential role in tumor initiation, progression and 
recurrence (57‑59). CSCs are characterized by high tumori‑
genicity, drug resistance, unlimited self‑renewal capacity and 
dysregulated cell cycles, making them a major contributor to 
cancer lethality (60). CSCs are prevalent in all types of cancer, 
with metastatic breast cancer being particularly enriched 
in CSCs (58). In the developing organism, activation of the 
Yes‑associated protein (YAP)/transcriptional co‑activator 
with PDZ‑binding motif (TAZ) pathway imparts stem 
cell‑like properties to cells, triggering uncontrolled prolifera‑
tion and tumor formation (61,62). Positive interactions between 
KRAS and YAP/TAZ have been observed in several cancer 
types (63,64). For instance, inhibition of ICMT reduced the 
self‑renewal capacity of KRAS‑driven breast cancer cells, 
with silencing ICMT leading to a significant reduction in 
TAZ protein levels and loss of self‑renewal potential. This 
effect could be reversed by overexpressing mutant KRAS, 
demonstrating that ICMT modifies KRAS regulation of TAZ 
stability and function (65). These findings highlight the crucial 
role of ICMT in regulating the stemness of cancer cells and 
its interaction with KRAS and YAP/TAZ, providing a new 
therapeutic perspective for targeting CSCs.

ICMT regulates the cell cycle in breast cancer. ICMT has 
been reported to regulate cell cycle progression in various 
cancer cell types, including breast cancer. Treatment of 
cancer cells with ICMT inhibitors has been shown to increase 
the proportion of cells in G1 phase, with elevated p27 levels 
and reduced cyclin D1 levels, suggesting cell cycle arrest at 
G1 (51). Further investigation revealed that loss of ICMT func‑
tion results in cell cycle arrest at the G2/M phase, as evidenced 
by increased levels of phosphorylated CDC2 (Thr15) and 
cyclin B1, confirming that ICMT‑deficient cells are arrested 
at G2/M (19). Additionally, ICMT deletion in cancer cells 
decreased cyclin D1 levels and increased p27 levels, leading 
to G0/G1 phase arrest (66). These results suggest that ICMT 
regulates cell cycle progression, and its loss leads to abnormal 
cell cycle arrest, which could be exploited for therapeutic 
purposes in breast cancer.

ICMT regulates DNA damage repair in breast cancer. DNA 
integrity is essential for normal cellular function and stability, 
and DNA damage, whether caused by environmental factors or 
endogenous toxic agents such as free radicals, can compromise 
genome stability and contribute to cancer development (67,68). 
DNA repair mechanisms are complex processes that ensure 
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the repair of DNA damage to maintain genomic stability. 
These mechanisms include base excision repair, nucleotide 
excision repair, mismatch repair and double‑strand break 
repair (DSBR), with DSBR further subdivided into non‑homol‑
ogous end joining and homologous recombination (69,70). In 
MDA‑MB‑231 breast cancer cells, deletion of ICMT resulted 
in massive apoptosis and a significant increase in p‑γH2AX 
and cleaved caspase 7 levels, indicating that ICMT deletion 
induced DNA damage and cell death. p‑γH2AX persisted 
in ICMT‑deficient cells following DNA damage, whereas 
it rapidly decreased in control cells, further confirming that 
ICMT loss impairs DNA damage repair (19). These findings 
provide new insights into the role of ICMT in DNA repair and 
its critical function in maintaining genomic stability in breast 
cancer cells.

6. Regulation of ICMT in other cancers

Gastric cancer. ICMT is not only strongly associated with 
breast cancer but also plays a role in various other cancers. 
Although the incidence and mortality rates of gastric cancer 
have declined over the past 50 years, it remains the fifth most 
diagnosed cancer worldwide and the third leading cause of 
cancer‑related deaths globally (71,72). In 2022, Ma et al (73) 
demonstrated that licoricidin downregulated ICMT expression 
and inhibited gastric cancer growth. Notably, active Ras GTP 
levels were significantly reduced in tumors treated with glyc‑
yrrhizin in a dose‑dependent manner compared to controls. 
Furthermore, the inactivation of Ras effectively blocked Raf 
and Erk phosphorylation in the glycyrrhizin‑treated group, 
preventing the activation of downstream signaling pathways 
essential for cancer progression. These results highlight 
the potential anticancer activity of glycyrrhizin through the 
ICMT/Ras pathway, suggesting that ICMT inhibition may be a 
valuable therapeutic strategy for gastric cancer treatment (73). 
Thus, by inhibiting ICMT, glycyrrhizin shows promising 
synergistic effects in gastric cancer therapy.

Hepatocellular carcinoma (HCC). HCC is the fourth most 
common cancer globally and the third leading cause of 
cancer‑related deaths in China (74). In 2019, Xu et al  (75) 
reported that ICMT protein levels were significantly higher in 
~70% of HCC tissues and cell lines compared to their normal 
counterparts. ICMT was shown to suppress the growth and 
migration of Adriamycin‑resistant HCC cells while inducing 
apoptosis. Conversely, overexpression of ICMT promoted 
the growth and migration of normal hepatocytes. Inhibition 
of ICMT suppressed Ras/Raf/Mek/Erk signaling and EMT 
in HCC cells, suggesting that ICMT plays an essential role 
in HCC biology (75). Therefore, targeting ICMT may help 
suppress the development and progression of HCC.

Epithelial ovarian cancer. Epithelial ovarian cancer is the 
leading cause of gynecological cancer‑related deaths among 
women worldwide  (76). In 2018, Liu et al  (77) found that 
upregulation of ICMT expression in malignant ovarian tissues 
compared to normal ovarian tissues is a common phenom‑
enon in ovarian epithelial cancer. Additionally, SKOV3 and 
TOV‑112D cells, which exhibit lower ICMT expression, 
were significantly more sensitive to paclitaxel and cisplatin 

treatment than PA1, Caov3, and SW626 cells, which express 
higher levels of ICMT (77). These findings suggest that ICMT 
contributes to the efficacy of chemotherapy drugs, enhancing 
the therapeutic effects of standard treatments.

7. Molecular mechanisms of ICMT regulation in cancers

ICMT is a key protein methyltransferase that modulates 
numerous substrates through diverse regulatory mechanisms. 
The following discusses the major molecular mechanisms by 
which ICMT exerts its effects, particularly focusing on Ras 
and its regulation in cancer. In this chapter, the major pathways 
of mutant Ras and related RAS inhibitors are discussed, and 
they are also presented in Fig. 4 and Table I. 

Ras. Ras proteins are small GTP‑binding proteins that belong 
to the Ras superfamily. Active Ras proteins have significant 
roles in cell growth, differentiation, cytoskeletal dynamics, 
protein transport and secretion (78). They are localized to the 
plasma membrane and regulate various cellular functions (79). 
Ras proteins undergo post‑translational modifications at their 
C‑terminal CAAX motifs, including farnesylation, proteo‑
lytic cleavage and carboxymethylation, which facilitate their 
membrane affinity (31). Ras proteins are crucial components 
of the MAPK signaling pathway; when activated, Ras trans‑
duces signals via RAF kinase, MEK kinase and MAPK (e.g., 
ERK), regulating cell proliferation  (80). ICMT inhibition 
prevents Ras translocation to the plasma membrane, thereby 
inhibiting Ras activity, which has therapeutic potential for 
Ras‑driven tumorigenesis  (81). ICMT regulates the inter‑
leukin‑1 receptor‑associated kinase (IRAK)‑mitogen‑activated 
protein kinase kinase (MAPKK)‑MAPK‑activator protein 1 
(AP‑1) pathway involved in inflammation in a Ras‑dependent 
manner (82). Furthermore, ICMT interacts with 6‑phospho‑
fructo‑2‑kinase/fructose‑2,6‑bisphosphatase 4 (PFKFB4), 
influencing the RAS/AKT pathway and cell migration (83). 
An ICMT inhibitor, UCM‑1336, induces Ras mislocalization, 
reduces GTP‑loaded Ras activity, inhibits the PI3K/AKT 
and MEK/ERK pathways, and promotes autophagy and 
apoptosis  (84). In glioblastoma cells, ICMT inhibition 
reduced Ras‑GTP levels and decreased the phosphorylation 
of Raf, ERK, p90RSK, Akt and mTOR, suggesting that the 
Ras/Raf/Mek and Ras/PI3K/Akt/mTOR pathways are inhib‑
ited by ICMT inhibition  (85). These findings suggest that 
ICMT drives tumor development by interacting with Ras, 
and its inhibition disrupts Ras localization and downstream 
signaling, offering therapeutic implications for Ras‑associated 
cancers.

Rho. The Rho subfamily, a member of the Ras superfamily, 
plays a critical role in regulating cell signaling pathways 
involved in cell proliferation, differentiation, migration and 
morphology  (86). Rho proteins are processed through the 
prenylation modification, and their activity impacts various 
cellular processes. A previous study by Bergo  et  al  (16) 
showed that ICMT inactivation inhibited cell growth and 
K‑Ras‑induced oncogenic transformation in both soft agar 
assays and nude mouse models. This was accompanied 
by a significant increase in the Ras/Erk1/2 dependence 
of p21(Cip1), possibly due to reduced levels of RhoA. 

https://www.spandidos-publications.com/10.3892/ol.2026.15506
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Papaharalambus  et  al  (87) discovered that ICMT inhibi‑
tion affects the interaction between Rac1 and its inhibitor, 
Rho guanine nucleotide dissociation inhibitor (RhoGDI). 
In ICMT‑deficient cells, lower levels of Rho proteins were 
observed (88). ICMT inhibition in MDA‑MB‑231 cells signifi‑
cantly impaired thrombin‑ and EGF‑induced activation of Rho 
and Rac, and increased RhoGDI binding to RhoA and Rac1. 
Overexpression of RhoGTPases partially rescued the migra‑
tory impairment caused by ICMT inhibition, likely due to the 
involvement of other Rho proteins such as cell division cycle 
42 (CDC42) (53). These findings indicate that ICMT inhibition 
disrupts RhoA and Rac activation, impairing cell morphology, 
adhesion and migration, and that these effects can be partially 
rescued by exogenous expression of RhoA or Rac1. ICMT, 
therefore, plays a crucial role in RhoA and Rac activation, 
affecting cellular processes critical to cancer metastasis.

Rab. Rab GTPases represent the largest subfamily of small 
GTPases within the Ras family, with nearly 70 members (89). 
Activated Rab proteins regulate the trafficking of specific 
proteins to cellular compartments and organelles, playing a 
central role in membrane trafficking. ICMT deficiency causes 
mislocalization of GFP‑RAB7 and GFP‑RAB8 from the 
inner membrane to the cytoplasmic lysate, enhancing their 
binding to RABGDI and reducing their GTP‑bound state. 
This results in defective Notch1 processing and mislocaliza‑
tion (90). RAB4A, involved in integrin β3 recycling, is crucial 
for cell migration in response to pro‑migratory stimuli like 
platelet‑derived growth factor (PDGF) (91,92). Knockdown 
of ICMT in MDA‑MB‑231 and HT‑1080 cells reduced the 
basal and PDGF‑stimulated localization of integrin β3 and 
RAB4 at the cell membrane, suggesting that ICMT regulates 
the function of RAB4A in integrin β3 recycling and cell 

migration (56). In conclusion, ICMT affects the localization 
and activity of Rab proteins, influencing the Notch signaling 
pathway and cell migration, with significant implications for 
cancer metastasis.

8. ICMT's regulation in other diseases

In addition to its significant role in cancer, ICMT 
has been implicated in a range of other diseases. For 
example, ICMT inhibitors such as cysmethynil and  
3‑methoxy‑N‑[2‑2,2,6,6‑tetramethyl‑4‑phenyltetrahydropyran‑4‑yl)  
ethyl] aniline (MTPA) have been shown to attenuate the 
lipopolysaccharide‑induced ICMT/Ras/AP‑1 signaling 
pathway, thereby inhibiting inflammatory responses  (93). 
Marín‑Ramos et al  (84) reported a potent ICMT inhibitor, 
compound 3, which significantly impaired membrane 
binding of four Ras isoforms, leading to reduced Ras activity 
and inhibition of downstream Ras signaling pathways, 
ultimately improving survival in an in vivo model of acute 
myeloid leukemia. Similarly, compound C75, another potent 
ICMT inhibitor, delayed the progression of acute myeloid 
leukemia, blocked the methylation of progerin, disrupted its 
interaction with AKT and enhanced AKT signaling  (94). 
In Hutchinson‑Gilford progeria syndrome (HGPS) cells 
and Zmpste24‑deficient mouse fibroblasts, compound 
C75 stimulated growth and development by targeting 
progerin mislocalization and activating AKT signaling (95). 
Furthermore, ICMT inhibitor UCM‑13207 significantly 
improved the proliferative capacity of HGPS fibroblasts, 
reduced progerin localization to the nuclear membrane, 
decreased DNA damage, increased cell viability, and notably 
improved body weight and lifespan while reducing tissue 
senescence in mice (96). In diabetes, knockdown of ICMT 

Figure 4. Summary of critical inhibitors targeting Ras according to its molecular mechanism. Ras serves as a crucial signaling node that coordinates multiple 
cellular processes through three major effector pathways. The RAS‑MAPK pathway, activated by receptor tyrosine kinases (RTKs), transduces signals 
through the RAF‑MEK‑ERK cascade to regulate cell proliferation and differentiation. Simultaneously, the PI3K‑AKT pathway promotes cell survival and 
growth by converting PIP2 to PIP3 through PI3K, which subsequently activates AKT to inhibit apoptotic signals. Additionally, the RALGDS pathway modu‑
lates cytoskeletal dynamics and vesicular trafficking, thereby influencing cell migration and secretory functions. RTKs, receptor tyrosine kinases; MAPK, 
mitogen‑activated protein kinase; RAF, rapidly accelerated fibrosarcoma kinase; MEK, MAPK kinase; ERK, extracellular signal‑regulated kinase; PI3K, 
phosphatidylinositol 3‑kinase; PIP2, phosphatidylinositol 4,5‑bisphosphate; PIP3, phosphatidylinositol 3,4,5‑trisphosphate; RALGDS, ral guanine nucleotide 
dissociation stimulator.
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attenuated glucose‑induced insulin secretion and Rac1 acti‑
vation, as well as reactive oxygen species (ROS) production, 
suggesting that ICMT regulates glucose‑induced insulin 
secretion, Rac1 activation and ROS production through its 
methylation of Rac1 (97). These findings highlight the broad 
therapeutic potential of ICMT inhibition, not only in cancer 
but also in a variety of other diseases.

9. Discussion

Enzymes that post‑translationally modify the CAAX motif 
of Ras proteins have long been considered promising targets 
for anti‑Ras drug discovery. After several preclinical studies 
demonstrated that ICMT is essential for KRAS‑mediated 
cellular transformation and in vivo tumorigenesis (16,81), and 

Table I. Summary of classification, mechanism of action and study phase of inhibitors targeting the Ras signaling pathway.

Ras‑related
pathway	 Inhibitor class	 Drug name	 Mechanism of action	 Study phase

Ras membrane	 Inhibitors of	 GGTI‑298	 Disruption of Ras membrane localization	 Preclinical
localization	 membrane
	 association
		  GGTI‑2154	 Disruption of Ras membrane localization	 Preclinical
		  UCM‑1336	 Disruption of Ras membrane localization	 Preclinical
Direct Ras	 Direct	 ARS‑853	 Targeting of mutant Ras proteins	 Preclinical
inhibition	 inhibitors	 AMG510	 Targeting of mutant Ras proteins	 Preclinical
		  MRTX849	 Targeting of mutant Ras proteins	 Preclinical
		  SCH‑54292	 Targeting of mutant Ras proteins	 Preclinical
		  RMC6236	 Targeting of mutant Ras proteins	 Preclinical
RAS‑MAPK	 Inhibitors of	 GDC‑0623	 Inhibiting of MEK in the RAF‑MEK‑ERK	 Preclinical
effector pathway	 effector		  cascade
	 signaling‑
	 MEK inhibitor
	 Inhibitors of	 Dabrafenib	 Inhibiting of Raf in the RAF‑MEK‑ERK	 Clinical
	 effector		  cascade
	 signaling‑Raf
	 inhibitor
PI3K‑AKT	 Inhibitors of	 INCB 0504655	 Inhibiting of PI3K to block PIP2 to PIP3	 Clinical
effector pathway	 effector		  conversion
	 signaling‑PI3K	 GDC 0084	 Inhibiting of PI3K to block PIP2 to PIP3	 Clinical
	 inhibitor		  conversion
RALGDS	 Inhibitors of	 RBC8	 Inhibiting of Ral in the RALGDS pathway	 Preclinical
effector pathway	 effector
	 Signaling‑
	 Ral inhibitor
Metabolic	 Inhibitors of	 GLS	 Targeting of metabolic vulnerabilities	 Preclinical
intervention	 metabolism
		  Phenformin	 Exploitation of metabolic vulnerabilities	 Preclinical
			   (biguanide class)
		  Metformin	 Exploitation of metabolic vulnerabilities	 Clinical
			   (biguanide class)
Synthetic lethal	 Inhibitors of	 Trametinib	 Targeting of synthetic lethal interactions	 Clinical
interactions	 synthetic	 PD032590	 Targeting of synthetic lethal interactions	 Clinical
	 lethal
	 interactors
Autophagy	 Inhibitors of	 Hydroxychloro	 Modulation of autophagy	 Clinical
modulation	 autophagy	 quine
		  Flunarizine	 Modulation of autophagy	 Clinical

MEK, MAPK kinase; MAPK, mitogen‑activated protein kinase; PI3K, phosphatidylinositol 3‑kinase; PIP2, phosphatidylinositol 4,5‑bisphos‑
phate; RALGDS, ral guanine nucleotide dissociation stimulator.
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with evidence suggesting that pharmacological inhibition of 
ICMT blocks Ras‑dependent transformation (30,94), ICMT has 
emerged as a valuable drug target. For example, in pancreatic 
cancer, ICMT inhibition induces mitochondrial dysfunction, 
leading to cell death  (45). Additionally, ICMT deficiency 
results in cell‑cycle arrest, further driving cell death (17). 
However, in the Pdx1‑Cre, LSL‑KrasG12D mouse model of 
pancreatic cancer, ICMT knockout unexpectedly accelerated 
tumor progression. This may be due to the involvement of 
multiple ICMT substrates in the pancreas, with differential 
expression of these substrates potentially explaining why 
ICMT may act as a tumor suppressor in certain tissues (e.g., 
pancreas) but not others (e.g., bone marrow). Accumulating 
evidence indicates that depletion of Ras family members 
in mice leads to profound developmental abnormalities, 
frequently resulting in embryonic or neonatal lethality. These 
phenotypes include pulmonary immaturity, as well as cardiac 
and placental defects  (98‑100). Within the Rho GTPase 
family, CDC42 is essential for meiosis and the establishment 
of cell polarity, whereas Rac1 is required for gastrulation and 
epiblast survival; loss of either gene results in early embry‑
onic lethality (101‑103). Similarly, Rab family GTPases play 
indispensable roles during development. Genetic ablation 
of Rab proteins in mice commonly causes early embryonic 
lethality‑for example, Rab1a deletion induces developmental 
arrest. Notably, distinct subtype‑specific effects have been 
observed among Rab5 isoforms: Homozygous deletion of 
Rab5a or Rab5b is compatible with viability, whereas loss of 
Rab5c is lethal, and Rab5c heterozygous mice exhibit hemato‑
poietic and metabolic abnormalities (104,105). Furthermore, 
the acceleration of PanINs in the absence of ICMT could 
be due to enhanced stromal responses, including increased 
inflammatory cell infiltration and fibrosis in ICMT‑deficient 
pancreata expressing KRASG12D  (81). Collectively, 
these essential developmental functions underscore that 
ICMT‑catalyzed prenylation is indispensable for the survival 
and homeostasis of multiple tissues; consequently, its early 
global loss in the Pdx1‑Cre; LSL‑KrasG12D model is likely 
to unleash context‑specific stress and compensatory hyper‑
plasia that accelerate PanIN formation‑highlighting the need 
to weigh developmental toxicity against tumor‑suppressive 
potential when timing ICMT inhibition in pancreatic cancer 
therapy. Besides, the roles of ICMT substrates other than 
Ras should be carefully considered in future therapeutic 
strategies for pancreatic cancer. Furthermore, the bulk of 
current work relies on fully transformed, established tumor 
lines, indirectly suggesting that ICMT is actionable only as 
a therapeutic target, not as a candidate for cancer preven‑
tion. In conclusion, ICMT has considerable potential for the 
development of novel therapeutic approaches for pancreatic 
cancer, and targeting ICMT or its substrates offers promising 
avenues for treatment.

The research on ICMT extends beyond pancreatic cancer, 
with significant implications for other cancers, such as breast 
cancer. ICMT has been shown to influence the transformation 
of cells with Ras mutations (48) and plays a crucial role in 
regulating cancer cell invasion and metastasis. By targeting 
RhoA, one of ICMT's substrates, cancer cell migration and 
metastasis can be modulated  (53,56). Furthermore, ICMT 
inhibition leads to mitochondrial dysfunction, which triggers 

cellular autophagy and apoptosis (18). ICMT also impacts cell 
cycle regulation and DNA damage repair (19,56). In breast 
cancer, combining ICMT inhibition with existing therapies 
such as radiotherapy, chemotherapy or targeted therapies 
(e.g., carboplatin) could enhance the anti‑tumor effect and 
improve prognosis.

ICMT's substrates are diverse, and its regulatory mecha‑
nisms extend to Ras, RhoA, and Rab proteins. For instance, 
ICMT interacts with PFKFB4 to influence the RAS/AKT 
pathway and cell migration  (83), and inhibition of ICMT 
impairs thrombin‑mediated RhoA and Rac activation, leading 
to disrupted cell migration  (53). ICMT also regulates the 
mislocalization of Rab proteins, such as Rab7 and Rab8, which 
impacts the Notch signaling pathway and cellular processes 
like migration (90). Future studies should explore additional 
signaling pathways and mechanisms of action related to ICMT 
to fully understand its therapeutic potential.

Although the observed phenotypes are largely driven by 
canonical ICMT substrates, synergistic contributions from 
additional, less‑characterized substrates cannot be excluded. 
Hypomethylated CDC42 disrupts cytoskeletal dynamics 
in MDA‑MB‑231 cells and precipitates mitotic errors (53); 
RAB‑focused experiments in KRAS‑mutant breast‑cancer 
models reveal that ICMT inhibition simultaneously 
cripples RAS‑dependent metastatic signaling (56); yet even 
KRAS‑wild‑type lines accumulate γH2AX‑positive DNA 
damage after ICMT knockdown, pointing to RAS‑independent 
routes to genomic instability (19). To determine whether these 
outcomes reflect single‑ or multi‑substrate perturbation, future 
work should couple single‑cell multi‑omics with a stepwise 
HMEC transformation cell model in which individual prenyl‑
ated proteins (KRAS, RhoA, RAB4, etc.) can be toggled on or 
off while ICMT is acutely inhibited. Such precision‑controlled 
systems will clarify which combinations of hypomethylated 
substrates must be co‑targeted to maximize therapeutic 
efficacy.

Beyond pancreatic and breast cancer, ICMT has prom‑
ising applications in the treatment of other cancers. For 
example, licoricidin has shown promising anti‑gastric cancer 
activity through the ICMT/Ras pathway (73), while in HCC, 
ICMT inhibition impaired cell growth and migration, and 
induced apoptosis (75). KRAS also requires palmitoylation 
to reinforce its membrane anchoring function, so future 
therapeutic strategies could consider combination therapies 
targeting this modification (106). ICMT also has important 
roles in non‑cancer diseases, including inflammation, acute 
myeloid leukemia and premature aging (93‑95). At present, 
the small‑molecule ICMT inhibitor cysmethynil has low 
aqueous solubility and remains in the pre‑clinical stage; there‑
fore, no clinical data are available to support a therapeutic 
window. However, published studies allow us to speculate: 
In a Hutchinson‑Gilford progeria mouse model (95,96,107), 
ICMT knockdown produced no overt toxicity, yet targeting 
the second step of prenylation (e.g., RCE1) sensitizes retinal 
neurons (28,108), so ICMT inhibition may have potential for 
clinical treatment with low toxicity, but might elicit similar 
side effects. Overall, ICMT inhibition demonstrates significant 
therapeutic potential in both cancer and other diseases, and its 
targeted inhibition is expected to contribute to advancements 
in human healthcare in the future.
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Besides its therapeutic potential as a single‑agent target, 
ICMT holds considerable promise in combination treatment 
strategies. The immediate argument is a mechanistic fit with 
poly(ADP‑ribose) polymerase (PARP) inhibitors: By silencing 
multiple DNA‑repair circuits, ICMT inhibition imposes 
a ‘BRCAness’ state on otherwise BRCA‑proficient breast 
cancers, converting them into PARP‑inhibitor‑responsive 
tumors  (19,109,110). This synthetic‑lethal logic can be 
extended further. So far, current research cannot exclude 
the possibility that concomitant blockade of the YAP arm of 
the Hippo pathway may elicit synthetic‑lethal interactions in 
specific breast‑CSC contexts; although, in one KRAS‑mutant 
pancreatic and one KRAS‑mutant breast cancer line, the 
Hippo‑YAP axis did not emerge as the decisive downstream 
effector of the ICMT‑KRAS module, broadening the 
cell‑line panel or interrogating non‑KRAS‑mutant tumors 
could still uncover settings in which YAP co‑inhibition 
is genuinely synthetically lethal  (65,111‑113) Likewise, 
the line‑to‑line variability in ICMT‑mediated cell‑cycle 
arrest positions ICMT inhibitors as natural partners for 
cyclin‑dependent kinases or other cell‑cycle checkpoints 
blockers (17,19,35,45,51).

Mechanistically, ICMT suppression appears to kill by 
stripping cancer cells of their redundant repair and survival 
modules, such as ICMT deletion causing ‘BRCAness’ (19). 
However, the metabolic adaptations that might eventually 
restore viability, and thus drive acquired resistance, remain 
largely uncharted. Building clinically relevant, drug‑resistant 
models to map these escape routes should be a high‑priority 
follow‑up for ICMT inhibitor clinical study. For the biomarker 
development field, a validated predictor of ICMT‑inhibitor 
benefit is still limited. ICMT transcript or protein levels display 
no systematic elevation in tumors vs. matched normal tissues 
and vary widely across cancer types, depriving clinicians of a 
straightforward expression‑based biomarker. Attention there‑
fore centers on tumors whose oncogenic circuitry is already 
wired through ICMT substrates‑RAS‑mutant cancers, lesions 
with hyper‑active RAS signaling and metastases addicted to 
Rho‑family GTPases‑rather than on ICMT abundance per se. 
Future ICMT‑directed trials must therefore embed parallel 
biomarker‑discovery arms that link pharmacodynamic 
readouts to multi‑omic signatures, ensuring that patients are 
selected for the dependency state created by the enzyme rather 
than for the enzyme itself (30,109,114).
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