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Abstract 

The PIM kinase family, consisting of PIM1, PIM2, and PIM3, is a group of serine/threonine protein kinases crucial 
for cellular growth, immunoregulation, and oncogenesis. PIM1 kinase is often overexpressed in solid and hematopoi-
etic malignancies, promoting cell survival, proliferation, migration, and senescence by activating key genes. In vitro 
and in vivo studies have established the oncogenic potential of PIM1 kinases. These kinases have been implicated 
in tumor progression, metastasis, and resistance to chemotherapy, underscoring their potential as a therapeutic 
target for cancer therapy. This review delves into the intricate molecular mechanisms through which PIM1 inter-
acts with specific substrates in different tumor tissues, leading to diverse outcomes in various human cancers. Over 
the past decade, the inhibition of PIM1 in cancers has garnered significant attention as a potential standalone treat-
ment. Various in vitro, in vivo, and early clinical trial data have provided support for this approach to varying extents. 
Novel compounds that inhibit PIM1 kinase have shown effectiveness and a favorable toxicity profile in preclinical 
studies. Several of these substances are now being studied in clinical trials due to their promising outcomes. This arti-
cle provides a thorough examination of the PIM1 kinase pathways and the recent advancements in producing PIM1 
kinase inhibitors for the treatment of cancer.

Keywords  Cancer, PIM1 Kinase, NDRG1, RBMY, Dynamin related protein 1, Hu antigen R

Introduction
PIM1 kinase was discovered in 1989 at the proviral inser-
tion site of the Moloney murine leukemia virus. It is 
identified as a serine/threonine kinase and belongs to the 
PIM kinase family, which also includes PIM2 and PIM3. 
All three of these protein kinases are members of the 
Ca2 + /calmodulin-dependent family. [1, 2]. While PIM1 
is located on chromosome 6p21.2, PIM2 and PIM3 are 
on chromosome X and chromosome 22q13, respectively 

[3]. Human PIM proteins exhibit significant sequence 
similarity at the amino acid level. PIM1 and PIM3 share 
71% homology, PIM1 and PIM2 have 61% homology, and 
PIM2 and PIM3 display 44% homology [3]. The tran-
script of PIM1 messenger RNA (mRNA) is expressed 
by six exons, accompanied by extensive five ′ and three 
′ untranslated regions (UTRs). These regions include a 
GC-rich area and five instances of AUUA destabilizing 
motifs, which are generated through alternative splicing 
(Fig.  1A) [4, 5]. PIM1 generates two protein isoforms, 
34  kDa and 44  kDa, because of an alternate transla-
tion start occurring at a CUG codon located upstream. 
The shorter isoform is found in both the cytoplasm and 
nucleus, while the longer form is localized to the plasma 
membrane. Both isoforms feature a proline-rich N-termi-
nal motif that binds to the ETΚ-SH3 domain, aiding their 
recruitment to cell membranes [4]. In contrast, PIM2 

†Chandan Kumar Bahadi, Ipsa Pratibimbita Ray, Pragyanshree Dash, Isha 
Pattanaik and Suman Mishra contributed equally to this work.

*Correspondence:
Kumar Nikhil
nikhil.kumar@kiitbiotech.ac.in
1 School of Biotechnology, Kalinga Institute of Industrial Technology (KIIT) 
Deemed-to-Be-University, Bhubaneswar 751024, India

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01898-y&domain=pdf


Page 2 of 26Choudhury et al. Cell Communication and Signaling          (2024) 22:529 

produces three isoforms -34 kDa, 37 kDa, and 40 kDa—
while PIM3 is known to produce only one protein vari-
ant. Despite differences in molecular mass among these 
isoforms, they all retain serine/threonine kinase activity 
(Fig.  1A) [5, 6]. The crystallographic structure of PIM1 
kinase, displays a conventional bi-lobed kinase architec-
ture. It consists of an N-terminal lobe (residues 37–122) 
that is largely composed of β-sheets, alongside a C-ter-
minal lobe (residues 126–305) that is mainly formed of 
α-helices, with a significant cleft in between [7]. This cleft 
contains several residues that act as the ATP binding site, 
which are conserved among all three PIM kinases. The 
connection between the two lobes is facilitated by a dis-
tinctive hinge region (residues 123–125), which includes 
a proline residue with a tertiary amine, a feature unique 
to PIM kinases. This particular attribute provides an 
opportunity for the selective inhibition of PIM kinases 
without impacting other kinases. Crystallographic analy-
ses indicate that PIM2 possesses a conformation that is 
analogous to that of PIM1 [8]. While the crystal structure 
of PIM3 kinase has yet to be elucidated, scientists believe 
it likely resembles the structure of PIM1, given the high 
level of sequence homology between PIM1 and PIM3. 
The expression patterns of these kinases differ across tis-
sues: PIM1 is predominantly present in hematopoietic 
cells, while PIM2 is found in the brain and lymphocytes. 
PIM3 is expressed in the kidneys, breast, and brain cells 
[9]. Unlike other proteins, these kinases lack a regulatory 
domain, resulting in their constant activation and regula-
tion through transcription, translation, and proteasomal 
degradation [10]. Additionally, microRNAs and hor-
mones influence PIM1 expression post-transcriptionally, 
in addition to a number of substances that regulate it at 
the transcriptional level.

PIM1 is a protein with a relatively short lifespan, typi-
cally lasting only 5–15  min in primary cells [11]. How-
ever, in specific tumor cells like K562 and BV173 that 
express the BCR-ABL fusion protein, its half-life can 
be extended up to 100  min. This prolonged lifespan is 
thought to be a result of HSP90-mediated protection, 
which prevents ubiquitylation along with subsequent 

proteasomal degradation [12, 13]. Moreover, additional 
researchers have found that the protein phosphatase 
PP2A can destabilize PIM1. Dephosphorylation of PIM 
kinases by PP2A facilitates the ubiquitination and subse-
quent degradation of these proteins via the proteasome 
[14, 15]. Several research teams have observed elevated 
levels of PIM proteins when small-molecule PIM inhibi-
tors are employed, suggesting that PIM1 kinase can 
influence their own degradation process through auto-/
transphosphorylation [16, 17]. The stability of PIM pro-
teins is carefully controlled by protein–protein interac-
tions, with chaperone proteins such as HSP90 and HSP70 
playing a crucial role in this process. The association of 
PIM1 with HSP90 prevents its degradation, while HSP70 
binds to ubiquitinated PIM1, facilitating its breakdown. 
These protein interactions are essential for regulating the 
stability of PIM1 proteins [12, 13]. Treatment with PIM 
inhibitors lead to an increase in PIM protein levels by 
preventing its degradation and increasing the half-life of 
the protein. Collectively, these findings underscore the 
critical role of upstream kinases and/or phosphatases in 
the signaling pathways of PIM kinases [14, 15].

The increased expression of PIM1, which is linked to 
a negative prognosis, has been observed in various can-
cerous tissues, including leukemia, liver, lung, myeloma, 
prostate, and breast cancers. However, the exact mecha-
nisms by which PIM1 regulates cancer are not yet fully 
comprehended. This review explores the molecular 
mechanisms involved in the recruitment of distinct tis-
sue-specific substrates by PIM1, resulting in diverse out-
comes in different types of solid tumor.

Transcription factors responsible for PIM1 gene 
activation
PIM1 kinase genes are categorized as rapid response 
genes, which are transiently activated by specific stimuli 
such as growth factors, interleukins, granulocyte-colony 
stimulating factor, granulocyte–macrophage colony-
stimulating factor, and interferons [1]. These stimuli 
initiate the JAK/STAT signaling pathway, a critical mech-
anism for regulating PIM1 gene expression. The JAK/

(See figure on next page.)
Fig. 1  A PIM kinase family gene structures. The gene structures of the PIM kinase family consist of six codons surrounded by large untranslated 
regions (UTR). Within each gene, there are alternative start codons (*) that correspond to different mRNA transcripts, resulting in various isoforms. 
These isoforms contain a serine/threonine kinase domain, with molecular weights ranging from 34–44 kDa. The largest isoform is depicted in detail, 
highlighting the locations of the kinase domain, hinge regions, and key sites such as K67, H68, P81, P123, and S261 for PIM1; P119, K121, D128, 
and E171 for PIM2; and Q86V86 and S190 for PIM3. B Transcription factors responsible for PIM1 gene transcription. Growth factors and cytokines 
found in cancer cells trigger the activation of intracellular tyrosine kinases and receptor-associated kinases, such as Janus Kinase. This leads 
to the activation of STATs through tyrosine phosphorylation. Once phosphorylated, STAT3s form dimers through phosphotyrosine-SH2 linkage 
and move to the nucleus. In the nucleus, they promote the transcription of target genes, such as PIM1, resulting in the upregulation of PIM1 mRNA. 
Additionally, PIM protein levels are increased by hypoxia due to HIF1α. Green and red arrows represent activating and inactivating pathways, 
respectively
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STAT pathway is triggered when cytokines and growth 
factors connect to their specific receptors. This inter-
action results in the phosphorylation of cytoplasmic 

receptor domains by JAK kinases, which in turn pro-
vide binding sites for STATs and other signaling pro-
teins (Fig. 1B). JAK phosphorylates STATs, which causes 

Fig. 1  (See legend on previous page.)
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them to dimerize and move into the nucleus. Once in 
the nucleus, these dimers bind to specific gene promoter 
regions, such as the ISFR/ GAS sequence found in the 
PIM1 promoter, to up-regulate PIM1 gene expression 
[18–20]. Conversely, PIM1 negatively regulates the JAK/
STAT pathway by binding to and activating suppressors 
of cytokine signaling (SOCS) proteins in hematopoietic 
cells [21].

PIM1 is also involved in tumorigenesis by influenc-
ing the transcriptional activities of Myc, cap-dependent 
protein translation, and cell cycle progression [22–24]. 
It regulates survival signals primarily through the phos-
phorylation of BAD and apoptosis signaling kinase 1 
(ASK1) [25, 26]. Furthermore, PIM1 expression can be 
increased through the activation of homeobox protein 
HOXA9 and nuclear factor-κB (NF-κB) (Fig. 1B) [27–29]. 
HOXA9 interacts with a distant region of the PIM1 pro-
moter, leading to the upregulation of PIM1 in hematopoi-
etic progenitor cells [27]. NF-κB can rapidly induce PIM1 
expression in response to tumor necrosis factor-α (TNF-
α) stimuli, and this process is mediated by STAT5 [28]. 
In addition to phosphorylating RelA/p65, the primary 
subunit of NF-κB, PIM1 inhibits its degradation through 
ubiquitin-mediated proteolysis [29]. Phosphorylation of 
RelA/p65 by PIM1 introduces a novel and vital mecha-
nism for controlling NF-κB function, affecting its stability 
and activity.

PIM1 functions in cancer
PIM1 kinase acts as a proto-oncogene and is account-
able for phosphorylating a broad range of protein sub-
strates that govern key biological functions, including 
cell cycle advancement, apoptosis, and transcriptional 
activation [30]. Phosphorylation modulates numerous 
aspects of protein function, such as enzymatic activity, 
subcellular localization, stability, and interactions with 

other proteins. It is also associated with various signal-
ing pathways and disease states. Elevated levels of PIM1 
expression have been noted in several kinds of cancers, 
like breast, prostate, pancreatic, gastric, colorectal, leuke-
mia, lung, and head and neck squamous cell carcinomas 
[31]. This overexpression is associated with the emer-
gence of resistance to treatment in these malignancies. 
The pro-tumorigenic effects of PIM1 kinases stem from 
their capacity to phosphorylate specific serine/threo-
nine motifs, which boosts the activity of target proteins 
involved in critical cellular processes such as prolifera-
tion, survival, cap-dependent translation, metastasis, and 
tumor development [32].

Role of PIM1 in Breast Cancer
Breast cancer tissues express PIM1 at far higher levels 
than normal breast epithelium [33–35]. Moreover, PIM1 
is excessively expressed in TNBC and is linked to cell 
survival, tumor growth, and resistance to chemotherapy, 
indicating its potential as a dependable biomarker for 
TNBC [35–37]. The expression of PIM1 is contingent 
upon various cytokines, growth factors, and mitogens. It 
has been previously reported that estrogen and estrogen 
receptor alpha-binding regions are the potential enhanc-
ers of PIM1 [38]. There are four estradiol-bound ER-α 
binding sites located far upstream of the PIM1 promoter, 
which may act as estrogen-regulated enhancers for PIM1 
[38]. Estradiol-induced PIM1 overexpression leads to 
the phosphorylation of key proteins, which in turn sup-
presses the expression of cell cycle inhibitors (CDKN1A 
and CDKN2B). This process impedes apoptosis, acceler-
ates cell cycle progression, and enhances the invasiveness 
of breast cancer tumors. (Fig. 2A) [38]. IL-6 is a cytokine 
secreted by immune cells, fibroblasts, and cancer cells 
and has been shown to be a crucial component for the 
aggressiveness of breast cancer. In their study, Gao et al. 

Fig. 2  A PIM1 enhances aggressive oncogenic characteristics in breast cancer through multiple mechanisms. PIM1 expression is triggered 
by estradiol in breast cancer cells, and this triggering is facilitated by ERα-regulated enhancers situated distally upstream from the gene. 
Increased PIM1 levels enhanced the proliferation of breast cancer cells, accompanied by decreased expression of cyclin-dependent protein 
kinase inhibitors CDKN1A and CDKN2B. PIM1 was also transcriptionally activated by the IL-6/STAT3 axis, playing a crucial role in promoting EMT 
and stemness in breast cancer cells. This process involves phosphorylation of c-Myc, a target/cofactor for PIM1, which contributes to MYC-driven 
tumorigenesis through phosphorylation of Histone-H3 at S10. PIM1 could enhance the stem cell-like traits of breast cancer cells by promoting 
the phosphorylation and cytoplasmic localization of RUNX3. The translocation of RUNX3 from the nucleus hindered its function as a tumor 
suppressor, leading to the acquisition of stem cell traits by breast cancer cells. PIM-mediated phosphorylation inhibits CSL-dependent activity 
of Notch3 but promotes that of Notch1. Despite the difference, both cases of phosphorylation ultimately lead to increased tumor growth. Green 
circles show activating phosphorylation events. Green and red arrows represent activating and inactivating pathways, respectively. B PIM1 
promotes prostate cancer through the phosphorylation of diverse substrates. PIM1 plays a crucial role in prostate cancer by phosphorylating 
the AR at S213, affecting AR target gene expression. Additionally, PIM1 targets the AR co-activator, 14–3-3 ζ, at S64, leading to alterations in AR 
transcriptional activity. PIM1 also phosphorylates the metastasis suppressor protein NDRG1 at S330, resulting in reduced stability, nuclear 
localization, and interaction with AR. PIM1 enhances NFATC1 transcriptional activity by phosphorylating it at S257 and S335, thereby promoting 
prostate cancer cell migration, invasion, metastasis, and tumor angiogenesis. Additionally, PIM1 phosphorylates Capza1 at S106 and S126, 
and Capzb2 at S182, S192, and S226, resulting in enhanced adhesion and migration of human prostate cancer cells

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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showed that PIM1 was activated at the transcriptional 
level by the IL-6/STAT3 pathway, serving as an essential 
factor in the induction of EMT and stemness in breast 
cancer cells stimulated by IL-6 [39]. EMT and stemness 
were induced through the c-Myc, a target /cofactor for 
PIM1 [24, 39]. Triple negative breast cancers (TNBCs) 
exhibit an elevated expression of the Myc oncogene, 
which collaborates with PIM1 to impede cell prolifera-
tion, migration, and apoptosis in TNBCs. Suppression 
of PIM1 influences the expression of Myc and its tran-
scriptional target MCL1 through various mechanisms 
involving the phosphorylation of histone-H3 at S10 and 
the phosphorylation of c-Myc at S62 (Table  1). These 
phosphorylation events are recognized as crucial for 
c-MYC-driven transcriptional activation along with the 
development of oncogenic properties [40]. An additional 
mechanism that appears vital in promoting Myc-driven 
tumorigenesis is the survival signaling pathway mediated 
by PIM1 kinase, which modulates the threshold for apop-
tosis induction through BAD phosphorylation (Fig.  2A) 

[24]. The interaction between PIM1 and c-myc influences 
the expression of SHP2 (PTPN11) and EPHA2, both of 
which are oncogenic proteins with critical roles in breast 
cancer. [41]. Tumor-initiating cells and the advance-
ment of breast cancer are linked to the phosphatase 
SHP2, which is encoded by PTPN11 [40]. Along with 
PIM1, EPHA2 is associated with the control of SHP2 and 
belongs to a class of kinases associated with a poor prog-
nosis in ER-negative breast tumors.

Liu and colleagues demonstrated the function of 
PIM1 kinase in regulating breast cancer stem cells (BrC-
SCs) and discovered potential new targets for eliminat-
ing the BrCSC population. Evidence suggests that PIM1 
improves breast cancer cells’ stem cell characteristics 
via increasing human runt-related transcription factor 
3 (RUNX3) phosphorylation and cytoplasmic localiza-
tion. This process leads to the inactivation of RUNX3, as 
its displacement from the nucleus imparts stem cell-like 
characteristics to breast cancer cells. Inhibition of PIM1 
activity significantly increases the nuclear localization 

Table 1  Direct PIM1 substrates in various solid cancers

No Substrate Cancer Types Phosphorylation 
sites

Protein types Function References

1 c-Myc Breast cancer S62 Transcription factor Cell proliferation [40]

2 H3 Breast cancer S10 Histone proteins Stimulates transcription of specific subset 
of myc dependent genes

[40]

3 Notch1 Breast cancer S2152 Transmembrane protein Notch1 nuclear localization, cell migra-
tion, Glycolytic switch and CSL-dependent 
tumor growth

[42]

4 Notch3 Breast cancer S1673 Transmembrane protein Nuclear localization and CSL-independent 
tumor growth

[43]

5 AR Prostate cancer S213 Transcription factor Higher grade tumors, castration-resistant 
disease, and altered AR transcriptional 
activity

[44, 45]

6 14–3-3 ζ Prostate cancer S64 AR co-activator Altered AR transcriptional activity [46]

7 NDRG-1 Prostate cancer S330 Stress responsive protein Cell migration and invasion [47]

8 NFATC1 Prostate cancer S257
S335

Transcription factor Increased invasion, migration and angio-
genesis

[48]

9 Capza1 Prostate cancer S106
S126

Capping protein Increase adhesion and
migration

[48]

10 Capzb2 Prostate cancer S182
S192
S226

Capping protein Increase adhesion and
migration

[48]

11 ABI-2 Prostate cancer S183 Wave regulatory complex protein Increase protein stability, WARC forma-
tion, enhanced actin dynamics and tumor 
invasion

[49]

12 AKT HCC S473 Kinase Tumor growth, cell invasion and metastasis [50]

13 RBMY HCC - RNA binding
motif protein

Increased proliferation,
invasion and migration

[51]

14 eIF4B Lung cancer S406 Eukaryotic translation initiation factor Activation of c-MET
downstream signaling
pathway

[52]

15 c-Myc Ovarian cancer S62 Transcription factor Increase cell proliferation
and glycolysis

[53]
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of RUNX3, restores its transcriptional function, and 
reduces the stem cell-like features in breast cancer cells. 
(Fig.  2A) [34]. The dysregulation of the Notch signaling 
pathway, that has a vital function in the homeostasis and 
development of tissues, can contribute to the progression 
of tumors. Prior research has shown that the oncogenic 
PIM1 kinase phosphorylates Notch1 and Notch3 but not 
Notch2 [42, 43]. Specifically, PIM1 kinase phosphoryl-
ates Notch1 on S2152 (equivalent to human NOTCH1 
S2162) within the intracellular domain (Table  1). This 
phosphorylation event enhances the nuclear localization 
as well as transcriptional activity of Notch1. The inter-
action between PIM1 and Notch1 proteins promotes 
tumorigenicity and cell proliferation in a CSL (C pro-
moter–binding factor 1, Suppressor of Hairless, Lag-1) 
dependent manner [42]. PIM1 kinases are responsible for 
phosphorylating Notch3 at S1673(equivalent to human 
NOTCH3 S1672) in the RAM domain, leading to the dis-
ruption of its interaction with CSL and subsequent inhi-
bition of the canonical CSL-dependent transcriptional 
program (Table-1) [43]. Despite this, phosphorylated 
Notch3 persists in supporting cell survival and tumor 
proliferation under estrogenic conditions (Fig.  2A) [43]. 
In summary, PIM kinases are essential in modulating the 
signaling pathways of different Notch paralogs, thereby 
influencing breast cancer development through both 
CSL-dependent and CSL-independent pathways.

PIM1 acts as an oncogene in Prostate Cancer
Among male genitourinary system tumors, prostate can-
cer ranks high and is the 2nd most prevalent cause of 
cancer-related mortality. It primarily affects older men 
[54]. High-grade prostate intraepithelial neoplasia and 
castration-resistant prostate cancer tissues show elevated 
levels of PIM1 kinase compared to normal prostatic tis-
sue and benign prostatic hyperplasia [55]. The frequent 
coexpression of PIM1 kinase and the Myc gene in human 
prostate cancer significantly enhances c-Myc-driven 
tumorigenesis in a manner dependent on the kinase 
activity [56]. In mouse studies conducted both in  vitro 
and in vivo, it has been observed that PIM1 exhibits weak 
tumorigenic properties. However, when coexpressed 
with Myc, it synergizes significantly. Previous research 
suggests that PIM1 could facilitate Myc tumorigenesis by 
stabilizing the Myc protein or boosting its transcriptional 
activity [57]. Wang et al. showed that silencing PIM1 led 
to reduced cellular proliferation, decreased Erk signaling, 
and diminished cancer malignancy, even though Myc 
levels did not change. This suggests the main function of 
PIM1 in maintaining tumorigenicity [57]. As a result, tar-
geting PIM1 could prove to be an effective approach for 
prostate cancer therapy.

PIM1 plays a significant role in prostate cancer by 
phosphorylating the androgen receptor (AR) at Serine 
213 (S213), which is crucial for AR’s function and affects 
its target gene expression, as detailed in Table 1 [44, 45]. 
This particular phosphorylation event is connected to 
more aggressive tumors, castration-resistant forms of the 
disease, and alterations in AR’s transcriptional activity, as 
depicted in Fig. 2B [44, 45, 58]. Nonetheless, the precise 
mechanism that determines the phosphorylation of AR 
at S213 affects its ability to activate transcription remains 
unclear. Recent research has shown that PIM1 also phos-
phorylates the AR co-activator 14–3-3 ζ at Serine 64 
(S64), which affects AR transcriptional activity in pros-
tate cancer (Table 1) [46]. This phosphorylation by PIM1 
is thought to modulate AR’s interaction with 14–3-3 ζ 
and, subsequently, their chromatin binding, potentially 
affecting AR’s activity by recruiting additional co-regula-
tors like hnRNPK and TRIM28 [46]. Furthermore, PIM1 
interacts with the metastasis suppressor protein N-Myc 
Downstream-Regulated Gene 1 (NDRG1) at Serine 330 
(S330), leading to reduced stability, altered nuclear locali-
zation, and diminished interaction with AR (Table 1) [47]. 
This results in enhanced cell migration and invasion in 
prostate cancer. Cellular Migration and adhesion are two 
important characteristics of cancer. PIM1 also phospho-
rylates three other substrates: NFATC1 [48] and capza1 
and capzb2 [59]. Phosphorylation of PIM1 target sites by 
several other kinases like PKA and GSK3 contributes to 
the nuclear exit and the transcriptional inactivation of 
NFATC1. PIM1 does not influence the cellular localiza-
tion of NFATC1; it directly phosphorylates the NFATC1 
at S257 and S335 and increases its transcriptional activity 
(Table  1) [48]. When PIM1 phosphorylates NFATC1, it 
promotes prostate cancer cell motility, invasion, metasta-
sis, and angiogenesis (Fig. 2B) [48].

The motility and invasion of cancer cells are attributed 
to irregularities in normal cellular movements, which 
are controlled by actin proteins. These actin proteins 
are regulated by the polymerization and depolymeriza-
tion of capping proteins. Heterodimers of capping pro-
teins attach to the elongating ends of actin filaments, 
thereby regulating actin dynamics [59]. It has been dis-
covered that the PIM1 protein phosphorylates Capza1 at 
positions S106 and S126, as well as Capzb2 at positions 
S182, S192, and S226 (Table 1). Phosphorylation of these 
proteins leads to increased adhesion and migration of 
human prostate cancer cells. Moreover, this modifica-
tion reduces the protective role of capping proteins at 
the ends of actin filaments., intensifying the fluctuations 
in actin dynamics (Fig.  2B) [59]. The PIM1 protein is 
elevated in response to hypoxia, and its increased expres-
sion is essential for the invasion and formation of cellular 
protrusions under hypoxic conditions [49]. Within the 
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WAVE regulatory complex, ABI-2, a member, has been 
identified as a fresh substrate of PIM kinase [49]. PIM1 
phosphorylates ABI2 at S183, thereby augmenting the 
activity of the WAVE regulatory complex and enhancing 
actin dynamics, ultimately propelling tumor cell invasion 
(Table  1) (Fig.  2B) [49]. These discoveries establish the 
initial signal transduction pathway that connects hypoxia 
towards the control of actin cytoskeletal dynamics and 
unveil PIM1 as a novel target for counteracting hypoxia-
induced metastasis.

Role of PIM1 in Hepatocellular carcinoma (HCC)
Primary hepatocellular carcinomas (HCCs) have high 
levels of PIM1 kinase expression, and this expression 
is much higher in the extra-hepatic metastatic tissues 
of HCCs than it is in the original tumors [50]. Under 
hypoxic conditions, PIM1 expression is upregulated 
in various HCC cell lines, leading to increased nuclear 
translocation of the protein and enhanced protein sta-
bility. By manipulating cell metabolism, PIM1 has an 
important role in sustaining HCC growth as well as 
progression. This process is mediated through the acti-
vation of AKT phosphorylation and its downstream tar-
gets, which in turn promotes AKT-driven glycolysis. This 
pathway generates energy that supports the growth and 
progression of HCC in the hypoxic tumor microenviron-
ment (Fig. 3A) [50]. RBMY (RNA binding motif protein 
Y-linked), an oncofetal protein, has been suggested as a 
potential biomarker for poor prognosis in HCC patients. 
In adult tissues, RBMY is primarily expressed in the tes-
tis, where it functions in spermatogenesis by encoding a 
nuclear protein specific to germ cells. This protein fea-
tures an N-terminal RNA recognition motif, i.e., RRM, 
and includes four repeat regions at the C-terminus that 
are rich in serine, arginine, glycine, and tyrosine residues, 
collectively known as SRGY boxes [60]. Additionally, it 
has been observed that PIM1 phosphorylates RBMY, 

leading to its cytoplasmic accumulation and activation of 
oncogenic functions (Table 1) [51]. The binding of PIM1 
to RBMY led to a reciprocal stabilization and significant 
relocation of RBMY from the nuclei to the mitochondria. 
Consequently, EMT was induced by regulating the levels 
of Snail1 and ZEB1 proteins. After RBMY is phosphoryl-
ated by PIM1, PIM1 associates with nuclear RBMY to 
enhance the transcription of Snail1 and ZEB1. Addition-
ally, PIM1 interacts with cytoplasmic RBMY to promote 
the nuclear translocation of Snail1. These actions collec-
tively promote the transcription of ZEB1 and vimentin 
while suppressing E-cadherin expression. Additionally, 
the PIM1-RBMY interaction facilitates a shift toward 
mitochondrial fission, which enhances ATP and ROS 
production, thereby supporting mitochondrial mobil-
ity. This mechanism contributes to tumor metastasis and 
adversely affects the prognosis of HCC patients (Fig. 3A) 
[51].

PIM1 acts as an oncogene in Pancreatic Cancer
The PIM1 protein exhibits a marked increase in malig-
nant pancreatic tumors compared to benign, inflamma-
tory, and precancerous conditions, such as the normal 
pancreas, chronic pancreatitis, and benign intraductal 
papillary mucinous neoplasms [61]. Xu et al. found that 
PIM1 levels were markedly higher in pancreatic ductal 
adenocarcinoma (PDAC) tissues compared to their nor-
mal counterparts. Additionally, PIM1 expression was 
notably elevated in PDAC cell lines relative to the immor-
talized human pancreatic nestin-expressing epithelial cell 
line HPNE [62]. PIM1 is a hypoxia-inducible protein that 
is critical for cell transformation and tumorigenesis [63]. 
It has a short half-life and is predominantly degraded via 
the ubiquitin–proteasome pathway. In pancreatic can-
cer, PIM1 levels are elevated under hypoxic conditions 
compared to normoxic conditions. This increase occurs 
because, under normoxic conditions, PIM1 is targeted 

(See figure on next page.)
Fig. 3  A PIM1 signaling in Hepatocellular carcinoma. PIM1 enhances AKT-driven glycolysis by phosphorylating AKT at S473, leading 
to the activation of its downstream targets. This process generates energy and supports the growth and advancement of HCC in the hypoxic 
tumor microenvironment. PIM1 phosphorylates RBMY, resulting in its cytoplasmic accumulation and activation of oncogenic functions. Upon 
phosphorylation PIM1 collaborates with nuclear RBMY to facilitate the transcription of Snail1 and ZEB1, and with cytoplasmic RBMY to induce 
the nuclear translocation of Snail1. These dual pathways synergistically boost the transcription of ZEB1 and vimentin leading to EMT and metastasis. 
The interaction of PIM1 with RBMY causes a reciprocal stabilization and substantial translocation of RBMY from the nuclei to the mitochondria. This 
PIM1-RBMY interaction prompts a shift towards mitochondrial fission, resulting in elevated ATP and ROS production for mitochondrial movement, 
acting as a mechanism to drive tumor metastasis. B Molecular mechanisms of PIM1 regulation in pancreatic Cancer. Under hypoxic conditions 
the cis-acting AU-rich elements present within a 38-base pair region of the PIM1 mRNA 3’-untranslated region mediate a regulatory interaction 
with the mRNA stability factor HuR. HuR, primarily expressed in the nucleus of PDAC cells, relocates to the cytoplasm in response to hypoxic stress, 
resulting in the stabilization and overexpression of PIM1 protein leading to enhance cell survival, DNA repair and development of chemoresistance. 
IL-6 stimulation triggers autophosphorylation of JAK and subsequently activates STAT3 protein. Phosphorylated STAT3, upon binding to activated 
JAK proteins, forms dimers that then translocate to the nucleus to control the transcription of crucial genes responsible for cell proliferation and cell 
cycle advancement. Green circles show activating phosphorylation events. Green and red arrows represent activating and inactivating pathways, 
respectively
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for degradation by the ubiquitin–proteasome pathway, 
whereas hypoxia inhibits this degradation process [63]. 
Under hypoxia, the PIM1 protein is mostly localized 
within the nucleus, whereas under normoxia, it is found 
in both the cytoplasm and nucleus. The mechanism by 
which PIM1 is regulated in the context of tumor hypoxia 
remains unknown. Evidence indicates that elevated PIM1 
expression induced by hypoxia occurs independently of 
hypoxia-inducible factor 1α (HIF-1α) [63], and there are 
no known genetic alterations in PIM1 that can explain its 
abundance in PDAC cells. HuR, or Hu antigen R, is an 
RNA-binding protein essential for post-transcriptional 
gene regulation in cancer. Predominantly located in the 
nucleus, HuR aids in the export of mRNA transcripts to 
the cytoplasm and then returns to the nucleus. Under 
stress conditions, HuR moves to the cytoplasm, where 
it increases the stability of certain prosurvival mRNAs 
[64, 65]. The cis-acting adenylate-uridylate-rich elements 
(AREs) are located within a 38-base pair segment of the 
3’-untranslated region of PIM1 mRNA (3’-UTR) interact 
with HuR to regulate mRNA stability under conditions 
of tumor hypoxia (Fig. 3B). In PDAC cells, HuR is mainly 
expressed in the nucleus but shifts to the cytoplasm when 
exposed to hypoxic stress. This translocation leads to the 
stabilization of the PIM1 mRNA, entailing elevated levels 
of PIM1 protein. Consequently, this interaction contrib-
utes to PIM1-mediated chemoresistance in PDAC cells 
[66]. Pancreatic cancer is characterized by the deregula-
tion of multiple cellular signaling pathways. One specific 
target that has been extensively researched in PDAC is 
the oncoprotein K-Ras, which is found to be mutated in 
over 90% of PDAC cases [67]. PIM1 kinase, in contrast, 
is consistently present in pancreatic cell lines and is 
modulated by K-Ras signaling [62]. Acting downstream 
of K-Ras signaling, PIM1 kinase may serve as a marker 
for oncogenic K-Ras activity. Knocking down PIM1 with 
shRNA results in alterations in its downstream targets, 
Bad and p27, and leads to reduced anchorage-dependent 
and -independent growth, diminished invasion through 
Matrigel, and decreased radioresistance [62]. KRAS 
hyperactivation activates stromal fibroblasts and draws 
inflammatory mediators to the tumor microenviron-
ment, boosting IL-6 production and tumor growth and 
invasion [68]. IL-6 stimulation triggers JAK autophos-
phorylation and subsequent STAT3 protein activation. 
Phosphorylated STAT3, upon binding to activated JAK 
proteins, generates dimers that translocate towards the 
nucleus and control the transcription of key genes con-
nected to cell proliferation, survival, cell cycle advance-
ment, angiogenesis, and immune suppression (Fig.  3B) 
[69]. The proto-oncogene PIM1 is a target gene regu-
lated by STAT3-driven transcription, contributing sig-
nificantly to tumor development and progression. PIM1 

over-expression in Panc-1 and MiaPaCa2 cell lines did 
not change the rates of basal apoptosis, cell cycle, or pro-
liferation. However, previous studies have shown that 
inhibiting PIM1 kinase through shRNA in MiaPaCa2 
cells can induce apoptosis, reduce cell growth in anchor-
age-dependent and independent conditions, inhibit inva-
sion through matrigel, along with reduce radioresistance 
[70]. In pancreatic cancer, a feedback loop exists between 
PIM1 and the EGFR signaling pathway. Activation of 
the EGFR pathway drives cell proliferation, anti-apop-
totic processes, angiogenesis, metastasis, and resistance 
to both gemcitabine and EGFR-TKIs. Furthermore, it 
boosts the activity of stem cells across various cancers 
[71]. PIM1 influences sensitivity to the chemotherapy 
agent erlotinib and regulates the generation of pancreatic 
cancer stem cell markers via modulating the EGFR sign-
aling pathway.

PIM1 promotes Lung cancer
Worldwide, lung cancer is the leading killer of cancer 
patients. There are two main forms of lung cancer based 
on histology such as small cell lung cancer (SCLC), which 
represents (15–20%) of cases, and non-small cell lung 
cancer (NSCLC), which constitutes (80–85%) of cases. 
SCLC is recognized for its more aggressive nature com-
pared to NSCLC. Warnecke-Eberz et  al. noticed that 
the expression of PIM1 mRNA was downregulated in 
NSCLC compared to normal tissues [72]. The progres-
sion of cancer to the lymph nodes was intimately linked 
to this downregulation. On the contrary, Jin et al. found 
that overexpression of PIM1 was linked to poor dif-
ferentiation, advanced clinical stage, and the presence 
of lymph node and distant metastasis [73]. Pang et  al. 
demonstrated that NSCLC, PIM1 expression was sig-
nificantly aligned with tumor size, lymph node metasta-
sis, histological type, and clinical staging [74]. Similarly, 
Jiang et al. observed that increased nuclear levels of PIM1 
were correlated with lymph node metastasis, histologi-
cal characteristics, and diminished survival in NSCLC 
patients [75]. Additionally, Cao et al. identified a positive 
correlation between PIM1 and c-MET expression in lung 
adenocarcinoma tissues. An important role for PIM1 in 
regulating c-MET and the signaling pathways leading 
from it, such as RAS/ERK, was suggested in their model, 
PI3K/AKT, and STAT3, through the phosphorylation 
of eIF4B at Serine 406 (S406) [52]. Depletion of PIM1 
resulted in reduced cell proliferation, migration, inva-
sion, and colony formation in vitro, as well as diminished 
tumor growth in vivo. These impacts were partly reversed 
by the restoration of c-MET expression, suggesting the 
involvement of the PIM1/c-MET signaling axis (Fig. 4A) 
[52]. In MET-amplified NSCLC cell lines, the applica-
tion of a MET inhibitor led to the up-regulation of PIM1, 
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which served as a mechanism for drug resistance. How-
ever, the sensitivity of cell lines resistant to MET inhibi-
tors was restored by the application of a PIM inhibitor 
[76]. PIM1 contributes to the growth of chemoresist-
ance in NSCLC by enhancing mitochondrial fusion. The 
equilibrium between mitochondrial fusion and fission is 
crucial for maintaining mitochondrial function, which in 
turn influences various cellular processes related to tum-
origenesis, including metabolic alterations, proliferation, 
and apoptosis [77]. PIM kinases have been identified as 
regulators of dynamin-related protein 1 (DRP1), a main 
actor in mitochondrial fission. Inhibition of PIM results 
in elevated levels and increased activation of DRP1, lead-
ing to mitochondrial fragmentation and, consequently, 
apoptosis in lung cancer cells (Fig. 4A) [78].

PIM1 acts as an oncogene in Colorectal cancer
Colorectal cancer (CRC) is a major life-threatening can-
cer where PIM1 is crucial in promoting cell survival and 
growth. In CRC, PIM1 is notably present in tumors, 
tumor stroma, and adjacent mucosa, serving as a valuable 
prognostic indicator for the disease [79, 80]. Weirauch 
et al. showed that the antitumor effect of PIM1 involved 
alteration in several downstream proteins that control 
apoptosis, cell survival, and cell migration [81]. PIM1 
knockdown decreased survivin mRNA and protein levels 
and phosphorylation of STAT3 at T705 and S72. Previ-
ous studies have indicated that STAT3 regulates PIM1 
and survivin expression. Furthermore, PIM1 knockdown 
involved a slight reduction in c-Myc levels and a more 
significant decrease in p53 expression. Interestingly, the 
suppression of E-cadherin expression was also observed 
upon PIM1 knockdown. This loss of E-cadherin leads 
to EMT, which disrupts cell–cell contacts and promotes 
increased migration and metastasis. Moreover, PIM1 
knockdown induced apoptosis and led to the down-
regulation of the antiapoptotic protein Bcl-xL and the 

upregulation of the proapoptotic protein Bax. Addition-
ally, the proapoptotic protein Puma, which is directly 
regulated by p53, was also downregulated upon PIM1 
inhibition (Fig. 4B) [81]. Zhang et al. showed that PIM1 
acts as an oncogene that is responsive to glucose depriva-
tion in CRC [82]. In the context of glucose deprivation, 
PIM1 expression was increased in CRC tissues, thereby 
promoting the Warburg effect as a compensatory mecha-
nism to enhance CRC cell survival and proliferation [82]. 
The altered expression of PIM1 predominantly influences 
glucose consumption and lactate production by regulat-
ing the genes Hexokinase 2 (HK2) and Lactate Dehydro-
genase A (LDHA) [82]. TAK1-Binding Protein 3 (TAB3) 
is a member of the TAB family and is activated by Trans-
forming Growth Factor-β-Activated Kinase 1 (TAK1), 
is integral to processes such as autophagy, immune 
response, and cancer progression [83–85]. In CRC tis-
sues, both TAB3 and PIM1 are aberrantly upregulated, 
and their expression levels are positively correlated [86]. 
Furthermore, in vitro and in vivo surveys have shown that 
TAB3 is enhanced by increasing the expression of PIM1. 
This regulation of PIM1 by TAB3 is primarily mediated 
through the STAT3 signaling pathway. The TAB3-TAK1 
complex interacts with STAT3, thereby influencing its 
phosphorylation and activation [86]. Mechanistically, 
TAB3 promotes PIM1 expression by facilitating the 
phosphorylation and activation of STAT3 by forming the 
TAB3-TAK1-STAT3 complex. (Fig. 4B). Any malfunction 
in TAB3/PIM1 signaling could be a contributing factor to 
CRC tumorigenesis.

Role of PIM1 in Ovarian Cancer
After breast cancer, ovarian cancer (OC) stands as the 
second most deadly cancer affecting women on a large 
scale. PIM1 kinase is upregulated in OC and is crucial in 
regulating various proteins linked to tumorigenesis [53]. 
The phosphoinositide 3-kinase (PI3K)/protein kinase B 

Fig. 4  A PIM1-mediated signaling pathways in lung cancer. The overexpression of PIM1 in lung adenocarcinoma leads to the phosphorylation 
of eIF4B at S406. This phosphorylated eIF4B then accelerates c-MET mRNA translation, which in turn enhances the RAS/ERK, PI3K/AKT, and STAT3 
pathways in collaboration with oncogenic drivers, resulting in heightened cell proliferation, survival, migration, and invasion. PIM kinases 
also affect mitochondrial dynamics, ROS production, and the response to chemotherapy in lung cancer. Inhibiting PIM1 significantly raises 
the protein levels and mitochondrial localization of Drp1, causing marked fragmentation of mitochondria, free radical generation, and apoptosis. 
B PIM1 promotes colorectal cancer (CRC) via several mechanisms. PIM1 is integrated into a complex regulatory network involving mitogenic 
and antiapoptotic signals. Inhibiting PIM1 has been found to result in significant changes in oncogenic signal transduction, affecting p21Cip1/
WAF1, STAT3, c-jun-N-terminal kinase (JNK), c-Myc, and survivin, as well as the levels of apoptosis-related proteins Puma, Bax, and Bcl-xL. PIM1 
facilitates the Warburg effect in CRC cells. When glucose is scarce, AMPK is activated through phosphorylation, leading to the upregulation 
of PIM1 expression. PIM1 then stimulates the expression of several glycolytic enzymes, such as HK2 and LDHA. Additionally, the Warburg effect 
is intensified as a compensatory mechanism to enhance the survival and proliferation of CRC cells. The proliferation of CRC is facilitated by TAB3 
through the upregulation of PIM1 expression. TAB3 modulates the activity of PIM1 via the STAT3 signaling pathway. From a mechanistic standpoint, 
TAB3 regulates the expression of PIM1 by stimulating the phosphorylation and activation of STAT3 through the formation of the TAB3-TAK1-STAT3 
complex. Therefore, targeting specific inhibitors that affect this TAB3-TAK1-STAT3 complex may hold promise as potential therapeutic agents 
for CRC. Green circles show activating phosphorylation events. Green and red arrows represent activating and inactivating pathways, respectively

(See figure on next page.)
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(AKT)/mammalian target of rapamycin (mTOR) signal-
ing pathway is a crucial driver in the progression of OC 
[87]. PIM kinases are involved in maintaining the activ-
ity of the PI3K/AKT/mTOR pathway (Fig. 5A) [88]. They 
can influence this pathway by modulating PI3K through 
insulin receptor substrates (IRS) and affecting AKT 
via reactive oxygen species (ROS) [89]. PIM and AKT 
intersect in their control of cell growth and translation, 
phosphorylating numerous shared substrates to regulate 
mTORC1. These PI3K/AKT/mTOR pathway constitu-
ents are essential in ovarian cancer [90]. The interactions 
between PIM kinases and each component of the PI3K/
AKT/mTOR pathway suggest that they might influence 
OC either directly or through modulation of the PI3K/
AKT/mTOR signaling network. Cancer is characterized 
by various hallmarks, with deregulating cellular metabo-
lism having a significant impact on OC [88]. The War-
burg effect, or aerobic glycolysis, is crucial in regulating 
cellular metabolism in cancer cells. This process involves 
rapid glucose metabolism into lactate, regardless of oxy-
gen availability, to support cell survival and biomass pro-
duction. In OC, the process of aerobic glycolysis plays a 
vital role in the growth of tumors [91]. C-Myc controls 
aerobic glycolysis through the overexpression of numer-
ous important glycolytic genes like LDHA, GLUT1, and 
PKM2 [92–94]. Wu et  al. have shown the involvement 
of PIM1 in regulating cell metabolism through glycolysis 
in ovarian cancer [53]. The phosphorylation of c-Myc at 
S62, which is downstream of PIM1, serves as a significant 
controller of OC metabolism (Table 1) [53]. PIM1 could 
potentially influence metabolic alterations in OC cells 
through the c-Myc-PGK1 pathway (Fig. 5A).

Oncogenic PIM1 in Gastric cancer
PIM1 kinase was found to be overexpressed in gastric 
cancer as well as connected with tumor grading [95]. In 
healthy gastric epithelial cells, PIM1 activity was lim-
ited to the nucleus. However, abnormal expression and 
localization were observed in 75.6%, i.e., 68/90 of human 
gastric cancer tissues, characterized by reduced nuclear 

expression and/or rise in cytoplasmic expression [96]. 
The altered expression pattern showed a notable inverse 
relationship between nuclear and cytoplasmic levels. 
Immunostaining results indicated stronger expression in 
gastric carcinoma, with 46% of cases exhibiting high lev-
els, compared to 16% in gastric glands [95]. Clinicopatho-
logical analyses revealed that diminished nuclear PIM1 
expression was associated with poorer survival outcomes 
and more extensive tumor invasion, whereas elevated 
cytoplasmic PIM1 expression was inversely related to 
lymphovascular invasion [96]. Members of the miR-33 
family, particularly miR-33a, are involved in regulating 
cholesterol metabolism, fatty acid oxidation, and insulin 
signaling. In the context of gastric cancer, miR-33a func-
tions as an oncogene suppressor. Research conducted by 
Wang et al. has demonstrated that the expression of miR-
33a is reduced in gastric tumors [97]. Increased miR-
33a levels lead to the downregulation of PIM1, cyclin 
D1, and cyclin-dependent kinase (CDK6), the prolifera-
tion of stomach cancer cells, and induce cell cycle arrest 
(Fig. 5B) [97]. Among these three target genes, the inter-
action between miR-33a and PIM1 significantly impacts 
gastric cancer [97].

PIM1is an oncogene in Glioblastoma
Glioblastoma multiforme (GBM) represents the primary 
brain tumor in adults. PIM1 expression in GBM is sig-
nificantly elevated in comparison to non-malignant brain 
tissue [98]. This increase in PIM1 kinase activity may pro-
vide for the generation and progression of GBM, as PIM1 
has a vital role in controlling tumor proliferation, apopto-
sis, and migration [98]. Research shows that the expres-
sion of PIM1 is influenced by the epidermal growth 
factor receptor (EGFR) [99], which is frequently overex-
pressed in GBM (Fig.  5C). In LN18 glioblastoma cells, 
treatment with EGF leads to a significant upregulation 
of PIM1 mRNA and protein levels, whereas the EGFR 
kinase inhibitor AG1478 greatly decreased PIM1 expres-
sion. Screening patients for EGFR wild-type (EGFRwt) 
and the deletion mutant EGFRvIII using PCR identified 

(See figure on next page.)
Fig. 5  A PIM1 activates AKT signaling in ovarian cancer. PIM kinases are responsible for the activation of mTOR and its upstream effectors, such 
as AKT. The activation of both PIM1 and AKT contributes to the proliferation of OC cells by inhibiting apoptosis (through the phosphorylation 
of BAD) and preventing cell cycle arrest by hindering the nuclear translocation of p53 and p27. Additionally, PIM1 plays a crucial role in regulating 
OC metabolism. It phosphorylates c-Myc at S62 and controls aerobic glycolysis by upregulating several key glycolytic genes, ultimately leading 
to tumor growth and metastasis. Green and red arrows represent activating and inactivating pathways, respectively. B miR-33a directly targets PIM1 
in gastric cancer cells. In gastric cancer tissues, the downregulation of miR‑33a correlated with the upregulation of CDK‑6, CCND1, and PIM1, leading 
to the suppression of gastric cancer cell growth by inducing G1 phase arrest. C PIM1 signaling in glioblastoma. EGFR is involved in promoting PIM1 
expression in GBM cells. The regulatory mechanisms of PIM1 may vary depending on whether EGFR is wild-type or mutant. EGFRwt mainly activates 
MAP/ERK kinase (MEK) and signal transducer and activator of transcription 3 signaling, whereas EGFRvIII triggers both the MEK and the PI3K-Akt1 
cascade. As a result, it is conceivable that PIM1 is more highly expressed in GBM with EGFRvIII due to the combined stimulation of PIM1 expression 
by MEK/ERK and PI3K-Akt1 pathways. Green and red arrows represent activating and inactivating pathways, respectively
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that 18.5% of GBM cases were positive for the EGFRvIII 
mutation, consistent with previous reports on glioblas-
toma [100, 101]. Notably, in PIM1, there was a substantial 
increase in mRNA expression in GBM with the EGFRvIII 
variant in comparison with those with the EGFRwt vari-
ant. This suggests distinct regulatory mechanisms for 
PIM1 by the wild-type versus mutant EGFR. While 
EGFRwt mainly activates the MAP/ERK kinase (MEK) 
pathway along with STAT3, EGFRvIII stimulates both 
the MEK and the PI3K-Akt1 pathways (Fig.  5C) [102]. 
Consequently, it is plausible that PIM1 is more upregu-
lated in GBM with EGFRvIII due to the dual induction 
of PIM1 expression by MEK/ERK and PI3K-AKT1 path-
ways. These findings propose that EGFR plays a role in 
stimulating PIM1 expression in GBM cells, suggesting 
the possibility of combining PIM1 inhibitors with other 
treatments to increase the effectiveness of EGFR tyros-
ine kinase inhibitors [100]. Suppression of GBM growth 
was noted when PIM1 was silenced using U1 adaptor-
mediated methods in GBM cells within a subcutaneous 
xenograft model in mice [103]. Additionally, inhibition of 
PIM1 increased the sensitivity of GBM cells to apopto-
sis triggered by ABT-737, which targets BCL2, BCL2-like 
1 and BCL2-like 2 proteins [104]. Therefore, the block-
ade of PIM1 could offer a novel therapeutic approach 
for GBM. Although substantial research has been con-
ducted on the functional link between PIM1 and GBM 
in recent years, the specific function of PIM1 in glio-
blastoma growth and maintenance remains inadequately 
understood. Inhibition of PIM1 has been found to reduce 
the expression of stem cell markers CD133 and Nestin 
in GBM cells (LN-18, U-87 MG) [105]. Conversely, an 
increase was observed in the expression of CD44 and 
the astrocytic differentiation marker GFAP. Additionally, 
it modulates the expression of SPARC (secreted protein 
acidic and rich in cysteine), which enhances GBM cell 
invasion while reducing cell proliferation [105]. Moreo-
ver, PIM1 expression was found to be enhanced in neu-
rospheres, which serve as a model for GBM stem-like 
cells. Administering PIM1 inhibitors (LY294002, Querc-
etagetin, and TCS PIM1) to neurospheres led to reduced 
cell viability, decreased DNA synthesis rate, heightened 
caspase three activity, lowered PCNA protein expression, 
along with diminished neurosphere [105]. These findings 
suggest that PIM1 influences the behavior of glioblas-
toma stem cells, and targeting it could potentially elimi-
nate glioblastoma stem-like cells, highlighting PIM1 as a 
promising target for anti-glioblastoma therapy.

PIM1 is oncogenic in Oral Cancer
Chiang et  al. reported a notable increase in both PIM1 
mRNA and protein expression levels in oral squa-
mous cell carcinoma (OSCC) in comparison with 

non-cancerous matched tissue from the tumor periphery 
[106]. On the other hand, Beier et al. found that the PIM1 
protein was overexpressed in 98% of invasive Head and 
Neck Squamous Cell Carcinoma (HNSCC), while it was 
absent in non-neoplastic head and neck squamous cell 
epithelium [107]. PIM1 expression in OSCC is a predic-
tor of metastasis because it stimulates cancer cell motility 
even in the early stages of cancer development. PIM1 pri-
marily boosts the activity of Rac1, influencing the organi-
zation of cytoskeleton filaments. This, in turn, enhances 
cell motility and metastatic ability [108]. Salivary gland 
adenoid cystic carcinoma (SACC) is a malignant tumor 
of the salivary gland, representing about 10% of all epi-
thelial salivary gland tumors, with a 5-year survival rate 
below 20%. Due to its limited response to radiotherapy 
and chemotherapy, surgical resection is the most com-
mon treatment approach. The role of PIM1 in ACC has 
not been extensively studied. Zhu et al. found that silenc-
ing PIM1 led to decreased cell proliferation, induced 
apoptosis, caused cell cycle arrest, and reduced cell inva-
sion in SACC-83 and SACC-LM cell lines [109]. RUNX3 
is present in both normal salivary glands and ACC and 
is associated with histopathological growth patterns, T 
stage, distant metastasis, and patient survival. Zhu et al. 
employed immunohistochemistry to reveal a significant 
inverse correlation between PIM1 and RUNX3. Both 
PIM1 and RUNX3 levels were significantly related to T 
stage and nerve invasion. Furthermore, higher PIM1 
expression was linked to reduced radiosensitivity. Peltola 
et  al. demonstrated that PIM1 expression helps protect 
HNSCC cells from radiotherapy-induced damage [100].

PIM1 role in other solid cancers
PIM1 Kinase has been identified as an important factor 
in several other solid tumor types, such as endometrial 
cancer, melanoma, renal cancer, and papillary thyroid 
cancer. In endometrial cancer, specifically uterine serous 
carcinoma (USC), PIM1 is found to be overexpressed 
and associated with a poor prognosis, driving tumor cell 
proliferation, migration, and invasion through the phos-
phorylation of MYC and Wee1 [110]. Inhibiting PIM1 
with SGI-1776 has revealed potential therapeutic advan-
tages [110]. PIM kinases have also been shown to be sig-
nificantly overexpressed in samples and cell lines derived 
from melanoma patients [111]. PIM1 inhibition, either 
through knockdown techniques or the application of the 
clinically available PIM kinase inhibitor demonstrated a 
reduction in cell proliferation, viability and invasion in 
preclinical models. Furthermore, cells exhibiting high 
levels of PIM1 were associated with resistance to BRAF 
(B-Raf proto-oncogene) and MEK (Mitogen-Activated 
Protein Kinase) inhibitors. Consequently, the use of PIM 
inhibitor, SGI-1776, was found to improve treatment 
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outcomes when used in conjunction with these agents 
[111]. Mahalingam et al. demonstrated that PIM1 kinase 
levels are elevated in renal cell carcinoma cell lines when 
compared to normal renal proximal tubule epithelial 
cells (RPTEC) [112]. PIM1 kinase can phosphorylate 
the oncogene c-Myc, resulting in its stabilization and 
increased transcriptional activity. The use of SGI-1776 
was shown to lower both phosphorylated and total c-Myc 
levels, thereby modulating the expression of c-Myc target 
genes. Moreover, the combination of SGI-1776 with suni-
tinib led to a further decrease in c-Myc levels, enhancing 
the cytotoxicity of sunitinib against renal cell carcinoma 
[112]. Finally, in papillary thyroid carcinoma (PTC), 
PIM1 was identified as a key factor in the regulation of 
oxidative stress [113]. The heightened expression of 
PIM1 in PTCs correlates positively with adverse prognos-
tic indicators, with NOX-4 facilitating the management 
of ROS and supporting tumor proliferation. It appears 
that NOX4 may stimulate the expression of PIM1, which 
subsequently activates an antioxidant response that miti-
gates the buildup of harmful ROS, thereby sustaining an 
appropriate oxidative stress environment conducive to 
tumor advancement [113].

Clinical statuses of PIM1 kinase inhibitors
PIM1 kinase plays a major function in cellular growth, 
survival, differentiation, senescence, apoptosis, and drug 
resistance. Its over-expression or dysregulation has been 
linked to numerous cancers, making it a prime target 
for drug development. Moreover, its interactions with 
diverse proteins and involvement in multiple signaling 
pathways emphasize its significance as a possible target 
for treatment. Currently, several small molecule inhibi-
tors have been created to target PIM kinase activity spe-
cifically. These PIM kinase inhibitors can be classified 
into three distinct categories according to the nature of 
their ligand interactions with specific amino acid resi-
dues. The first category consists of ATP mimetic inhibi-
tors, where Glu121 is involved in the interaction. The 
second category encompasses non-ATP mimetic or ATP-
competitive inhibitors, which engage with Lys67 located 
in the hinge region of PIM1 kinase. The third category 
comprises inhibitors that exhibit interactions character-
istic of both ATP mimetic and non-ATP mimetic bind-
ing modes. These inhibitors function by binding to the 
enzyme’s catalytic domain, inhibiting its function, and 
disrupting downstream signaling pathways that could 
promote cancer growth. While some inhibitors like 
AZD1208, CX-4945, CXR1002, LY-2835219 and TP3654 
are undergoing clinical trials, many others are still in the 
preclinical research stage. Among the growing array of 
PIM1 kinase inhibitors, this review focuses on 15 such 
inhibitors in various solid tumors.

A953864.1 (Compound 14j)
This compound has demonstrated low nanomolar activ-
ity against PIM3, PIM1 and PIM2 (0.5  nM, 2  nM, and 
3  nM, respectively) and exhibits high selectivity for 
PIM kinases (Table  2) [114]. It is a highly bioavailable 
compound that can be administered orally. It has dem-
onstrated good overall efficiency in both enzymatic and 
cell-based tests, according to several investigations. It 
has also been discovered to have a lengthy half-life in 
liver microsomes, low protein binding, and excellent per-
meability. Compound 14j exhibits a significant level of 
specificity towards PIM kinases, leading to the suppres-
sion of BAD phosphorylation and triggering cell death 
by reducing the expression of Myc transcriptional target 
genes in cell lines obtained from Eμ-myc mice [114, 115]. 
This pan-PIM inhibitor functions by halting the growth 
of cells in LNCaP cell lines through the inhibition of Bad 
phosphorylation [31, 116].

AUM302
AUM302 has been recognized as a powerful inhibitor 
of cell proliferation and viability across different PDAC 
cell lines, displaying a lower IC50 value, which signifies 
its increased effectiveness in reducing cell growth and 
viability [117]. Treatment with AUM302 has been shown 
to significantly impact the cell cycle distribution by rais-
ing the number of cells in the G0 or G1 along with G2 or 
M phases while decreasing cells in the S phase, indicat-
ing a notable influence on cell cycle dynamics. Moreover, 
AUM302 treatment has been found to elevate the subG1 
population in specific PDAC cell lines such as BxPC-3 
and Capan-2, suggesting the induction of apoptosis. 
Additionally, AUM302 exerts a significant inhibitory 
effect on the phosphorylation of key proteins involved 
in the PI3K/AKT/mTOR signaling pathway, leading to 
reduced levels of c-Myc, a critical transcription factor for 
cellular metabolism and proliferation. Notably, AUM302 
has demonstrated efficacy against gemcitabine-resistant 
PDAC cells, positioning it as a promising candidate for 
PDAC therapy due to its diverse effects on cell prolif-
eration, cell cycle progression, apoptosis induction, and 
inhibition of PI3K/AKT/mTOR signaling (Table 2) [117].

AZD1208
AZD1208 serves as a potent and orally active pan-PIM 
kinase inhibitor, with IC50 values of 0.4  nM (PIM1), 
5 nM (PIM2) and 1.9 nM (PIM3) respectively (Table 2) 
[118]. This compound is derived from 1,3-thiazoli-
dine-2,4-dione and functions as an ATP-competitive 
inhibitor. It achieves this by forming hydrogen bonds 
with Lys67, Asp128, and Glu171 via its thiazolidine 
framework, while also engaging in hydrophobic inter-
actions with Pro123, Val126, and Leu174 through the 
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Table 2  PIM1 inhibitors in preclinical and clinical trials

No Compound Structure Class PIM Inhibition 
(IC50)

Clinical status 
and Clinical trial 
identification

Cancer References

1 A953864.1
(Compound 14j)

3H-benzo [4,5]
thieno [3, 2-d]
pyrimidin-4-one

PIM1: 2 nM
PIM2: 3 nM
PIM3: 0.5 nM

Preclinical Prostate cancer [31, 114–116]

2 AUM302 Triple kinase inhibitor PIM1: 410 nM Preclinical Pancreatic cancer [117]

3 AZD1208 Thiazolidene PIM1: 0.4 nM
PIM2: 5 nM
PIM3: 1.9 nM

Phase I
NCT01588548

Gastric cancer,
Prostate cancer 
and
TNBC

[40, 118–122]

4 CX-4945 Napthyridines PIM1: 48 nM
PIM2: 186 nM

Phase I/II
NCT00891280

Breast cancer [122–125]

5 CX-6258 7-(4H-1,2,4-triazol-
3-yl) benzo[c][2,6] 
naphthyridines

PIM1: 5 nM
PIM2: 25 nM
PIM3: 16 nM

Preclinical Solid tumors [31, 116, 125, 126]

6 CXR1002 Ammonium salt of
perfluorooctanoic 
Acid

PIM1: 40 nM
PIM2: 170 nM
PIM3: 240 nM

Phase I Pancreatic 
and Ovarian 
cancer

[31, 116, 126, 127]

7 DHPCC-9 Pyrrolo [2,3-α] 
carbazole

PIM1: 120 nM
PIM2: 510 nM
PIM3: 10 nM

Preclinical Breast cancer,
Prostate cancer, 
HNSCC

[31, 116, 128, 129]

8 IBL-302 - PIM1: 22.8 nM
PIM2: 7.74 nM
PIM3: 5.86 nM

Preclinical Breast cancer,
Prostate cancer

[130, 131]

9 LY-2835219 - PIM1: 50 nM
PIM2: 3.4 µM

Phase I
NCT02450539,
NCT02102490,
NCT02981940

NSCLC,
Breast cancer,
Brain cancer

[132, 133]

10 Quinoxaline deriva-
tives

Quinoxaline-2-car-
boxylic acid

PIM1: 74 nM
PIM2: 2100 nM

Preclinical Colorectal cancer [134, 135]
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phenyl ring [119]. In gastric cancer AZD1208 treat-
ment alone caused marked cell death through induc-
tion of autophagy. In addition, the combination of 
AZD1208 with an Akt inhibitor produced synergistic 
effects against tumors by affecting the regulation of 
the DNA damage repair pathway [120]. AZD1208 has 
been shown to be effective across different models of 
prostate cancer in both mice and humans. Its mecha-
nism involves the suppression of p53 protein and a 
combined therapeutic approach that includes radia-
tion-mediated c-Myc suppression [121]. Treatment 
with AZD1208 impaired the growth of both TNBC 
cell line and patient-derived xenografts and sensitized 
them to chemotherapy-induced apoptotic cell death 
through downregulation of Mcl-1 and Bcl-2 protein 
[40]. AZD1208 demonstrated its ability to inhibit acute 
myeloid leukemia (AML) through the modulation of 
PIM1 and STAT-5 expression [143]. It triggered apop-
tosis and caused cell cycle arrest in the MOLM-16 cell 
line by decreasing the phosphorylation of PIM kinase 
targets such as SE-BP1, Bad, and p70S6K, while simul-
taneously activating p27 and caspase-3 [143]. While 
the Phase 1 trial for AML was discontinued, it was 
successfully completed for advanced solid tumors and 

malignant lymphoma, demonstrating safety and toler-
ability (Table 2) [122].

CX‑4945
CX-4945 functions as an inhibitor of casein kinase 
2 (CK2α) and also targets PIM kinase. It effectively 
suppresses PIM1 and PIM2 isoforms at very low 
concentrations in the nanomolar range. The potent anti-
proliferative impact was observed in cell lines including 
MiPaca-2, PC-3, MDAMB231, K562, and MV4:11. Bio-
chemical assays revealed that the IC50 values for PIM1 
and PIM2 were 48 nm and 186 nm, respectively (Table 2). 
This suggests that the in vivo inhibitory effect is a result 
of inhibiting both the kinases CK2 and PIM [122]. This 
drug inhibits the phosphorylation of Bad at Serine-112 
and exhibits an inhibited cell growth in the MV-4–11 
AML cell line [123]. Phase I and II clinical studies for 
cholangiocarcinoma are now underway, and it is taken 
orally [124]. The structural analysis of the PIM1-CX-4945 
complex indicates that the inhibitor interacts with the 
protein through the formation of two direct hydrogen 
bonds [125]. The initial hydrogen bond occurs between 
the carboxylate group of CX-4945 and the amino group 
of Lys67 located at the active site of PIM1. The second 
hydrogen bond is established between the carboxylate 

Table 2  (continued)

No Compound Structure Class PIM Inhibition 
(IC50)

Clinical status 
and Clinical trial 
identification

Cancer References

11 Quercetagetin Flavonol 
quercetagetin 
(3,3′,4′,5,6,7-hydroxy-
flavone) (plexxicon)

PIM1: 340 nM
PIM2: 3450 nM

Preclinical Prostate cancer [136, 137]

12 SGI-1776 Imidazopyridazine PIM1: 7 nM
PIM2: 363 nM
PIM3: 69 nM

Phase I (failed)
NCT00848601

Prostate cancer [134, 135, 139, 141, 
142, 144, 146, 147]

13 SMI-4a Benzylidene-thia-
zolidene-2, 4- dione

PIM1: 24 nM
PIM2: 100 nM

Preclinical Prostate cancer [138–140]

14 7-(4H-1,2,4-triazol-
3-yl) benzo[c][2,6]
naphthyridine

Napthyridine PIM1: 1 nM
PIM2: 6 nM
PIM3: 86 nM

Phase I
NCT00891280

Kidney cancer,
Medulloblastoma,
Solid cancers

[122]

15 TP-3654 or
SGI-9481

Imidazo[1,2-b]
pyridazine and
pyrazolo[1,5-A]
pyrimidine

PIM1: 5 nM
PIM2: 239 nM
PIM3: 42 nM

Phase I
NCT03715504

Ovarian cancer, 
Colon cancer, 
NSCLC

[119, 141, 142]
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group of the inhibitor and the main chain amide of 
Asp186 situated within the A-loop [125].

CX‑6258
CX-6258, a derivative of furanamide, functions as a 
broad-spectrum inhibitor of PIM kinases (Table  2). It 
has exhibited potent anti-proliferative effects in cell lines 
originating from both human solid tumors and hemato-
logical malignancies. When administered to the MV4:11 
cell line, CCX-6258 decreased the phosphorylation of 
BAD and 4E-BP1, while FLT3 autophosphorylation 
remained unchanged. In PC-3 prostate cancer cell lines, 
CCX-6258, when combined with doxorubicin and pacli-
taxel, exhibited a synergistic antiproliferative effect. Oral 
administration of CCX-6258 in MV4:11 and PC-3 tumor 
xenografts led to a dose-dependent reduction in tumor 
growth [31, 116, 126]. CX-6258, interacts at the adenine 
binding site with an unusual oxindole ring. The oxygen 
within the inhibitor oxindole forms a hydrogen bond with 
the side chain amide of Lys67 and is further stabilized by 
carbonyl-π interaction with the sidechain of Phe49. The 
oxindole secondary amine forms a water mediated con-
tact with the main chain amide of Asp186. Further, the 
water network anchors the inhibitor at the sidechain of 
Glu89. The oxindole moiety is additionally stabilized by 
hydrophobic interactions contributed by the sidechains 
of Val52, Ala65, Ile104, Leu120, Leu174 and Ile185 [125].

CXR1002
CXR1002 is a perfluorooctanoic acid ammonium salt that 
serves as a lipid mimic, triggering ER stress and imped-
ing PIM1 kinase activity (Table 2). This compound alters 
the level of PIM1 kinase in K562 cells, causing the inhi-
bition of Mdm2 phosphorylation via PIM1. Various cell 
lines, including HT29, PC-3, A549, HepG2, and Panc-1 
xenograft models, have exhibited a strong response to 
CXR1002. Furthermore, CXR1002 has demonstrated a 
potent synergistic effect when combined with gemcit-
abine and doxorubicin in hepatic, ovarian, and pancreatic 
cancer cells [31, 127].

DHPCC‑9
The compound DHPCC-9 (1,10-dihydropyrrolo[2,3-
a] carbazole-3- carbaldehyde) is a PIM selective 
inhibitor that inhibits PIM1-dependent survival of 
cytokine-deprived myeloid cells (IC50 = 4–6  µM). It 
reduces the intracellular phosphorylation of PIM1’s 
downstream targets. Bad and prevents apoptosis. 
Additionally, treatment with DHPCC-9 decreases the 
migration of both squamocellular carcinoma cells (UT-
SCC-12A) and prostate cancer cells (PC-3) without 
impacting PIM1 protein levels or cell viability. Nota-
bly, it exhibits efficient inhibition of PIM1 and PIM3 in 

comparison to PIM2 (Table  2) [31, 116, 128]. Crystalli-
zation study have proposed that DHPCC-9 falls into the 
second category of PIM kinase inhibitors, competing 
with ATP for the binding site at the conserved Lys67 resi-
dues in PIM1 kinase active site [129].

IBL‑302
IBL-302 represents a significant advancement in oncol-
ogy by targeting both PIM and the PI3K/AKT/mTOR 
signaling pathways. This oral kinase inhibitor simultane-
ously addresses pan-PIM kinase, pan-PI3K and mTOR, 
providing a comprehensive treatment approach. Pre-
clinical studies evaluated IBL-302’s efficacy in various 
breast cancer cell lines (SKBR-3, BT-474, and HCC-1954) 
in  vitro and in BALB/c nude mice in  vivo. The results 
demonstrated that IBL-302 effectively suppressed pAKT, 
pmTOR, and pBAD, showcasing its promising anti-
tumor effects across different breast cancer models [130, 
131]. As a novel PIM and PI3K/mTOR inhibitor, IBL-
302 holds substantial potential as a breast cancer treat-
ment and warrants further exploration in clinical trials 
(Table 2).

LY‑2835219
LY2835219 is an orally available dual PIM1 and CDK4/6 
inhibitor. It effectively targets CDK4/6 and PIM1 and 
stands out for its ability to permeate the blood–brain bar-
rier. The inhibitor is currently in a Phase-1 trial and has 
exhibited G-1 phase arrest in colon xenografts, as well as 
in vivo anti-tumor activity (Table 2) [132]. The combina-
tion of Gemcitabine has shown impressive efficacy across 
various tumors, especially when used in conjunction with 
Temozolomide for targeting orthotopic brain tumor xen-
ografts. This effectiveness is attributed to Gemcitabine’s 
ability to cross the blood–brain barrier, highlighting 
its potential in treating central nervous system-related 
tumors [133]. Additionally, the dual inhibition of CDK4/6 
and PIM1 has demonstrated success in synergizing with 
Sunitinib in renal cancer cell lines [133].

Quinoxaline derivatives
A derivative of quinoxaline, quinoxaline-2-carboxylic 
acid, has demonstrated strong inhibition of PIM1 enzy-
matic activity at sub-micromolar concentrations (IC50 
of 74  nM) and moderate activity against PIM2, with an 
IC50 of 2.10 µM (Table 2) [134]. A new series of quinox-
aline-2-carboxylic acid compounds with dual PIM1/2 
inhibitory properties were synthesized through a struc-
ture-based design strategy, showing optimized activity on 
both PIM1 and PIM2 isoforms. Two major compounds, 
5c (6-Cl) and 5e (6-Br), were detected, demonstrat-
ing submicromolar potency against both PIM1 and 
PIM2 isoforms, along with a favorable among various 
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mammalian kinases [135]. These compounds were also 
effective in inhibiting the proliferation of human cell lines 
MV4-11 (acute myeloid leukemia) and HCT-116 (colo-
rectal carcinoma), which are characterized by elevated 
levels of PIM1/2 kinases. These promising results suggest 
that these compounds could be strong candidates for fur-
ther pharmacomodulation studies.

Quercentagetin
Quercentagetin is a flavonoid that functions as a highly 
specific ATP-competitive inhibitors of PIM1 kinase 
(Table 2). In RWPE2 prostate cancer cell lines with over-
expressed PIM1, Quercentagetin demonstrated a dose-
dependent inhibition of BAD phosphorylation [136]. 
The inhibitory effect of Quercentagetin is dependent 
on the levels of PIM1 kinase in other prostate epithelial 
cell lines. In vascular smooth muscle cells, stimulation 
with PDGF-BB led to elevated PIM1 mRNA expression, 
which subsequently caused an increase in protein levels 
and cell proliferation. This proliferative effect, however, 
could be effectively inhibited by either Quercentagetin or 
PIM1-targeted shRNA, indicating a potential therapeutic 
approach [137].

SGI‑1776
SuperGen Inc., USA, identified this pan-PIM 1st gen-
eration inhibitor. It was created by enhancing SC-47, an 
imidazole [1, 2-b] pyridazine derivative, using various 
in-silico screening techniques [144]. The inhibitor SGI-
1776 inhibits all the three PIM kinases and targets Flt3 
and Haspin, leading to uncertainty regarding its actual 
contribution and effectiveness (Table 2). SGI-1776 acts as 
an ATP competitive inhibitor of the PIM1 kinase, estab-
lishing a hydrogen bond with Lys67 located in the kinase 
active site. Additionally, it also exhibits robust interac-
tions with the residues Phe49 and Asp128/Glu171 [134]. 
Treatment of CLL cell lines with SGI-1776 decreased 
phosphorylation and overall protein levels of c-Myc while 
simultaneously enhancing the expression of the antia-
poptotic protein MCL-1, ultimately facilitating apopto-
sis [145]. Prostate cancer cells triggered apoptosis and 
G1 phase arrest by reducing phosphorylated p21Clp1/
WAF1 and Bad levels, demonstrating enhanced cyto-
toxic effects when paired with Paclitaxel/Dovetail [146]. 
For PDAC cells, it lowered phospho-Bad levels and 
induced alterations in the cell cycle, with more favorable 
outcomes observed when combined with Gemcitabine 
[147]. In Multiple Myeloma, PIM kinase expression was 
diminished by inhibiting protein synthesis pathways such 
as p70S6K and 4E-BP1 [148]. However, this compound 
did not progress past Phase 1 clinical trials owing to its 
toxicity.

SMI‑4a
SMI-4a is a potent, specific, cell-penetrating, and ATP-
competitive inhibitor of PIM1, showing an IC50 value 
of 24 nM. In addition, SMI-4a can inhibit PIM2 with an 
IC50 of 100 nM while not exerting significant inhibition 
on other serine/threonine or tyrosine kinases (Table  2). 
Molecular docking study of SMI-4a with PIM1 kinase 
suggested that the thiazolidine NH group donates a 
hydrogen bond to the carbonyl oxygen of Glu121, and the 
trifluorophenyl group makes numerous van der Waals 
contacts with the hydrophobic cleft [138]. SMI4a halts 
the G1 phase of the cell cycle in prostate and AML cell 
lines by blocking Cdk2 and relocating the PIM substrate 
p27kip1 [139]. The combination of SMI4a and rapamy-
cin synergistically stops mTOR activity, reduces 4E-BP-1 
expression via phosphorylation, and suppresses the pro-
liferation of leukemic cells. Co-administration of SMI4a 
and ABT-737, a Bcl2 antagonist, effectively induced 
apoptosis in prostate cancer cells in both in  vitro and 
in vivo experiments. Inhibition of PIM1 led to increased 
transcription of the BH3 protein Noxa by activating the 
unfolded protein response, which in turn caused eIF-2α 
phosphorylation and elevated expression of CHOP [140]. 
This drug is currently undergoing preclinical develop-
ment for AML with a focus on improving specificity and 
reducing cytotoxicity.

7‑(4H‑1,2,4‑triazol‑3‑yl) benzo[c][2,6] naphthyridine
The Triazolo-benzo[c]-2–6-napthyridines represent a 
class of pan-PIM kinase inhibitors, derived from the 
structural modification of the CK2 inhibitor CX-4945. 
These inhibitors were engineered by incorporating tria-
zole or amide (II) groups at the C (7) position, along 
with 2’-halogenoanilines at the C (5) position. This stra-
tegic design led to the development of highly potent 
inhibitors, targeting both PIM1 and PIM2 isoforms, 
with several analogs demonstrating efficacy at nanomo-
lar concentrations (Table  2). The compound inhibited 
BAD phosphorylation at Serine 112 and showed sig-
nificant antiproliferative effects on the AML cell line 
MV-4–11 (IC50 < 30 nM). Additionally, it markedly inhib-
ited the proliferation of various other cell lines, such 
as MDAMB231, K562, and PC-3. Biochemical assays 
revealed IC50 values of 48  nm for PIM1 and 186  nm 
for PIM2, indicating that the in  vivo inhibitory effect is 
owing to the dual inhibition of CK2 and PIM [122].

TP‑3654 or SGI‑9481
TP-3654 is a 2nd generation potent PIM1 kinase inhibi-
tor that is administered orally and has displayed activity 
against PIM2 and PIM3 while also exhibiting favorable 
selectivity against other kinases (Table  2). This com-
pound inhibits PIM kinase by forming hydrogen bonds 
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at Lys67 and Asp128 & hydrophobic interaction with 
Phe49 and Leu174, respectively [119]. This chemical 
selectively disrupts drug transport mediated by ABCG2, 
a protein that plays a vital role in drug efflux and multid-
rug resistance in cancer cells. Clinical trials are underway 
to examine the potential of TP-3654 in treating advanced 
solid tumors and myelofibrosis. Studies have shown 
that TP-3654 effectively reverses multidrug resistance 
in cancer cells that overexpress ABCG2, making them 
more responsive to cytotoxic drugs such as topotecan, 
SN-38, and mitoxantrone. By targeting ABCG2 specifi-
cally, TP-3654 can be a valuable addition to combination 
therapies aimed at enhancing the efficacy of existing anti-
cancer drugs without interfering significantly with other 
drug transporters like ABCB1 [141, 142].

Conclusion and future prospects
PIM1 kinase is a critical player in cell growth, differen-
tiation, survival, and resistance to chemotherapy. The 
overexpression of PIM1 proto-oncogene is a common 
occurrence in different cancer types, leading to unfa-
vorable clinical outcomes. Its interactions with various 
proteins and involvement in signaling pathways high-
light PIM1 as a promising target for anti-cancer research. 
Research have demonstrated that targeting PIM1 can 
effectively slow down tumor growth in animal models 
without causing side effects, suggesting its potential as 
a therapeutic strategy for certain solid tumors. Despite 
ongoing clinical trials, no pan-PIM kinase or PIM1-spe-
cific inhibitors have been authorised by the FDA. Despite 
the fact that several pan-PIM inhibitors have undergone 
clinical trials, their limited selectivity has raised concerns 
about potential side effects. Nonetheless, the develop-
ment of new PIM1 inhibitors remains active, with several 
promising candidates undergoing preclinical evaluation 
(Table 2).

Data from preclinical research suggests that PIM1 
inhibitors are as potent as monotherapies. Nonethe-
less, their effectiveness is further amplified when com-
bined with chemotherapy or other targeted therapies. 
Targeting PIM1 alone has proven to be less effective 
due to the presence of alternative signaling routes that 
restrict the safe and acceptable dose due to inhibitor 
toxicity and acquired resistance. A multi-modal strategy 
for treatment, integrating PIM1 inhibitors with inhibi-
tors of other signaling pathways, such as PI3K/AKT/
mTOR, may help overcome these challenges. This strat-
egy could reduce toxicity, enhance patient quality of 
life, and potentially improve survival outcomes. Within 
our review, we have highlighted the diverse PIM1 sign-
aling pathways present in different cancer types, all of 
which hold potential as targets for cancer therapy. This 
review has explored the various PIM1 signaling pathways 

across different types of cancer, highlighting their poten-
tial as therapeutic targets. Some combination therapies 
have already shown promising leads to both in vitro and 
in  vivo studies, underscoring the need for clinical trials 
to evaluate their potential benefits for patients [126, 127, 
133, 149]. Moreover, exploring combination therapies 
that incorporate PIM1 inhibitors with compounds that 
have the ability to increase the expression of particular 
tumor suppressor molecules is crucial. By creating and 
implementing these synergistic treatment approaches, we 
can unleash the complete potential of PIM1 as a critical 
role for cancer therapy.
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