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Abstract

Lineage plasticity, the capacity of cancer cells to transition be-
tween different cell states, has emerged as a critical mechanism of
therapy resistance in prostate cancer. This review summarizes re-
cent insights into the molecular drivers, clinical implications, and
potential therapeutic targets associated with lineage plasticity in
prostate cancer, focusing on the JAK/STAT, FGFR, and KIT signaling
pathways.

Phase 2 Accelerator, Biotech and Pharmaceutical Valley,
Jiangbei New Area, Nanjing, Jiangsu, 210032, The People’s
Republic of China.

Email: peng_peng@transtherabio.com

Received: April 01, 2024
Accepted: May 02, 2024
Published: May 09, 2024

Introduction

Prostate Cancer (PCa) ranks as the most diagnosed tumor
and the second leading cause of cancer-related deaths among
men in the US, comprising an estimated 29% of new diagnoses
and 11% of total cancer-related morbidity in 2024 [1]. While
Androgen Receptor (AR) signaling plays a pivotal role in PCa
development, Androgen Deprivation Therapy (ADT) followed
by AR Signaling Inhibitors (ARSIs) has been the cornerstone of
treatment [2-5]. However, despite advancements with ARSIs,
therapy duration remains limited due to emerging resistance
mechanisms, including AR-dependent mutations, Amplification
and Splice Variants (AR-Vs); AR bypass such as Glucocorticoste-
roid Receptor (GR), and other AR-independent mechanisms.
Among these, lineage plasticity, the ability of cancer cells to
transition between different cell states, has been proposed to
play a critical role in hormone therapy resistance in PCa [6,7].

Lineage plasticity in prostate cancer, characterized by shifts
from Androgen Receptor (AR)-positive adenocarcinoma to AR-
low or AR-null Neuroendocrine Prostate Cancer (NEPC), has
emerged as a hallmark of Castration-Resistant Prostate Cancer
(CRPC) and a significant therapeutic challenge [2,3,4,7]. This re-
view explores the molecular mechanisms driving lineage plas-
ticity, with particular emphasis on recent advances post-2022.

Characteristics of Lineage Plasticity in PCa Progression

ADT is still the mainstay treatment of newly diagnosed pa-
tients, and new generation of ARSIs are well-developed to blunt

the post-ADT androgen synthesized intratumorally or metabo-
lized by adrenally-produced androgen precursors [8]. In the past
decade, novel ARSIs interfering AD/androgen interaction — such
as enzalutamide, apalutamide and darolutamide- or blocking
androgen biosynthesis — for instance abiraterone acetate and
ODM-208 [9] — have been well-studied (or still ongoing) and
approved (or in late clinical stage) for the treatment of CRPC.
However, post-ARSI resistance is emerging recently, among
which approximately 20% of CRPC tumors represent NEPC fea-
tures [10].

The recent research has elucidated the molecular events
occurring in early-stage prostate cancer cells that confer the
capability of lineage plasticity. Loss-of-function mutations
in tumor suppressor genes RB1, TP53, and PTEN, alone or in
combination, contribute significantly to lineage plasticity. The
comprehensive genomic analysis of NEPC found that the con-
comitant loss of more than one of these critical factors is en-
riched in NEPC other than PCa. For instance, RB1 loss and the
mutation or deletion of TP53 occur together more commonly
in NEPC tumors (53.3%) than in castration-resistant adenocar-
cinoma PCa (13.7%) [11]. Ku’s study [12] suggests that Rb1 loss
plus Pten mutation facilitates lineage plasticity and metastasis
of prostate adenocarcinoma, while with additional loss of Trp53
causes resistance to ADT. TP53 and RB1 suppress the expres-
sion of epigenetic reprogramming factors such as Ezh2, Sox2,
and Sox9, and upregulation of these epigenetic reprogramming
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factors in the genetic background of TP53 and/or RB1 loss leads
to the establishment of a pluripotent stem-like environment
that induces plastic status with multiple lineage potentials in
prostate cancer cells [11,13-15]. Additionally, amplifications of
MYCN and AURKA also contribute to the genome-wide rewir-
ing. Therefore, lineage plasticity, stemming from the loss of
tumor suppressor genes, represents an inherent characteris-
tic of cancer (a cell-autonomous process), and its progression
is expedited by ARSIs treatment and modulated by the tumor
microenvironment.

In line with the concept of cell-autonomy, although still sub-
ject to debate, evidence indicates a transdifferentiation pro-
cess from the adenocarcinoma lineage to the neuroendocrine
lineage, rather than the clonal selection of pre-existing cells
with alternative lineages. Support for this transdifferentiation
hypothesis comes from findings that luminal-specific genomic
alterations, such as ERG translocation, are retained in Neuroen-
docrine Prostate Cancer (NEPC) [2,8,16].

Lineage plasticity is characterized by a gradual decline in AR
expression and luminal markers, accompanied by the acquisi-
tion of basal and Neuroendocrine Prostate Cancer (NEPC) mark-
ers. Throughout this process, Prostate Cancer (PCa) displays
intermediate states with a blend of basal, luminal, Epithelial-
Mesenchymal Transition (EMT), stemness, and NEPC features
(Figure 1). Plasticity is first initiated in an epithelial population
defined by mixed luminal-basal phenotype [2]. NEPC tumors,
the end stage of lineage plasticity, undergo a histological trans-
formation marked by elevated expression of neuroendocrine
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Figure 1: The process of lineage remodeling and treatment strat-
egy in CRPC.

For naive Castration-Resistant Prostate Cancer (CRPC) relapsed af-
ter Androgen Deprivation Therapy (ADT) with increased prostate
specific antigen (PSA, also known as KLK3) level, initial responses to
Novel Hormonal Therapy (NHT) are marked by the PSA reduction,
indicating tumor regression. However, prolonged androgen recep-
tor (AR) suppression and genetic alterations (especially TP53/Rb1
loss) can lead to lineage plasticity, resulting in heterogeneous, NHT-
resistant cancer cells. This phenotypic remodeling involves activa-
tion of the JAK-STAT and FGFR pathways, driving cells into a pluripo-
tent state with the potential to differentiate into various subtypes.
This stage is characterized by EMT and increased stemness, with
a downregulation of luminal markers and AR signaling. Dual inhi-
bition of JAK-STAT and FGFR can potentially reverse this remodel-
ing process in transitional cells, reverting them to AR-dependent
states and restoring NHT sensitivity. After the transition phase,
the lineage remodeling is irreversible through the blockade of JAK
and FGFR pathways. Cells manifest as heterogeneous tumors with
distinct subtypes, such as NEPC and DNPC, each driven by specific
oncogenic pathways like KIT, AP-1 or WNT. However, it’s promising
to eliminate these cells through targeting the specific driver path-
ways, such as KIT or AP-1 upstream signaling.

Tinengotinib, a multi-kinase inhibitor, exhibiting great inhibition on
JAKs, FGFRs, Aurora kinases and KIT. Through blocking NE-lineage
remodeling to restore the sensitivity of NHT, tinengotinib combined
with NHT possesses great potential in treating heavily-treated
CRPC.

markers and decreased expression of luminal markers, indi-
cating a shift away from AR signaling dependency [8]. Under-
standing the molecular characteristics and driving pathways of
lineage plasticity at different stages may provide unique oppor-
tunities for pharmacological intervention to prevent, delay, or
even reverse plasticity.

The intermediate lineage each expresses a distinct group of
biomarkers. NEPC lineage relinquishes reliance on AR signaling
and adopts a histological profile of neuroendocrine differentia-
tion. Generally, NEPC tumors exhibit positivity for Numerous
Neuroendocrine (NE) markers, including Synaptophysin (SYP),
CD56 (NCAM), Chromogranin A/B (CHGA/B), neuron-specific
enolase (NSE), INSM1, and ASCL1, while typically lacking ex-
pression of luminal markers like PSA, which is closely associated
with the AR signaling pathway [8]. Furthermore, the intermedi-
ate lineages observed in the progression of Castration-Resistant
Prostate Cancer (CRPC) extends beyond NEPC, encompassing
other lineage signatures such as increased EMT and pluripotent
stemness [8,11,13-15]. Typical markers for each lineage charac-
teristic are detailed in Table 1.

Molecular Mechanisms Driving Lineage Plasticity in PCa
Progression

JAK/STAT/IL-6 axis

The JAK/STAT/IL-6 signaling pathway is a complex cellular
communication system that plays a crucial role in various bio-
logical processes, including immune responses, cell growth,
differentiation, and survival. Recent research on the JAK/STAT/
IL signaling pathway in prostate cancer lineage plasticity has
provided significant insights into the mechanisms that drive the
progression and resistance to therapy (especially ADT/ARSIs) in
prostate cancer.

Deng et al. [17] reveals that the ectopic (abnormal) activa-
tion of JAK-STAT signaling is required for lineage plasticity-
driven resistance to AR-targeted therapy in metastasis CRPC,
particularly in the context of TP53/RB1 deficiency and SOX2
upregulation. This activation allows cancer cells to transition to
a stem-like and multilineage state, which confers resistance to
therapy. The data showed that JAK-STAT signaling is specifically
required for subclones expressing stem-like and multilineage
transcriptional programs, rather than those exclusively express-
ing a neuroendocrine-like lineage program. Both genetic and
pharmaceutical inhibition of key components of the JAK-STAT
pathway, including JAK1/JAK2 and STAT1/STAT3, can resensitize
resistant mCRPC cells to AR-targeted therapy.

Also, in 2022, Chan et al. [2] published their investigations on
the role of JAK/STAT inflammatory signaling in lineage plasticity
in prostate cancer on science. They observed that the loss of
tumor suppressor genes Trp53 and Rb1 led to the lineage tran-
sitions, depending not only on elevated JAK activity, but also
FGFR. With combinatorial inhibition of JAK and FGFR pathways
led to the reversion to a more luminal phenotype and increased
sensitivity to the anti-androgen drug enzalutamide, indicating
dual inhibition of JAK and FGFR pathways could be a potential
therapeutic strategy to overcome this resistance and improve
treatment outcomes for patients with CRPC by resensitizing
end-stage CRPC to ARSIs with AR recovery.

FGFR

FGFR, or fibroblast growth factor receptor, is a family of
Receptor Tyrosine Kinases (RTKs) that is expressed on the cell
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Table 1: Representative markers for each lineage.

Representative Markers

Luminal and AR Pathway Markers

AR, KLK3 (PSA), KRT8, KRT18, NKX3-1, FOXA1 TMPRSS2, HOXB13, FOLH1, DPP4, TFF3

Basal Markers

TP63, KRT5, KRT14

NE Markers

ENO2, NCAM1, CHGA, SYP, CHGB

NE Transcriptional Factors

POU3F2, ASCL1, NEUROD1, INSM1

Stem and Pluripotent Transcriptional Factors

SOX2, POU5F1, NANOG, PAX6

membrane and play crucial roles in various cellular functions,
including migration, proliferation, differentiation, and surviv-
al. FGFR signaling pathway is significantly activated in certain
molecular subtypes of CRPC, and plays a significant role in the
biological characteristics of prostate stem cells, particularly in
maintaining the stem cell state and promoting their differentia-
tion, indicating its great potential to treat end-stage CRPC pa-
tients [18-21].

Huang’s lab [18,19] report that prostaspheres, a Three-
Dimensional (3D) spherical valuable model for studying the
properties of prostate stem cells, are derived from the P63-ex-
pressing P-bSCs (basal prostate stem cells), which contain both
quiescent and cycling cells that can either differentiate to basal
epithelial or luminal epithelial cells. FGF/FGFR signaling is re-
quired for self-renewal and stemness of P-bSCs, as treatment
of cells with FGF7 or FGF10 increases sphere formation and
ablation of FGFR2 or FRS2 in P-bSCs abrogates such elevation.
Juyeon et al. [20] also provide evidence that FGFR1 plays an es-
sential role in the proliferation of PCa CSCs (cancer stem cells) at
both molecular and cellular levels.

Estefania et al. [22] demonstrates that FGFR1 and its iso-
forms have a significant impact on the metastatic progression
of PCa, particularly to bone. The increased expression of FGFR1
in CRPC bone metastases and its association with genes like
LAD1 highlight its role in facilitating the spread of cancer cells
to the bone. FGFR is regulated in prostate cancer through vari-
ous mechanisms, including the promotion of its expression and
activation by proteins like ID2 [23] and Gremlin1 [24], as well as
by circular RNAs such as circFGFR1int2 [25]. These regulators
contribute to the progression of the disease and the develop-
ment of resistance to treatments like ADT and ARSls.

FOXA2/cKIT

Ming et al. [26] identifies FOXA2 as a pioneer factor that
orchestrates the adeno-to-neuroendocrine lineage transition
in prostate cancer. FOXA2 expression is significantly induced
by ADT, and its knockdown can reverse the transition from
adenocarcinoma to neuroendocrine cancer, while FOXA1 has
been extensively studied for its role in maintaining the luminal
phenotype. FOXA2 directly promotes the Kit expression, and
this activation of the KIT pathway is specific to neuroendocrine
cells and plays a crucial role in maintaining their proliferation.
Pharmacological inhibition of the KIT pathway by imatinib, a KIT
inhibitor, significantly suppresses tumor growth in both mouse
and human NEPC models, indicating the potential of KIT inhibi-
tors in treating CRPC patients in the future.

Conclusions and Therapeutic Implications

Prostate cancer progression, driven by lineage plasticity, en-
tails a shift from androgen-dependent to androgen-indepen-
dent states. Lineage plasticity poses a complex and multifaceted
challenge in prostate cancer, complicating late-stage outcomes
in Castration-Resistant Prostate Cancer (CRPC) patients, particu-
larly those who develop resistance to Androgen Receptor Sig-
naling Inhibitors (ARSIs). End-stage CRPC is historically marked

by phenotypic heterogeneity, making it difficult to definitively
classify tumors as entirely AR-positive or NEPC in black and
white.

Comprehending the molecular mechanisms underlying lin-
eage plasticity is crucial for devising novel therapeutic strate-
gies. The identification of key molecular drivers such as the JAK/
STAT, FGFR, and cKIT signaling pathways, alongside the clinical
characterization of NEPC, has facilitated the development of
targeted therapies. Continuous research into lineage plasticity
mechanisms and the exploration of innovative therapeutic ap-
proaches aimed at impeding or reversing lineage transitions are
imperative for enhancing outcomes in patients with advanced
prostate cancer.

The field of prostate cancer research is advancing rapidly.
Future studies should prioritize the development of robust pre-
clinical in vitro and in vivo models, the exploration of biomark-
ers for lineage plasticity, the identification of novel therapeutic
targets, and the design of clinical trials to assess the efficacy of
targeted therapies. Tinengotinib, the sole kinase inhibitor tar-
geting all aforementioned pathways—JAK, FGFRs, and Aurora
kinases—has demonstrated promising potential in treating ad-
vanced-stage CRPC [27]. As of August 28, 2023, in a published
study, 22 out of 30 heavily treated metastatic CRPC patients
were assessable for efficacy, with 13 evaluated using RECIST
v1.1 criteria and 14 assessed based on PSA levels. The median
Radiographic Progression-Free Survival (rPFS), Overall Response
Rate (ORR), and Disease Control Rate (DCR) were 5.6 months,
46% (6/13), and 85% (11/13), respectively, while the PSA50 re-
sponse rate was 50% (7/14). With a deeper understanding of
the mechanisms governing lineage plasticity, it is expected that
more effective personalized treatment strategies will emerge,
leading to improved patient outcomes.
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