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ABSTRACT: Cyclin-dependent kinases (CDKs) are critical regulators of the cell cycle and play essential roles in DNA repair and
maintenance of genome stability. Importantly, dysregulation of CDK activity is a key contributor to oncogenesis. CDKs functionally
interact with various regulatory molecules, including cyclins, CDK protein inhibitors, and transcription factors such as p53 and
retinoblastoma (RB) proteins. Upon mitogenic stimuli, CDK4/6 binds to cyclin D proteins, leading to hyperphosphorylation of RB
proteins, activation of E2F-dependent transcriptional programs, as well as cell cycle initiation and progression. Dysregulation of
CDK4/6 action is associated with cancer, and CDK4/6 inhibitors have emerged as very important anticancer therapies. This review will
focus on the molecular mechanisms by which CDKs and cyclins regulate the cell cycle, their roles in maintaining genomic integrity,

their interactions with RB, and the therapeutic potential of CDK 4/6 inhibitors.

Doi: 10.48286/ar0.2026.124

Impact statement: The transition from broad-spectrum kinase
inhibitors to selective CDK4/6 inhibitors represents an impor-
tant step in oncology, moving away from high-toxicity “pan-CDK"
approaches toward targeted, precision medicine.

INTRODUCTION

Cyclin-dependent kinases (CDKs) are a family of ser-
ine/threonine kinases with crucial roles in many cel-
lular processes, including cell cycle progression and
transcriptional regulation (1). CDKs were originally
identified and categorized based on their functions
in cell cycle regulation and their association with
activating partners, such as cyclins and CDK activat-
ing kinases (2-4). CDKs involved in cell cycle regula-
tion include CDK1, CDK2, CDK3, CDK4, CDKS5, CDK®,
CDK14, CDK15, CDK16, CDK17, and CDK18. Whereas
CDK7, CDK8, CDK9 (5), CDK10, CDK11, CDK12, CDK13,
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CDK19, and CDK20 are involved in transcriptional
regulation. CDK2, CDK4 and CDK?7 play a role in
immune response activation, while CDK1, CDK2,
CDKS5 and CDK12 contribute to the DNA damage
response (DDR). Accordingly, CDK activity is tightly
regulated in a cell cycle phase-dependent manner
by specific cyclins, changes in phosphorylation, and
other regulatory molecules including CDK protein
inhibitors (6). Beyond their key role in triggering cell
cycle entry (Figure 1), CDKs orchestrate DNA syn-
thesis and chromosome segregation (7), which are
crucial processes for cell cycle progression and cell
fate determination.
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Figure 1. Overview of cell cycle regulation and the revised “Competing Clock” model.

This diagram illustrates the major phases of the mammalian cell cycle (G1, S, G2, M) and the quiescent state (GO). Cycle progression is driven
by mitogenic stimuli and governed by specific CDK and cyclin complexes (e.g., Cyclin D-CDK4/6, Cyclin E-CDK2). The canonical Restriction
Point (R Point) mechanism is detailed on the right. Cyclin-CDK-mediated phosphorylation of RB proteins releases the E2F transcription factor,
leading to commitment to proliferation. The lower section presents the revised “Competing Clock Model” (Cornwell et al., 2023). Contrary

to the canonical view of irreversible commitment after the R point, this model proposes that mitogen withdrawal post-R point leads to a

decrease in Cyclin A levels. Insufficient Cyclin A fails to sustain necessary CDK2 activity, resulting in a cell pool exiting cycle in a senescent

state with 4N DNA content, rather than entry into mitosis.

CDK4 and CDK6 (CDK4/6) are the main CDKs respon-
sible for cell cycle initiation and proliferation, as they
modulate retinoblastoma (RB) family tumor sup-
pressor protein activity by promoting their hyper-
phosphorylation (8). Hyperphosphorylated RBs are
inactivated, thereby releasing E2F-dependent tran-
scriptional programs (9-11). Dysregulation of CDKs,
specifically (CDK4/6), are associated with cancer ini-
tiation. Thus, CDK4/6 inhibitors are very attractive
targets for cancer therapy. In this review, we will
discuss molecular properties of CDKs and cyclins,
including their main protein interactors, role in mod-
ulating the cell cycle, and focus on CDK4/6 inhibitors
currently used in clinical practice. Although CDK4/6
inhibitors have transformed the therapeutic land-
scape of hormone-receptor-positive (HR*) breast
cancer, substantial unmet needs remain, including
mechanisms of drug resistance, incomplete under-
standing of CDK4 versus CDK6 dependency across
tumor types, lack of robust predictive biomarkers,

and limited benefit in RB-deficient or Triple-Nega-
tive Breast Cancer (TNBC). Moreover, the expand-
ing evidence that CDK inhibition modulates tumor
immunogenicity underscores the need to redefine
CDK targeting beyond cytostatic control and toward
rational combination strategies. Thus, a comprehen-
sive reassessment of CDK biology and therapeutic
targeting is both timely and necessary.

THE CELL CYCLE

The cell cycle is crucial for controlling cell devel-
opment and cell regulation (12). The cell cycle, as
shown in Figure 1, is divided into GO, G1, S, G2, and
M phases. When cells are withdrawn from the cell
cycle, they are in a quiescent state, defined as the
GO phase (13). The S and M phases are parted by
the G1 and G2 phases, which are defined also as
“Gap Phases.” Upon mitogenic stimuli, cells enter
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the cell cycle in the G1 phase and then proceed
through the synthesis (S) phase, where DNA rep-
licates, followed by the G2 phase (13). In the mito-
sis (M) phase, cell division occurs. CDKs and part-
nering cyclins are essential components in modu-
lating the cell cycle (Figure 1), and dysregulation
of this process is associated with many diseases,
including neoplasia. Genetic abnormalities such as
gene amplification (i.e., CCND1, CDK4), overexpres-
sion (i.e., Cyclin E), translocation (i.e., t11;14), and
3-UTR mutations can often cause dysregulations
in CDKs, cyclins, affecting cell cycle progression and
possibly leading to cancer development (12, 14-16).
In mammalian cells, growth factor stimulation pro-
motes cell exit from the GO phase and initiation of
the G1 phase (2). Importantly, CDK4/6 interaction
with cyclin D is the primary contributor to starting
the G1 phase. Furthermore, the activation of CDK2
and cyclin E begins at the G1/S phase transition, as
confirmed by using inhibitory anti-cyclin E antibod-
ies, which blocked the cells at the start of the G1/S
phase transition (17, 18).

The restriction (R) point of the cell cycle is a crucial
checkpoint in late G1 when cells commit to prolif-
eration and DNA replication at the G1/S transition
and become largely independent of continued mito-
genic stimulation (18). In early G1, mitogen-depen-
dent induction of D-type cyclins promotes the forma-
tion of cyclin-D-CDK4/6 complexes, which initiate RB
phosphorylation and weaken RB-mediated repres-
sion of E2F transcription factors (2, 19). As mitogens
promote the assembly of cyclin-CDK complexes, they
activate cyclin-CDKs, which progressively phosphor-
ylate RB, destabilizing inhibitory RB-E2F complexes
and releasing E2F proteins to activate transcription
of genes required for S-phase entry (9, 20). Consis-
tent with this sequential model, cyclin E-CDK2 activ-
ity rises at the G1/S transition, further reinforcing
RB inactivation through RB hyperphosphorylation
and establishing a CDK-E2F positive feedback loop
that consolidates commitment to S phase (9, 17).
Before passage through the R point, mitogen with-
drawal reduces upstream cyclin D-CDK4/6 signal-
ing and favors re-establishment of RB-dependent
repression, in part through increased CDK inhibitor
activity (e.g., p21/p27), thereby preventing RB hyper-
phosphorylation and blocking E2F-dependent tran-
scription (21, 22). By contrast, after cells pass the R
point, RB remains functionally inactivated and the
E2F-driven transcriptional program sustains progres-
sion through S phase even when mitogenic signals
decline, while subsequent cyclin-CDK complexes
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coordinate orderly transitions across the remain-
ing phases of the cell cycle (Figure 1) (18).

Cornwell and colleagues recently presented a revised
model, the competing clock model, in which they pro-
posed that mitogen withdrawal results in a decrease
of cyclin A protein level resulting in cell cycle exit,
even after passing the R point (18). Notably, cells
with 4N DNA content exiting the cell cycle (about
15%) are not in GO but in a sort of senescent state.
Cells enter mitosis only when sufficient cyclin A pro-
tein is available to sustain CDK2 protein activity (18).

CDKS

CDKs are conserved across eukaryotes, ranging
from unicellular organisms such as yeast to com-
plex mammalian organisms (23). In humans, the
CDK family comprises 20 members classified into
two main categories: “cell cycle CDKs" and “transcrip-
tional CDKs" (24-26). The “cell cycle CDKs" are CDK,
CDK2, CDK3, CDK4, CDK6, and CDK7, and primarily
regulate cell cycle progression, whereas the “tran-
scriptional CDKs", CDK7, CDK8, CDK9, first identi-
fied as proteins containing the “PITALRE” motif (27),
CDK10, originally cloned as a “PISSLRE"-containing
protein (27, 28) and CDK11, CDK12, and CDK13, mod-
ulate the transcription of specific target genes (24).
All CDK proteins share a conserved 250 amino acid
catalytic domain with two-lobe structures: the ami-
no-terminal (N) lobe and the carboxy-terminal (C)
lobe (29). The N lobe presents B-sheets while the
carboxy-terminal lobe presents a-helices and has
an active sandwich-like site in between. The N-lobes
have a glycine-rich inhibitory element, known as the
G-loop, while C-lobes have an activation segment
which contains the conserved PSTAIRE sequence in
CDK1. The C-lobes also contain an activation domain,
which extends from the Asp-Phe-Gly (DPG) motif
to the Ala-Pro-Glu (APE) motif (30), while including
phosphorylation-sensitive residues in their T-loops
(31). For all CDKs except CDKS5, phosphorylation of
T-loops is required for kinase activation.

CDK4/6 are homologous CDKs that are essential for
mammalian cell proliferation (19), as they drive pro-
gression through the cell cycle from the G1 phase
to S phase. CDK4/6 function differs from CDK1 and
CDK2, which work during later stages of the cell cycle.
The activity of CDK4/6 is tightly regulated by cyclin D
isoforms (D1, D2, and D3), whose expression is mod-
ulated by extracellular signals, including mitogens,
cytokines, and cell-cell contact (19, 32). Under mito-
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Figure 2. Regulation of G1-S phase transition by Cyclin D-CDK4/6 and selective CDK4/6 inhibitors action.

(A) Mitogenic signals, including growth factors, cytokines, and cell-cell contact, induce cyclin D during early G1 phase. Cyclin D isoforms (D1,
D2, and D3) associate with CDK4 and CDK®6 to form active Cyclin D-CDK4/6 complexes, which phosphorylate RB proteins. RB phosphorylation
disrupts its inhibitory action on E2F transcription factors, resulting in E2F activation and transcription of genes required for G1-S phase
transition and cell cycle progression. (B) Pharmacological inhibition of CDK4/6 by selective inhibitors, including palbociclib, ribociclib, and
abemaciclib, block Cyclin D-CDK4/6 kinase activity and prevents RB phosphorylation. Thus, RB remains bound to E2F, suppressing E2F-
dependent transcription and leading to G1 cell cycle arrest, thereby preventing progression into S phase.

genic stimuli, D-type cyclin levels increase, leading
to the formation and activation of cyclin D-CDK4/6
complexes and subsequent phosphorylation and
inactivation of RB proteins, releasing their inhib-
itory action on E2F transcription factors, thereby
promoting transcription of genes essential for cell
cycle progression and entry into S phase (Figure 2A).
Itis important to specify that CDK7 plays a dual role
within the cell. In addition to being a crucial com-
ponent of the general transcription factor TFIIH, it
functions as a Cyclin-Activating Kinase (CAK). In this
capacity, CDK7 phosphorylates the T-loop activa-
tion segment of several key kinases, including CDK1,
CDK2, CDK4, and CDK®, thereby enabling their cat-
alytic activity (33).

CYCLINS

Cyclins are key for cell cycle progression and work
with their cell cycle-specific CDK partners (34). The
cyclin-CDKs complexes are essential modulators

of the cell cycle, each complex working at specific
phases of the cell cycle. Cyclin proteins contain cyclin
box domains (CBDs) or CBD-like domains which reg-
ulate cyclin-CDK binding (35). CBDs were first discov-
ered in the cell cycle proteins of sea urchins. There
are 46 human proteins which contain CBDs or CBD-
like domains, where 29 of them are direct CDK acti-
vators, such as Speedy A and p35 (35). However, not
all CBDs and CBD-like domains-containing cyclins
have a CDK partner, like G-type cyclin.

D-type cyclins are crucial for controlling cell cycle
transition to the G1 phase as well as cell cycle pro-
gression (36) through the G1/S transition phase.
D-type cyclins are essential, especially during mito-
genic signaling, where they are required for initiat-
ing cell cycle in response to growth factor stimula-
tion. D-type cyclins form a complex with CDK4 or
CDK®6 to modulate the transition from the G1 phase
to S phase. D-type cyclins are essential prognostic
biomarkers, especially for neoplasia since they are
predictors of cell proliferative capacity (34). Three
genes encode for specific D-type cyclins, each located
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on a different chromosome (36). Those genes are
CCND1:11q13.3, CCND2:12p12.23, and CCND3: 6p21.1,
which encode for a specific D-type cyclin that share
approximately 57% protein sequence identity and
are expressed during the G1 phase and G1/S phase
of the cell cycle.

During S phase, the cyclin A-CDK2 complex promotes
DNA replication and facilitates the S to G2 transition
(37). As cells progress into late S/G2, cyclin Aincreas-
ingly associates with CDK1, supporting early mitotic
events and faithful chromosome segregation, in part
by regulating the stability of kinetochore-microtu-
bule attachments (37).

Eukaryotic species have three B-type cyclin genes
(CCNB1, CCNB2, and CCNB3), which are expressed
during the G2/M phase transition period of the cell
cycle (38, 39). In yeast model organisms, the Mcm1
transcription factor interacts with Swi Five Factor
(SFF), and SFF mediates cell cycle-dependent pro-
moter activation of CCNB7 and CCNB2. In addition,
the CCNBT promoter is regulated by cis-acting ele-
ments, which require the activation of a G2/M pro-
moter; therefore, cyclin B works with CDK1 for acti-
vation of the G2/M transition period, indicating a
phase-specific CDKs activation, and expression of
their accompanying cyclins, including regulation
during the transition phase (38).

E-type cyclins are also essential proteins during the
G1and G1/S transition phase of the cell cycle (40, 41).
Mammals express two E-type cyclins, cyclin E1 and
cyclin E2, which activate CDK2 to promote cell cycle
progression via phosphorylation of cellular proteins
during the G1 and S phases. Cyclin E1 and cyclin E2
are expressed in all proliferating cell types and share
similar amino acid sequences. In addition, E-type
cyclins can also activate CDK1 and CDK3 proteins,
and elevated cyclin E-CDK2 activities were observed
in various human tumors, as they are correlated to
anticancer drug resistance (41). However, in nor-
mal growth conditions, the cyclin E-CDK2 complex
is most active in cells that are in the G1 phase (40).
Cyclin M (FAM58A), in association with CDK10, regu-
lates transcription by phosphorylating ETS2, which
in turn modulates the expression of targets such as
c-RAF. Scientific evidence highlights the role of CDK10
in the G2/M transition and in maintaining genome
stability. Clinically, the loss of function of the cyclin
M/CDK10 complex has been linked to endocrine ther-
apy resistance in breast cancer, specifically contrib-
uting to the mechanisms of tamoxifen resistance
(33). Low levels of the Cyclin M/CDK10 complex are
associated with a broad form of endocrine resis-
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tance in breast cancer extending beyond tamoxi-
fen to other estrogen receptor (ER)-targeted ther-
apies, including aromatase inhibitors and fulves-
trant (42). Loss or reduced expression of CDK10 pro-
motes activation of alternative proliferative signal-
ing pathways, most notably the RAF-MEK-ERK MAPK
cascade, through stabilization of the transcription
factor ETS2 and increased expression of c-RAF. Acti-
vation of this pathway enables tumor cell prolifera-
tion in an estrogen-independent manner, thereby
diminishing their reliance on ER signaling for growth
and survival. As a result, therapies inhibiting estro-
gen production or blocking ER activity become less
effective. Consequently, low CDK10 expression has
been proposed as a potential biomarker of poor
response to endocrine therapies (43-45).

CELL DIVISION CYCLE 25 (CDC25)

CDC25 proteins are key members of the CDK phos-
phatase family and play an essential role in positively
regulating cell division by activating CDKs (46-48).
The CDC25 family includes three isoforms: CDC25A,
CDC25B, and CDC25C (49). Results from immunoflu-
orescent analysis showed that CDC25A localizes pri-
marily in the nucleus, suggesting that it may be also
important for DNA replication. Additionally, CDC25A
is regulated throughout the cell cycle, and this pro-
tein plays a central role in regulating cell cycle pro-
gression, and it is especially active at the G1/S tran-
sition phase and in the M phase (28, 48). Its consti-
tutive activity or overexpression can disrupt normal
checkpoints and lead to oncogenesis (48). CDC25B
exhibits dual specificities for phosphatase enzymes,
which promote cell division by activating the cyclin
B-CDK1 complex (49). CDC25B phosphatases dephos-
phorylate phosphotyrosine (pTyr15) and phospho-
threonine (pThr14) residues on CDK1, which results
in mitotic entry. CDC25C is active during the S phase
and M phase (50). CDC25B begins activating cyclin
B-CDK1 in the G2/M transition phase, but then the
activation is completed by CDC25C at the start of
the M phase (50). Furthermore, CDC25A is stabi-
lized upon cyclin B-CDK1 phosphorylation, and cre-
ates a positive feedback loop with CDC25C, which
finishes the activation of cyclin B-CDK1, which then
leads to mitotic entry.

Although there is little knowledge about the functions
of CDC25C, it was demonstrated that it can prevent
progression to the S phase (50). CDC25A and CDC25B
protein levels change in a cell-cycle-dependent man-
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ner, while CDC25C protein levels remain constant
throughout the cell cycle. Clinically, the CDC25 gene
was one of the ten most predominant genes asso-
ciated with gastric cancer (GC) when mutated (49).
The CDC25 proteins are also targets of the MYC tran-
scription factor, which regulates their function (49).

RB PROTEINS

RB protein, RB1(p105), was identified over 30 years
ago as the first human tumor suppressor protein
(51-55). In addition to p105, the RB family includes
RB-like RBL1(p107) and RBL2(p130), which all share
structural similarities and function as tumor suppres-
sor proteins. RBs are known as pocket proteins and
consist of three main structural domains: the N-ter-
minal domain, the A/B pocket, and the C-terminal
domain (56, 57). Each domain has phosphorylation
sites that are important for modulating p105 activi-
ties and mediating functional interactions with tran-
scription factors and RB-binding proteins, such as
p53. Published data indicated that p105 and p53 work
in concert and are critical for cell growth arrest and
apoptosis upon DNA damage (2). The direct physical
interaction between p53 and Rb is limited to specific
cellular contexts, but p53 and RB tumor suppressor
pathways are well known to intersect through multi-
ple regulatory mechanisms. One important point of
convergence involves the DREAM (DP, RB-like, E2F
and MuvB) complex, which contains the RB family
members p107 and p130 and mediates p53-depen-
dent transcriptional repression of a large set of cell
cycle genes. Through this complex, p53 regulates
hundreds of genes involved in cell cycle progres-
sion, DNA replication, and mitosis, thereby coor-
dinating cell cycle arrest and maintaining genomic
stability (58, 59). The N-terminal domain is essential
for RB functions as a tumor suppressor, stabiliza-
tion of p105, and phosphorylation-dependent regu-
lation of RB activity (56, 57). The A/B pocket domain
works as a binding site for a diverse array of viral
and cellular proteins and plays key roles in main-
taining the regulatory functions of p105. The C-ter-
minal domain facilitates binding to the E2F-DP com-
plex, which is critical for inhibiting cell proliferation
and controlling the cell cycle, especially in the G1/S
transition period (20).

In the GO phase, p130 is the most abundant RB fam-
ily member. After cells are stimulated to enter the
cell cycle, p105 and p107 expression is induced, as
they are E2F target genes. When expression levels

of p105 and p107 increase, the expression levels of
p130 decrease accordingly. In subsequent cell cycle
phases, p105 and p107 expression levels remain
constant while p130 levels are relatively low under
these specific growth conditions (20). Pocket pro-
teins, including p107 and p130, function as key regu-
lators of cell cycle control and cellular fate decisions.
During differentiation, these proteins act as molec-
ular “brakes” enabling cells to exit the cell cycle and
initiate specialized developmental programs, such
as muscle or bone formation (60). Consistent with
this role, p107 and p130 loss can lead to premature
or defective differentiation as cells could fail to prop-
erly withdraw from proliferation, as observed in car-
tilage development. Pocket proteins also contribute
to the regulation of cellular senescence by mediat-
ing cell cycle arrest. For example, p107 is required
for the initiation of senescence in certain settings
when p105 is absent. In addition, pocket proteins
often promote cell survival by restraining the activity
of E2F transcription factors, particularly E2F1, which
can induce apoptosis. By inhibiting E2F activity, p107
and p130 help prevent E2F-driven cell death. This
regulatory role is highlighted by studies showing
that the simultaneous loss of all three pocket pro-
teins (p105, p107, and p130) results in broad ectopic
apoptosis in the brain. Although elevated levels of
pocket proteins can facilitate certain forms of cell
cycle-associated cell death in certain context, their
predominant role during development is to main-
tain cellular homeostasis by preventing premature
or inappropriate apoptosis (61). These pocket pro-
teins were first identified as a homolog of p105 and
target points for transforming domains of viral onco-
genic proteins (62).

p105 tightly regulates the E2F transcription factors,
which are key players in regulating cell proliferation
(63). Among them, E2F1-E2F3 function primarily as
transcriptional activators that stimulate the expres-
sion of genes required for S-phase entry, whereas
E2F4 and E2F5 act predominantly as transcriptional
repressors. p105 preferentially binds and inhibits
the activation of E2Fs (E2F1, E2F2, E2F3a) to regu-
late the G1/S transition. Conversely, the p105 pro-
tein preferentially associates with E2F1-E2F5 tran-
scription factors, while p107 and p130 form com-
plexes exclusively with E2F4 and E2F5 (64). This
interaction is crucial for maintaining cellular qui-
escence (GO) and preventing unscheduled reentry
into the cell cycle. The p105 family members con-
trol different aspects of E2F activity, but the specific
functions of different RB family members are not
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yet well defined. To characterize the specific role of
these pocket proteins, Hurford et al. (1997) investi-
gated how the expression of E2F-regulated genes
is affected in cells deleted of each of the RB family
members (65). There were no differences detected
in the expression of E2F-target genes in cells deleted
of either p107 or p130, but dysregulated expression
of E2F target genes was evident in cells deleted of
p105 and in cells that were deleted of both p107 and
p130. These results proved that p105, p107, and p130
play different roles in regulating E2F. Hurford et al.
studied these RB proteins and discovered that cells
with a triple knockout of p105, p107, and p130 had an
increased expression of E2F target genes (65). Addi-
tionally, the p105/E2F, p107/E2F, and p130/E2F com-
plexes are active repressors on E2F sites, each with
different roles for E2F regulation. Thus, E2F sites are
critical targets for p105 family proteins, which regu-
late cell proliferation (65).

Early studies investigating the specific roles of the
RB pocket proteins, p105, p107, and p130, demon-
strated that these proteins regulate E2F-dependent
transcription through distinct yet overlapping mech-
anisms (66-69). In one of the early genetic analyses,
Hurford et al. showed that deletion of individual
RB family members had differential effects on the
expression of E2F-regulated genes. Loss of either
p107 or p130 alone had minimal impact on E2F tar-
get gene expression, whereas deletion of p105, or
combined deletion of p107 and p130, resulted in
dysregulated expression of E2F-responsive genes
(65). Moreover, cells lacking all three pocket pro-
teins exhibited a strong increase in E2F target gene
expression, demonstrating that RB family members
collectively repress E2F-dependent transcription and
control cell-cycle progression (70).

Subsequent work expanded this model by identify-
ing the DREAM complex (DP, RB-like, E2F, and MuvB)
as a central regulator of cell-cycle gene repression
in quiescent and early G1 cells (71, 72). Seminal stud-
ies from the laboratory of James DeCaprio demon-
strated that p130 and p107 associate with E2F4/5
and the MuvB core complex to form the DREAM
complex, which represses a large set of cell-cycle
genes during quiescence (71). Later studies from
Kurt Engeland and others further established that
DREAM coordinates transcriptional repression of
genes required for S phase and mitosis by binding
to E2F and CHR promoter elements (73-75). Upon
cell-cycle entry, phosphorylation of pocket proteins
by cyclin-dependent kinases disrupts the DREAM
complex, allowing the MuvB complex to transition
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into transcriptionally activating complexes such as
MMB (Myb-MuvB) and FOXM1-MuvB, thereby pro-
moting expression of genes required for DNA rep-
lication and mitosis (71, 76-78).

Collectively, these findings refined the earlier RB-E2F
model by demonstrating that RB proteins function
within larger multiprotein complexes that dynami-
cally regulate cell-cycle gene expression. In particu-
lar, p130-containing DREAM complexes play a dom-
inant role in maintaining transcriptional repression
during cellular quiescence, whereas p105 primarily
regulates E2Fs during the G1/S transition. This inte-
grated regulatory network ensures tight control of
cell proliferation through coordinated repression
and activation of E2F target genes.

p105 is frequently inactivated in a wide range of
tumors, and RBT loss or functional mutations are
associated with pediatric RB cancers (4, 56). Muta-
tions or deletions in the RB7 gene can lead to uncon-
trolled cell proliferation, thereby promoting cancer
initiation (4).

p105 interacts with the adenovirus early region 1A
(E1A) oncoprotein in adenoviruses (79). The bind-
ing between p105 and E1A prevents p105 interac-
tions with E2Fs, thereby inducing cell proliferation
and replication of adenoviral DNA (80). p105 binds
to E1A via the LXCXE peptide motif, while E1A utilizes
its conserved region 1 (CR1) domain to interact with
E2F and inhibits the p105-E2F interactions.

CDK PROTEIN INHIBITORS

CDK inhibitors are critical regulators of cell cycle
progression and play essential roles in coordinating
cell cycle arrest during processes such as the DDR
(2). These inhibitors are broadly classified into two
major families: the INK4 (Inhibitor of CDK4) fam-
ily and the CIP/KIP (CDK-interacting protein/Kinase
inhibitory protein) family, which differ in both their
CDK specificity and their mode of interaction with
CDK complexes (81). The INK4 family, which includes
p16NK4A n15INK4B 5T8INKAC and p19INK4D, selectively inhib-
its CDK4 and CDK®6 by binding monomeric CDK4/6,
thereby preventing their association with D-type
cyclins and ultimately blocking phosphorylation of
the RB (82). In contrast, members of the CIP/KIP
family, including p21¢®, p27KP1, and p57XP2, inter-
act with and inhibit a broad spectrum of cyclin-CDK
heterodimeric complexes, particularly cyclin E-CDK2
and cyclin A-CDK2 complexes, thereby restraining
progression through the G1/S transition (22, 81).
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Among these inhibitors, p21 was the first identified
CDK inhibitor and represents a key transcriptional
target of p53. By inhibiting cyclin E-CDK2 and cyclin
A-CDK2 complexes, p21 prevents RB hyperphos-
phorylation and enforces cell cycle arrest, thereby
contributing to tumor suppression (21, 83-85). Sim-
ilarly, p18 functions as an inhibitor of CDK4/6, pri-
marily during the G1 phase (2). Interestingly, there
were attempts made to generate kinase inhibitors
by altering cyclin-CDK complexes by resembling the
functions of typical p21, p16, and p27, or via regula-
tion of the cyclin-CDK targets (86).

A central regulatory node linking the RB and p53
tumor suppressor pathways is the CDKN2A locus,
which encodes two distinct tumor suppressor pro-
teins through alternative reading frames. p16/Nk4,
a member of the INK4 family that regulates the
RB pathway, and p144RF in humans (p1948F in mice),
which functions in the p53 regulatory network (87,
88). p16Nk4Ainduces G1 arrest by inhibiting CDK4/6
activity, thereby preventing RB phosphorylation and
maintaining RB in its growth-suppressive state (19,
89). In contrast, ARF functions primarily through
the p53-Murine Double Minute 2 (MDM2) pathway.
Studies using mouse models demonstrated that
murine p19ARF interacts with both p53 and the E3
ubiquitin ligase MDM2, highlighting the importance
of ARF in regulating p53 stability. MDM2 is a major
negative regulator of p53 as in fact it promotes p53
ubiquitination and proteasomal degradation (88).
ARF antagonizes this process by binding to MDM2
and inhibiting its ligase activity, thereby stabilizing
and activating p53. This regulatory axis forms a crit-
ical checkpoint in which ARF-mediated inhibition of
MDM2 leads to p53 accumulation, resulting in tran-
scriptional activation of p53 target genes involved in
cell cycle arrest, apoptosis, and DDR (90).
Activation of p53 further reinforces cell cycle con-
trol by promoting transcription of p21, which sup-
presses CDK activity and reduces CDK-mediated
phosphorylation of RB, thereby limiting the release
of E2F transcription factors and inhibiting cell cycle
progression (91). Post-translational modifications of
p53, including phosphorylation at residues such as
Ser15, Thr18, Ser20, Ser37 and Ser106, disrupt the
p53-MDM2 interaction and contribute to p53 stabi-
lization. In response to DNA damage, Ser15 is phos-
phorylated by ATM and can also be targeted by ATR
(92, 93) while Ser37 is phosphorylated by ATR and
DNA-PK (93, 94). Phosphorylation of Thr18 is medi-
ated by casein kinase 1 (CK1) in Ser15-primed cas-
cade (95). Ser20 is phosphorylated by the checkpoint

kinase Chk2 (96), and Ser106 has been identified as
an Aurora-A phosphorylation site that inhibits p53-
MDM2 binding and prolongs p53 half-life (97). These
phosphorylation events are often associated with
acetylation events that further inhibit MDM2-me-
diated ubiquitination of p53, enhancing its tumor
suppressor activity (88).

Importantly, alterations in endogenous cell cycle
inhibitors are frequent events in human cancers.
These alterations can occur through genetic dele-
tion, transcriptional downregulation, or abnormal
subcellular localization of CDK inhibitors. Nota-
bly, loss of the CDKNZ2A locus simultaneously dis-
rupts both the RB pathway (via loss of p16'Nk4A) and
the p53 regulatory axis (via loss of ARF), represent-
ing a common oncogenic event that contributes to
uncontrolled proliferation and tumor development.

CDK4/6 INHIBITORS

Although CDKs rapidly emerged as attractive ther-
apeutic targets, the development of effective CDK
inhibitors initially faced significant challenges (98).
CDKs are highly conserved kinases across eukary-
otic species, from yeast to humans, and their cata-
lytic domains share strong homology, particularly
within the ATP-binding pocket (15, 31). As a result,
early generations of ATP-competitive CDK inhibitors
lacked sufficient selectivity and inhibited multiple
CDK family members (99). While these compounds
showed promising activity in preclinical models, their
clinical efficacy was limited because they targeted
not only cell-cycle CDKs such as CDK4 and CDK6
but also transcriptional CDKs (e.g., CDK7, CDK9) and
kinases involved in DDR pathways (12). This broad
inhibition often resulted in significant toxicity and
limited therapeutic windows, highlighting the need
for more selective strategies targeting specific CDK
complexes in cancer.

In response to these limitations, alternative strate-
gies for targeting CDKs have been explored. These
include the development of highly selective ATP-com-
petitive inhibitors specifically targeting CDK4/6, as
well as non-ATP-competitive approaches designed
to interfere with CDK-cyclin interactions, substrate
recognition, or regulatory complex assembly (100).
More recently, emerging technologies such as prote-
olysis-targeting chimeras (PROTACs) and molecular
glues have been investigated to selectively degrade
CDKs or disrupt CDK-associated regulatory networks
(12). These approaches are aimed at improving spec-
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ificity while minimizing off-target effects associated
with earlier broad-spectrum CDK inhibitors.
Because dysregulation of CDK4/6 is frequently asso-
ciated with cell cycle perturbance and cancer initia-
tion, these kinases have always been attractive tar-
gets for therapeutic intervention but only recently
they finally were successfully introduced in the clin-
ical setting (101). CDK4/6 inhibitors work by block-
ing CDK4/6 activity (Figure 2B), thereby inhibiting
RB phosphorylation, and preventing the transition
from the G1 to S phase (102, 103). In clinical prac-
tice, CDK4/6 inhibitors have substantially improved
the therapeutic options for HR*/HER2- breast can-
cer (104). Several CDK inhibitors are in clinical trials,
which can function as single agents and in combina-
tion with anticancer therapies (105). In this section,
we will describe first-, second- and last generation
CDK inhibitors and their main features.
Roscovitine is first-generation CDK inhibitor (106), and
it is a broad-range purine inhibitor acting through
direct competition at the conserved kinase ATP-bind-
ing site (34). Roscovitine inhibits CDK1, CDK2, CDKS5,
CDK7, and CDK9 but not CDK4 or CDK6 (107, 108).
Also, this inhibitor primarily targets CDK2 (108). Ros-
covitine demonstrated therapeutic efficacy in dif-
fuse pleural mesothelioma (DPM) cells when used
in combination with AKT inhibitors (8, 109, 110) and
enhanced the therapeutic efficacy of anti-PD1 in
non-small cell lung cancer (109). This CDK inhibi-
tor can also induce apoptosis through a p53-de-
pendent pathway (111). An additional first-genera-
tion CDK inhibitor is flavopiridol (112), which blocks
the activity of multiple CDKs, as in fact it is consid-
ered a pan-CDK inhibitor. Flavopiridol was devel-
oped after animal model studies demonstrated a
tissue-specific necessity of single CDKs (113). How-
ever, flavopiridol is highly cytotoxic for patients, as
in fact it is associated with gastrointestinal toxicity
and extreme neutropenia, especially in metastatic
breast cancer (112).

Palbociclib, ribociclib, and abemaciclib are defined
as second-generation CDK inhibitors and were
designed to specifically target CDK4/6 by binding
to the ATP-binding pocket of CDK4/6, and block
CDK4/6 activity (8,103, 114). In contrast to the highly
selective CDK4/6 inhibitors, dinaciclib is a broad-
er-spectrum CDK inhibitor that targets CDK1, CDK2,
CDKS5, and CDK9, and has been evaluated in clinical
trials for multiple malignancies rather than being
approved for breast cancer therapy (115). Palboci-
clib was the first CDK4/6 inhibitor developed and
was first approved by the FDA in 2015 for breast
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cancer therapy (4), followed by ribociclib and abe-
maciclib, which were approved by the FDA in 2017
(116). Accordingly, these three agents share the same
core cytostatic mechanism CDK4/6 inhibition lead-
ing to blockade of RB phosphorylation and G1/S pro-
gression, whereas clinically relevant differences are
primarily reflected in their safety profiles (10, 101).
The integration of palbociclib into the therapeutic
regimen for HR*/HER2- advanced breast cancer, in
combination with endocrine therapy, has demon-
strated a substantial increase in progression-free
survival compared to endocrine monotherapy alone.
Safety profile analysis highlights that grade 3-4 neu-
tropenia represents the most significant adverse
event, with a frequency of approximately 66% (117).
However, the cytostatic nature and reversibility of
this toxicity render febrile neutropenia a rare event,
occurring in less than 2% of cases (117). In terms of
relative comparison with other CDK4/6 inhibitors,
palbociclib is characterized by superior gastrointes-
tinal tolerability, a feature that clearly distinguishes
it from the safety profile of abemaciclib (117).
Abemaciclib differs from other CDK4/6 inhibitors for
its better selectivity for CDK4, a biochemical prop-
erty that allows for continuous daily administration
and results in a unique toxicity profile (118). In com-
bination with endocrine therapy, the efficacy of abe-
maciclib has been extensively demonstrated in the
MONARCH 3 trial, where it showed significant clin-
ical benefit in both progression-free survival and
overall survival (118). Unlike palbociclib and riboci-
clib, abemaciclib exhibits significantly lower rates
of grade 3-4 neutropenia, at approximately 25-27%
(117). However, the most characteristic adverse event
is gastrointestinal toxicity; diarrhea reached grade 3
in 10-15% of cases, usually during the first treatment
cycles (119). Other specific complications include an
increased risk of venous thromboembolic events
and an elevation in serum creatinine levels, the lat-
ter due to the inhibition of renal transporters and
not indicative of actual organ damage (118).
Ribociclib, used in combination with endocrine ther-
apy, has demonstrated robust clinical efficacy across
various therapeutic settings, as confirmed by the
results of the MONALEESA-2 and MONALEESA-3 clin-
ical trials (120, 121). Similar to palbociclib, the safety
profile of ribociclib is characterized by significant
hematological toxicity, with grade 3-4 neutropenia
being the most common adverse event, occurring
in approximately 60% of patients (122). However,
ribociclib is distinguished by specific non-hemato-
logical toxicities that require rigorous clinical mon-
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itoring. In particular, it is associated with a risk of
dose-dependent QTc interval prolongation, which
occurs in about 3% of cases, necessitating periodic
electrocardiographic monitoring (121). Furthermore,
the drug shows a relevant incidence of hepatotoxic-
ity, with grade 3-4 increases in transaminases (ALT/
AST) reported in approximately 8-9% of patients,
typically within the first six months of treatment
(120). Dosage adjustments are frequently neces-
sary to manage these specific toxicities; therefore,
CDK4/6 inhibitors should be utilized in clinical prac-
tice to select the most appropriate drug, taking into
account both efficacy and safety (104).

CDK4/6 inhibitors have demonstrated high efficacy
as single agents and in combination therapies, par-
ticularly in HR* breast cancer. Multiple phase lll clin-
ical trials evaluating CDK4/6 inhibitors such as Pal-
bociclib, Ribociclib, and Abemaciclib have consis-
tently shown improved progression-free and over-
all survival when combined with endocrine ther-
apy in HR*/HER2- metastatic breast cancer (123).
Importantly, these trials generally enroll patients
whose tumors retain functional p105, as RB activity
is required for CDK4/6 inhibitor-mediated cell-cycle
arrest. In contrast, clinical efficacy in TNBC has been
limited. TNBC frequently exhibits low p107 expres-
sion or p107 loss, which renders tumors intrinsi-
cally resistant to CDK4/6 inhibition because these
drugs rely on RB-dependent suppression of E2F-
driven transcription. Consequently, most clinical tri-
als have focused on HR* disease rather than TNBC,
and TNBC patients have largely been excluded or
have shown minimal benefit. However, emerging
evidence suggests that CDK4/6 inhibition may exert
additional effects independently of their effect on
the canonical RB-dependent pathway. For example,
in RB-deficient TNBC, CDK4/6 inhibition can reduce
mutant p53 protein stability through the RBM38
pathway, suggesting that mutant p53 status may
serve as an additional biomarker of response and
expanding the potential therapeutic scope of these
agents (124). To overcome resistance and broaden
their therapeutic applicability, CDK4/6 inhibitors
are also actively explored in combination strate-
gies. These include combinations with chemother-
apeutic agents in breast cancer patients resistant to
endocrine therapy (103), as well as with endocrine
therapies, immunotherapy, and targeted therapies.
Although early-phase studies have examined these
strategies in TNBC, clinical responses remain mod-
est and appear largely restricted to tumors retain-
ing RB function.

Importantly, paclitaxel is a commonly used taxane
that can be administered alone via IV infusion or in
combination with additional anticancer drugs (125).
Paclitaxel is used in combination with CDK4/6 inhib-
itors, especially with palbociclib (103). This dual tar-
geting strategy effectively regulates the cell cycle and
increases anticancer treatment efficacy. The com-
bination therapy using paclitaxel and the CDK4/6
inhibitor palbociclib was highly effective and signifi-
cantly minimized side effects associated with pacl-
itaxel alone. A clinical study by Clark et al. (2019),
on RB* advanced breast cancer patients treated
with a paclitaxel-palbociclib combination therapy,
showed improved patient outcomes without severe
side effects (126). Patients first received intermittent
doses of oral palbociclib and paclitaxel every other
week. Patients who had a plateau response at more
than 6 cycles in this clinical study design were able to
continue their treatments with just palbociclib. Their
dose increased one level higher than their previous
combinatorial dose. Palbociclib and paclitaxel in RB*
advanced breast cancer patients proved to be safe
and effective without toxicity in RB* breast cancer.
CDK4/6 inhibitors, especially abemaciclib, can also
be effectively used in combination with aromatase
inhibitors to treat breast cancer (118). The aromatase
inhibitors are classified into two groups: steroidal
(type I) and nonsteroidal (type Il). Anastrozole and
letrozole are nonsteroidal aromatase inhibitors,
which are highly effective in breast cancer ther-
apy. For treatment of HER* and HER2- advanced
breast cancer, abemaciclib was used in combination
with these two aromatase inhibitors in the MON-
ARCH-3 (randomized phase lll) study, abemaciclib
and anastrozole or letrozole greatly improved pro-
gression-free survival as well as an objective response
rate. These treatments were safe for women with
these advanced breast cancers (118).

Collectively, abemaciclib is considered highly effec-
tive for the treatment of HR* and HER: breast can-
cer and exhibited significant efficacy when used as
a second-line treatment in combination with fulves-
trant, an anti-estrogen drug (8, 118). Sledge Jr et al.
(2017) demonstrated that the abemaciclib-fulvestrant
dual treatment was more effective than fulvestrant
alone, as it was associated with increased cancer pro-
gression-free survival in patients with HER*/HER2-
advanced breast cancer (127). In advanced breast
cancer, abemaciclib or palbociclib were effective in
combination with fulvestrant (128). The PALOMA-3
phase Il trial was conducted in a 2:1 randomized
ratio, multicenter, double-blind, and placebo-con-
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trolled to examine the safety and efficacy of a pal-
bociclib-fulvestrant combined therapy (128). Patients
treated with palbociclib-fulvestrant showed improve-
ment in progression-free survival, while patients
treated with placebo-fulvestrant did not signifi-
cantly improve.

Similar to breast cancers, abemaciclib was effective
in endometrial cancers (ECs) to prevent tumor pro-
gression (129). Treating ECs is very crucial as ECs are
the sixth most common cancer in women, and the
thirteenth most lethal globally (29, 130). ECs have
dysregulated CDK4/6, but CDK4 plays a more prev-
alent role (129). Abemaciclib targets CDK4/6 with
higher efficacy towards CDK4 inhibition, which is
therefore highly beneficial for treating ECs. In addi-
tion, a combination therapy approach using the aro-

Table 1. Combination therapies involving CDK4/6 inhibitors.

matase inhibitor letrozole and abemaciclib demon-
strated encouraging efficacy in recurrent ER* endo-
metrioid EC (131).

Costa et al. (2024) recently demonstrated that treat-
ing cisplatin-resistant DPM cell lines with abemaciclib
was very effective in inhibiting growth and 3D spher-
oid formation of these cells. It was suggested that
abemaciclib treatment may help in overcoming cis-
platin-resistance in mesothelioma cells (8) (Table 1).
CDK4/6 inhibitor resistance is associated with abnor-
malities in the critical molecules of the cyclin D-CD-
K4/6-RB regulatory axis (114). FAT atypical cadherin
1 (FAT1) protocadherin tumor suppressor protein
modulates CDK4/6 activity and may play a role in
modulating resistance to CDK4/6 inhibitors (103),
as in fact loss of function (LOF) mutations impact

CDK4/6 COMBINATION STUDY /
INHIBITOR PARTNER CANCER TYPE TRIAL KEY FINDINGS REFERENCE

RB* advanced

Combination improved

Palbociclib Paclitaxel b
reast cancer
omatsse e
Abemaciclib advanced breast
(anastrozole or
cancer
letrozole)
HR*/HER2-
Abemaciclib Fulvestrant advanced breast
cancer
HR*/HER2-
Palbociclib Fulvestrant advanced breast
cancer
Palbociclib / Advanced breast
L Fulvestrant
Abemaciclib cancer
ER*
Abemaciclib Letrozole endometrlgld
endometrial
cancer
Abemaciclib RIS Mesothelioma
tumor models
Endocrine therapy
Atirmociclib + CDK2 inhibition
(CDK4- / HER2 antibodies HR* breast
. /immune cancer
selective) .
checkpoint
inhibitors

'Phase Ut patient outcomes and (126)
clinical study
was well tolerated.
Significant improvement
in progression-free
MONARCH-3 survival and objective (118)
(Phase Il1) response rate compared
to endocrine therapy
alone
Combination significantly
MONARCH-2 improved progression- (127)
free survival versus
fulvestrant alone
PALOMA-3 Improvgd progression-
free survival compared to (128)
(Phase Ill)
placebo-fulvestrant
Endocrine therapy
. plus CDK4/6 inhibition
Multiple . d
clinical studies improve outcome.s (128)
compared to endocrine
therapy alone
Combination showed
Clinical encouraging efficacy
- . (131)
evaluation in recurrent ER*
endometrial cancer
Abemaciclib inhibited
- growth and 3D spheroid
Preclinical f S .
ormation in cisplatin- (8)
study . -
resistant mesothelioma
cells
Selective CDK4 targeting
Preclinical / improves anti-tumor
translational  efficacy and combination (132)
studies therapies may overcome

resistance
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Table 2. Mechanisms of resistance to CDK4/6 inhibitors.

RESISTANCE MOLECULAR CLINICAL
MECHANISM PATHWAY INVOLVED B RELEVANCE REFERENCE

FAT1 loss-of-function Hippo pathway

Increased CDK6 expression
leading to resistance to

Observed in several

cancers. Potential (103, 133)

mutations activation CDK4/6 inhibitors predictive biomarker
Dysregulation of Reactivation of cell cycle Major driver of
cyclin D-CDK4/6-RB Cell cycle pathway progression despite intrinsic and acquired (114)
axis CDK4/6 inhibition resistance
Hippo pathway Increased proliferation . .
alterations (YAP, Hippo signaling and reduced sensitivity to Potentlf;:hscrsapeutlc (103)
MST1, LATS1, NF2) CDK4/6 inhibition &
. Promotes tumor .
Wnt/B-cat_enlrj Wnt signaling progression and CDK4/6 Hinles to FATI (103)
pathway activation inhibitor resistance mutations
) . Contributes
MAPK/ERK pathway MAPK signaling Increased cell pr_ollferatlon to therapeutic (103)
activation and survival

FAT1and mediate CDK4/6 inhibitor resistance (132).
FAT1LOF activates the Hippo pathway, as itinduces
CDK®6 expression, leading to resistance to CDK4/6
inhibitors (103, 132). FAT1is often mutated in human
cancers, therefore leading to tumor progression
and an impact on cancer prognosis (103). Genomic
analysis has demonstrated that FAT1 loss-of-func-
tion (LOF) mutations occur in approximately 5.8%
of patients with metastatic breast cancer. The clini-
cal relevance of this mechanism is underscored by
a significant reduction in progression-free survival
(PFS), which decreased from 10.1 months in FAT1
wild-type patients to 2.4 months in patients carrying
the mutation, identifying FATT loss as a robust pre-
dictive biomarker of poor response (132). FAT1 reg-
ulates the Wnt/B-catenin signaling pathway as well
as the Hippo pathway and the MAPK/ERK pathways
via protein-protein interactions, which affect cell
proliferation, cell migration, and invasion (103). The
YAP, MST1, LATS1, and NF2 proteins can also affect
resistance to CDK4/6 inhibitors. While FAT1 targeting
shows promise for reversing CDK4/6 inhibitor resis-
tance, there is still a need for additional research
to fully understand how FAT1-dependent regula-
tory mechanisms can cause resistance to CDK4/6
therapy. Despite the remarkable clinical success of
CDK4/6 inhibitors in HR* breast cancer, both intrin-
sic and acquired resistance often limit long-term
therapeutic benefits. Resistance mechanisms can
arise through multiple molecular alterations that
restore cell-cycle progression or activate compensa-
tory proliferative pathways (114, 133). These mecha-
nisms include loss or functional inactivation of RB7,

resistance

amplification of CCNET leading to increased CDK2
activity, upregulation of CDK6 expression, and activa-
tion of parallel signaling pathways such as PI3K/AKT/
mTOR and MAPK signaling (103). Additional mech-
anisms involve alterations in upstream regulators
of the CDK4/6-RB axis, epigenetic changes affect-
ing cell cycle gene expression, and tumor microen-
vironment-mediated adaptive responses (101, 114,
134). Understanding these diverse resistance path-
ways is essential for designing rational combina-
tion strategies aimed at improving clinical efficacy
of CDK4/6 inhibition (Table 2).

There are significant side effects associated with
CDK4/6 inhibitors (1). Nonetheless, CDK4/6 inhibi-
tors showed better efficacy than endocrine thera-
pies (135). Abemaciclib is associated with the most
significant adverse events, including diarrhea, ane-
mia, neutropenia, nausea, and fatigue, especially
when combined with endocrine therapies (10, 101).
Abemaciclib can also trigger gastrointestinal-linked
toxicities in comparison to palbociclib. Palbociclib
can cause leukopenia, and fatigue, and ribociclib
can lead to decreased leukocyte counts, neutrope-
nia, elevated liver enzymes and prolonged QT levels.
Ribociclib can also cause skin rash, fatigue, hypo-
kalemia, and hyponatremia (107). Ribociclib is the
CDK4/6 inhibitor with the highest risk of mortality,
especially when used in combination with endocrine
therapies. The use of ribociclib necessitates extreme
caution, especially in patients with preexisting car-
diovascular conditions. Patients put on ribociclib
are therefore recommended to be closely moni-
tored. These three inhibitors can all lead to mye-
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Table 3. Pharmacological properties of second-generation CDK4/6 inhibitors. They all have greater efficacy over CDK4 and CDK®6, but can

also inhibit CDK1 and CDK5.

ADDITIONAL PHARMACOKINETICS
| ows FRIVIARY TERGETS TARGETS | (HALF-LIFE, TMAX)

Comparable activity against CDK4

Palbociclib and CDKe6:

* Cyclin D1-CDK4
¢ Cyclin D1/2/3-CDK6

* CDK1-Cyclin B
* CDK5-p25

Half-life: ~26-27 h
Tmax: 4-6 h

Greater selectivity for CDK4 over

Ribociclib Cloie:

* Cyclin D1-CDK4
* Cyclin D1/2/3-CDK6

Half-life: ~32-42 h
Tmax: 1-5h

* CDK1-Cyclin B
* CDK5 - -p25

Preferential inhibition of CDK4 over

Abemaciclib CDKe:

* Cyclin D1-CDK4
* Cyclin D1/2/3-CDK6

Highly selective for CDK4:
* Cyclin D1-CDK4

Atirmociclib (PF-07220060)

losuppression and neutropenia (101). Collectively,
these observations support the notion that palbo-
ciclib, ribociclib, and abemaciclib share a common
on-target cytostatic mechanism, while drug-specific
toxicity patterns likely reflect differences in target
engagement and tissue dependence on CDK4 ver-
sus CDK6 (136).

Significantly, very recent work by Palmer et al. (2025)
demonstrated that HR* breast cancer cells are sig-
nificantly more dependent on CDK4 activity than
CDK®6, which is instead critical for hematopoiesis
(136). Based on this observation, the researchers
developed a next-generation selective CDK4 inhibitor,
atirmociclib (PF-07220060), which showed enhanced
anti-tumor efficacy and reduced toxicity compared
to dual CDK4/6 inhibitors. Notably, the combination
of endocrine therapy with either CDK2 inhibition,
HER2 antibodies, or immune checkpoint inhibitors
further increased atirmociclib efficacy, suggesting
that dual therapy might counteract acquired resis-
tance to CDK4 selective targeting (136). These results
are very important as, in fact, they strongly support
the expansion of more specific cell cycle-targeted
therapy. A summary of current CDK4/6 inhibitor is
listed in Table 3.

ANTI-CDK-RELATED CANCER
THERAPIES

Dihydroartemisinin (DHA) is an immunotherapeu-
tic anticancer drug that blocks cell proliferation and
prevents tumor metastasis and angiogenesis in
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* CDK1-Cyclin B
* CDK5-p25

Half-life: ~17-38 h
Tmax: 4-6 h

Terminal half-life; ~26.5 h

 Gyellin BER Tmax: Not yet determined

patients with colorectal cancer (CRC) (137). DHA also
promotes immunogenic cell death (ICD) in hepato-
cellular carcinoma (HCC) (138). DHA therapies can
even remodel the TME, boost cancer immunother-
apy and enhance the efficacy of chimeric antigen
receptor-T (CAR-T) cell-mediated tumor suppres-
sion and anti-programmed death-1 (anti-PD-1) anti-
body (Figure 3).

DHA leads to CDK inhibition (CDK1/2/4/5/6), as DHA
upregulates intracellular reactive oxygen species
(ROS), and an increase in ICD. ROS are critical fac-
tors associated with ICD since its immunogenicity
weakens the N-Acetyl-L-cysteine antioxidant. The
accumulation of ROS increases the amount of dam-
age-associated molecular patterns (DAMPs) during
the pre-apoptosis phase, thereby leading to the
increase of ICD.

As DHA can inhibit CDKs, it can increase intracel-
lular ROS and subsequently trigger apoptosis, cell
cycle arrest, and autophagy (138). DHA can inhibit
CDK4/6, but it mainly inhibits CDK4 (139). For exam-
ple, DHA effectively inhibits cyclin D1-CDK4-RB sig-
naling pathway in GC. DHA prevents GC cell prolif-
eration and promotes cell cycle arrest. Fan et al.,
discovered from flow cytometry analysis that DHA
delivery increased the number of GC cells in GO/G1
transition phase, thereby lowering the number of
cells in the S phase (139).

As demonstrated in HCC mouse model studies by
Zhou et al. (2024), DHA treatment of HCC signifi-
cantly increases the number of tumor-infiltrating
CD8* T cells, which express CD25 and CD69 (138).
Clinically, patients successfully treated with DHA
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Figure 3. DHA-mediated CDK inhibition promotes ROS-dependent immunogenic cell death and enhances antitumor immune responses.

DHA inhibits multiple CDKs (CDK1, CDK2, CDK4, CDK5, and CDK®), with predominant inhibition of CDK4/6, leading to suppression of cyclin-
dependent cell cycle progression in CRC cells. CDK inhibition by DHA results in increased intracellular ROS, which trigger apoptosis, cell cycle
arrest, and autophagy. Elevated ROS levels promote ICD, characterized by the release of DAMPs, including HMGBI, during the pre-apoptotic
phase. ICD subsequently enhances antitumor immunity by increasing tumor immunogenicity and stimulating immune cell infiltration. DHA
treatment is associated with increased expression of chemokines CCL5 and CXCL10, facilitating recruitment and activation of CD8+ T cells
expressing activation markers CD25 and CD69. In parallel, DHA remodels the TME and potentiates CAR-T-mediated antitumor responses,

ultimately leading to enhanced tumor cell death.

had increased mRNA levels of chemokines CCL5
and CXCL10. These clinical results indicate how DHA
can inhibit dysregulated CDKs. The clinical prosper-
ous results reaffirm the potential of ROS to sup-
press CDK-caused tumors. Also, CCL5 and CXCL10
decrease the amount of tumor-infiltrating CD8* T
cells in colon cancer and melanoma (138).

In addition, results from experiments conducted in
Huh? cells (immortalized human hepatoma cells)
treated with DHA downregulated CDK1/2/4/5/6
expression (138). The same results were obtained
in Hepa1l-6 (murine hepatoma - spontaneous liver
tumor), H22 (mouse hepatocellular carcinoma), and
HCCLM3 (human hepatocellular carcinoma) cell lines
and were then further validated by qPCR and West-
ern blotting analysis in HCC tumors (138). Notably,
while conventional cytotoxic therapies act by dam-
aging DNA and activating cell-cycle checkpoints,
leading to efficient inhibition of CDKs, by contrast,
DHA-associated CDK suppression works predomi-

nantly downstream of ROS induction and ICD/TME
remodeling (140).

An additional important aspect currently under inves-
tigation is the optimal timing and sequential treat-
ment of CDK4/6 inhibitor-based therapies relative to
chemotherapy, radiotherapy, or other neo-adjuvant
or adjuvant treatments. Because CDK4/6 inhibitors
induce a cytostatic G1 cell-cycle arrest, their concur-
rent administration with cytotoxic agents targeting
actively proliferating cells may reduce therapeutic
efficacy (14, 141, 142). Consequently, several stud-
ies have explored sequential treatment strategies
in which CDK4/6 inhibition is temporarily paused
during chemotherapy or radiation exposure (143,
144). Conversely, in other contexts, CDK4/6 inhibi-
tors may enhance antitumor immunity or promote
tumor cell senescence, thereby potentiating the
efficacy of immunotherapies or endocrine treat-
ments (145, 146). Determining the optimal thera-
peutic scheduling of CDK4/6 inhibitors, therefore,
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represents an important area of ongoing clinical
investigation.

DISCUSSION AND CONCLUSION

CDKs are essential kinases for cell cycle progression,
cell proliferation, differentiation, and DDR and actin
concert with cyclins and RB proteins. CDK4/6 activ-
ity at the G1/S checkpoint is required for cell cycle
progression, and dysregulation of CDK4/6 disrupts
the cell cycle and promotes cancer initiation. CDK4/6
inhibitors have demonstrated significant efficacy in
cancer therapies, as a monotherapy or in a combina-
tional approach. Additionally, atirmociclib, a recently
developed CDK4-specific inhibitor has shown great
promises and enhanced safety as compared to clas-
sic CDK4/6 dual inhibitors. Nevertheless, some lim-
itations should be acknowledged, including the lim-
ited availability of long-term clinical data and the
rapidly expanding landscape of CDK-targeted ther-
apies, which may lead to the emergence of addi-
tional therapeutic strategies beyond those discussed
here. In conclusion, CDK inhibitors are emerging as
important tools for cancer therapy. Future studies
are aimed at better integrating CDK4/6 inhibitors
with new immunotherapeutic therapies and/or per-
sonalized treatment modalities to further improve
safety and clinical response.
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