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Abstract: Cancer is characterized by abnormal cell proliferation. Cyclins and cyclin-dependent kinases (CDKs) have been
recognized as essential regulators of the intricate cell cycle, orchestrating DNA replication and transcription, RNA splicing, and
protein synthesis. Dysregulation of the CDK pathway is prevalent in the development and progression of human cancers,
rendering cyclins and CDKs attractive therapeutic targets. Several CDK4/6 inhibitors have demonstrated promising anti-cancer
efficacy and have been successfully translated into clinical use, fueling the development of CDK-targeted therapies. With this
enthusiasm for finding novel CDK-targeting anti-cancer agents, there have also been exciting advances in the field of targeted
protein degradation through innovative strategies, such as using proteolysis-targeting chimera, heat shock protein 90 (HSP90)-
mediated targeting chimera, hydrophobic tag-based protein degradation, and molecular glue. With a focus on the translational
potential of cyclin- and CDK-targeting strategies in cancer, this review presents the fundamental roles of cyclins and CDKs in
cancer. Furthermore, it summarizes current strategies for the proteasome-dependent targeted degradation of cyclins and CDKs,
detailing the underlying mechanisms of action for each approach. A comprehensive overview of the structure and activity of
existing CDK degraders is also provided. By examining the structure—activity relationships, target profiles, and biological effects
of reported cyclin/CDK degraders, this review provides a valuable reference for both CDK pathway-targeted biomedical research
and cancer therapeutics.
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over 30 cyclins have been reported based on the pres-
ence of cyclin box domains (CBDs), which are crit-
ical for CDK binding and share a high homology in se-
quence, including a conservative Lys—Glu pair (Quandt
et al., 2020). Accumulating evidence indicates that cy-
clins and CDKs also play diverse roles in cell cycle/
proliferation, transcription, RNA processing, DNA rep-
lication, DNA repair, transcription, RNA splicing, RNA
polyadenylation, and signal transduction (Hydbring
et al., 2016; Chou et al., 2020; Parua and Fisher, 2020;
Petroni et al., 2020; Kciuk et al., 2022). Indeed, CDKs
and cyclins are frequently dysregulated in human can-
cer. High-throughput genetic screening assays have
also suggested that most CDKs and cyclins are func-
tional prerequisites of cell viability in cancer. There-
fore, targeting CDKs and cyclins for cancer treatment
has been a long-standing strategy in pharmaceutical
development (Vervoort et al., 2022).

Thus far, tremendous efforts have been made to
develop CDK-targeted agents, with numerous CDK
inhibitors reported to date. The first breakthrough
of CDK-targeted drugs stems from the investigation
of palbociclib, a dual inhibitor of CDK4 and CDKS®, in
treating hormone receptor-positive, human epidermal
growth factor receptor 2 (HER2)-negative advanced
or metastatic breast cancer. Following palbociclib, add-
itional CDK4/6 inhibitors, including ribociclib, abe-
maciclib, and trilaciclib, have been approved for tar-
geted cancer therapy (Morrison et al., 2024). In con-
trast, the clinical translation of early generations of
CDK inhibitors, such as flavopiridol, roscovitine,
dinaciclib, and SNS-032, was hindered by treatment-
associated toxicities and the lack of selectivity. Never-
theless, the success of CDK4/6 inhibitors has stimu-
lated further research into other CDK-targeted agents
with improved specificity.

Along with the pursuit of innovative CDK-targeted
agents, several technical routes have been attempted,
including competitive inhibitors, allosteric inhibitors,
covalent inhibitors, and chemically induced protein deg-
radation via proteolysis-targeting chimeras (PROTAC:),
heat shock protein 90 (HSP90)-mediated targeting chi-
meras (HEMTACsS), hydrophobic tag (HyT) degraders,
as well as molecular glues. In parallel to small mol-
ecule inhibitors, the chemical degradation of CDKs or
cyclins emerges as an active area and a promising di-
rection for developing new-modality anti-cancer drugs
(Yu et al., 2022; Wang LG et al., 2023). This article

reviews the latest progress in CDK degraders and their
efficacy to provide a state-of-the-art understanding of
this field.

2 Function of cyclins and CDKs in cancer

CDKSs can be generally divided into three major
classes (Table S1): cell cycle-regulatory CDKs (in-
cluding CDK1, CDK2, CDK3, CDK4, and CDK®6),
transcription-associated CDKs (CDK7, CDKS8, CDKO9,
CDK10, CDK11, CDK12, CDK13, and CDK19), and
atypical CDKs (CDKS5, CDK14, CDK15, CDK16,
CDK17, CDK18, and CDK20). Cyclins can be grouped
in a similar fashion: canonical (cell cycle-regulatory)
cyclins, transcription-associated cyclins, and atypical
cyclins (Quandt et al., 2020; Wang LG et al., 2023).
Although such a classification scheme may be over-
simplified, it highlights the key cellular functions of
CDKs and their associated cyclins. In fact, cyclins
and CDKs are widely involved in DNA replication,
transcription, RNA processing, signaling transduction,
and immune modulation (Chou et al., 2020; Kciuk
et al., 2022; Pluta et al., 2024). The functions of nearly
half of CDKs, especially atypical CDKs, remain to be
further characterized. Several cyclins (namely, Cyclin
G2, Cyclin-J-Like, Cyclin O, Cyclin P, Cyclin Pasl,
and Cyclin N-terminal domain-containing 1) remain
orphans, as their interactive CDKs have not been well
established.

Cell cycle-regulatory cyclins and CDKs orches-
trate the temporal order of cell cycle events, especially
DNA replication and mitotic progression. Among cell
cycle-regulatory cyclins and CDKs, CDK4, CDKaS6,
and D-type cyclins are hyperactivated across a wide
spectrum of human cancers via amplification, muta-
tion, and translocation. CDK4 and CDK6, which share
similar structures and functions, are key regulators of
the restriction point (also known as R point) in the G1
phase. The CDK4/Cyclin D and CDK6/Cyclin D com-
plexes phosphorylate pocket proteins (i.e., pRb, p107,
and p130) and subsequently prevent them from bind-
ing with E2F transcription factors. The CDK6/Cyclin I
complex was recently identified to also negatively
regulate pRb (Quandt et al., 2023). The release of E2F
proteins allows the transcription of E-type cyclins,
DNA replication factors, and many other targets re-
quired for the initiation of DNA synthesis and entry



into the S phase. Beyond the R point, the loss of
CDK4/6 activity in the later stages of interphase also
causes cell cycle exit due to compromised CDK2 ac-
tivity and pRb phosphorylation (Cornwell et al., 2023).
Similarly, the inhibitory phosphorylation of CDK1
and CDK4/6 by stress-activated protein kinases dur-
ing the G2 phase triggers the exit of the cell cycle
after DNA replication (McKenney et al., 2024). How-
ever, when recovering from stress, some cells can re-
start cell cycle, initiate a second round of DNA repli-
cation, and progress through mitotic cell division, pro-
ducing daughter cells with a doubled genome. CDK6
maintains the status of normal mesenchymal stem
cells, hematopoietic stem cells, and leukemic stem
cells (Scheicher et al., 2015; Li et al., 2021; Hu AJ
et al., 2023). As a result of CDK4/6 inhibition, the
cell cycle can be arrested, and cancer cells can switch
their fate to apoptosis, quiescence, or senescence. Im-
portantly, recent studies have revealed various im-
mune modulatory effects of CDK4/6 blockade (Goel
et al., 2017; Schaer et al., 2018; Scirocchi et al., 2022;
Bai et al., 2023; Fan et al., 2023; Nayyar et al., 2024).
On the one hand, the inhibition of CDK4/6 increased
DNA damage and the expression of endogenous retro-
viral elements as well as immune regulators, includ-
ing intercellular adhesion molecule-1 (ICAM1) and
genes related to the cyclic guanosine monophosphate
(GMP)-adenosine monophosphate (AMP) synthase
(cGAS)-stimulator of interferon genes 1 (STINGI)
signaling pathway, interferon response, tumor antigen
presentation, and immune cell interaction. On the
other hand, blockade of CDK4/6 supported the main-
tenance and infiltration of cluster of differentiation
8-positive (CD8") T cells at the expense of regulatory
T cells, thereby inducing a T-cell-inflamed tumor micro-
environment that favors cytotoxic T-cell-mediated
clearance of cancer cells and boosts the anti-cancer ef-
ficacy of immune checkpoint inhibitors. Of note, the
successful development of CDK4/6 inhibitors such as
palbociclib further validates the significance of these
kinases in cancer biology (Morrison et al., 2024).
Transcription-associated CDKs regulate gene tran-
scription and transcription-coupled RNA processing
by phosphorylating the hepta-repeat YSPTSPS within
the carboxy-terminal domain (CTD) of the DNA-
directed RNA polymerase II (Pol II) subunit Rpbl
(Asghar et al., 2015; Zaborowska et al., 2016; Parua
and Fisher, 2020; Dieci, 2021). CDK7, CDK9, CDK12,
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and CDK13 represent a subset of members with prom-
inent activities in transcriptional regulation, attracting
much interest in drug development. The excessive ex-
pression of CDK7 has been reported in many cancer
types, including triple-negative breast cancer, lung
cancer, and MYCN-driven neuroblastoma (Chipumuro
et al., 2014; Christensen et al., 2014; Wang et al.,
2015, 2020). CDK?7 functions in a complex with Cyclin
H and methionine adenosyltransferase 1 (MAT1) to
form a CDK-activating kinase (CAK) that activates
other cell cycle CDKs (e.g., CDK1, CDK2, CDK4,
and CDK6) via T-loop phosphorylation (Glover-
Cutter et al., 2009; Schachter and Fisher, 2013; Goel
et al., 2022). CDK7/Cyclin H is part of the transcrip-
tion factor IIH (TFIIH) module within the RNA Pol
II holoenzyme and phosphorylates Rpbl CTD at Ser5
and Ser7 sites during transcriptional initiation. Upon
pause release, CDK7/Cyclin H phosphorylates CDK9
to promote transcription elongation. Moreover, CDK7
maintains the cancer-biased transcriptional output
of super-enhancer targets that are often associated
with cell identity, metabolism, pathobiology, and on-
cogenic factors (Yao et al., 2023). The inhibition of
CDKY7 induces transcription dysregulation and genome
instability and helps trigger anti-tumor immunity and
overcome drug resistance (Rusan et al., 2018; Zhang
et al., 2020). Currently, CDK7-selective inhibitors are
under active investigation in clinical trials; the prog-
ress regarding SY-5609 and samuraciclib is encourag-
ing (Marineau et al., 2022). CDK9 and Cyclin T
form a heterodimeric kinase complex termed positive-
transcription elongation factor b (P-TEFb), where
Cyclin T serves as a regulatory subunit for CDK9
(Baumli et al., 2008). P-TEFD activity is restricted
by the 7SK small nuclear ribonucleoprotein (snRNP)
complex, which includes 7SK RNA, hexamethylene
bis-acetamide-inducible protein 1/2 (HEXIM1/2),
La-related protein 7 (LARP7), methylphosphate cap-
ping enzyme (MEPCE), and other regulatory proteins.
Activation of P-TEFb requires the dissociation of
7SK snRNP and the phosphorylation of CDK9 at the
Thr186 residue of its activation loop (T-loop) (e.g., by
the CAK) complex (Mbonye et al., 2013). The subse-
quent interaction of P-TEFDb with either bromodomain-
containing protein 4 (BRD4) or AF4/FMR2 family
member 1/4 (AFF1/4) protein directs the complex to
permissive gene promoters and phosphorylates Rpbl
CTD at Ser2 and other transcription factors (e.g.,
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androgen receptor at Ser81) (Gordon et al., 2010; Zhou
et al., 2022). Eventually, P-TEFb facilitates the pause
release of RNA Pol II, promoting the transcription
machinery for productive elongation (Filippakopoulos
et al., 2012). Interfering with CDK9 activity not only
induces defective transcription elongation but also
impairs the process of RNA splicing and epigenetic
silencing of endogenous retrovirus genes (Zhang et al.,
2018; Xiao et al., 2023). Hence, CDK9 emerges as a
hot therapeutic target in cancer. The clinical evalua-
tion of CDK9-specific inhibitors (e.g., BAY 1251152,
GFHO009, KB-0742, and Zortiraciclib) is ongoing. Zor-
tiraciclib has been granted Orphan Drug Designation
for the treatment of glioblastoma by the U.S. Food
and Drug Administration (FDA) (Wu J et al., 2021).
Of note, the CDK9""" mutant confers resistance to
various CDK9-targeted agents (Hu C et al., 2023).
CDK12 and CDK13, both partnering with Cyclin K,
are crucial for proper transcriptional elongation and
RNA processing. Both of them phosphorylate Rpbl
CTD at the Ser2 residue, which is implicated in the
transition from transcription initiation to elongation
and the subsequent recruitment of RNA-processing
factors. Alternatively, CDK12 was recently identified as
a bona fide kinase of left open reading frame 1 (LEO1)
(Ser608), which is a subunit of the polymerase-
associated factor 1 complex (PAFIC) for processive
transcription elongation (Qiu et al., 2023). Other
known substrates of CDK12 and CDK 13 include splic-
ing factors and components of the spliceosome, as well
as the cleavage and polyadenylation specificity fac-
tor complex. CDK12 and CDK13 share some overlap-
ping functions in RNA Pol II processivity and tran-
scription elongation (Fan et al., 2020). The single in-
hibition of either CDK12 or CDK13 elicits transcrip-
tional programs associated with the DNA damage re-
sponse (DDR) and genome stability (Bosken et al.,
2014; Tien et al., 2017), but has limited impacts on
cell viability. On the contrary, dual inhibition is barely
tolerated by cells as a result of defective transcrip-
tional homeostasis, especially in the aspect of alter-
native polyadenylation, intragenic premature ter-
mination, and aberrant co-transcriptional splicing (Fan
et al., 2020; Cheng et al., 2022; Magnuson et al., 2022).
Dysregulation of CDK 12 results in compromised ho-
mologous recombination (HR) repair, rendering cells
more susceptible to DNA-damaging agents and ge-
nomically unstable (Dubbury et al., 2018; Iniguez
et al., 2018; Krajewska et al., 2019; Quereda et al.,

2019). The CDKI2 gene is recurrently mutated and
dysregulated in several types of cancers, especially
high-grade ovarian adenocarcinoma (Cancer Genome
Atlas Research Network, 2011). CDK12-deficient can-
cers often exhibit a breast cancer (BRCA) gene 1/2-like
(BRCAness) phenotype, demonstrating increased re-
sponsiveness to poly(ADP-ribose)polymerase (PARP)
inhibitors and immune therapy (Choi et al., 2020;
Schweizer et al., 2020). Similarly, CDK12/13 inhibi-
tors were shown to elicit a BRCAness phenotype and
synergize with PARP inhibitors (Quereda et al., 2019).
Agents targeting either CDK12/13 or Cyclin K are
under active development and are marching toward
early-phase clinical trials (e.g., CT7439 and CTX-439),
providing a new strategy for cancer treatment.

As exemplified by the abovementioned CDKs
and cyclins, the current understanding of CDKs and
cyclins highlights their importance in diverse aspects
of cancer biology. Targeting cyclins and CDKs is likely
to have broad impacts on the cell cycle, transcription,
DNA replication, RNA processing, signaling transduc-
tion, and immune response.

3 Proteasome-dependent targeted protein
degradation technologies for cyclins and CDKs

Targeting CDKs and cyclins represents a promis-
ing and feasible strategy for cancer treatment. The ma-
jority of efforts have been made to develop CDK inhibi-
tors (Huang et al., 2024). However, due to the high se-
quence homology and conserved adenosine triphos-
phate (ATP)-binding pockets, the design of a conven-
tional inhibitor of a specific CDK has proven challeng-
ing. Recent advances in chemically induced protein deg-
radation inspire and stimulate a new direction of drug
design. To this end, we summarize the progress of CDK
degraders that employ mainly proteasome-dependent
techniques, such as PROTACs, HEMTACs, HyTs, and
molecular glues (Figs. 1 and 2; Tables 1 and S2).

PROTAC S are chemical degraders that consist of
a ligand that binds to a protein of interest (POI), a li-
gand that recruits an E3 ubiquitin ligase, and a linker
that connects the two ligands (Sakamoto et al., 2001).
PROTAC induces the formation of a POI-PROTAC-
E3 ternary complex, facilitating ubiquitin conjugation
to lysine residues on the surface of the POI and sub-
sequent proteasome-dependent degradation (Fig. 1a)
(Deshaies, 2015). Bridged PROTAC is a variant of
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Fig. 1 Working mechanisms of proteolysis-targeting chimera (PROTAC), heat shock protein 90 (HSP90)-mediated
targeting chimera (HEMTAC), and hydrophobic tag (HyT). (a) PROTAC induces proteasome-dependent degradation of
the protein of interest (POI) via the formation of the POI-PROTAC-E3 ternary complex, while bridged PROTAC recruits
POI indirectly via a POI-interacting protein (bridge protein, BP) and degrades POI via the formation of a POI-BP-
PROTAC-E3 complex. (b) HEMTAC recruits various E3 ubiquitin ligases via the adaptor protein HSP90 and subsequently
forms the POI-HEMTAC-HSP90-E3 complex to induce targeted protein degradation. (¢) HyT binds to POI and mimics
the partially denatured state or misfolding state by exposing the hydrophobic moiety to the protein surface (Model 1).
Alternatively, HyT may destabilize POI by direct interference with protein folding (Model 2). Subsequently, either signal
mimicking the abnormal protein folding or failure of chaperones in protein folding activates the protein quality control
machinery to target POI for proteasomal degradation. CRBN: cereblon; E2: ubiquitin-conjugating enzyme; E3: ubiquitin
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PROTAC that indirectly recruits POI via a bridge pro-
tein (BP). Compared with conventional inhibitors that
rely on “occupancy-driven” effects (i.e., high affinity
and high concentration in vivo), PROTACs are based
on an “event-driven” mode (Dogan et al., 2012; Leiser
et al., 2014). PROTAC:s possess catalytic activity where
one molecule can induce multiple rounds of POI deg-
radation (Ishida and Ciulli, 2021). Moreover, PROTACs
have an advantageous capability, which means abol-
ishing both the enzymatic and scaffolding functions of
POI via induced protein degradation (Huang and Dixit,
2016; Moon and Lee, 2018). Remarkably, PROTACs
targeting androgen receptors (ARV-110 and ARV-766),
estrogen receptor (ARV-471), and Bruton’s tyrosine ki-
nase (BTK) (NX-2127) have entered clinical trials and
show promise in treating cancers of interest (Békés
et al., 2022; Chirnomas et al., 2023). The preclinical
development of CDK-targeted PROTACsS is advanc-
ing rapidly.

HSP90, a well-established molecular chaperone,
has been shown to interact with many E3 ligases and
is able to recognize misfolded proteins to accelerate
their clearance through the ubiquitin-proteasome path-
way. In contrast to the engagement of a selective E3
ligase by PTOTACs, HEMTACs hijack HSP90 to-
gether with various E3 ubiquitin ligases (the HSP90-E3
complex) and form a POI-HEMTAC-HSP90-E3 ter-
nary complex to induce targeted protein degradation
(Fig. 1b). The structure of a HEMTAC resembles that
of a PROTAC except for the HSP90-E3-binding
moiety. Such a strategy has been applied successfully
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to degrade BRD4 and CDK4/6 in pre-clinical studies
(Kargbo, 2021; Li et al., 2023).

Apart from PROTACs and HEMTACSs, HyTs are
heterobifunctional molecules that consist of a ligand
with binding affinity to a POI, a lipophilic moiety, and
a small-molecule linker (Neklesa et al., 2011). HyTs
bind to the POI and expose the hydrophobic moiety to
the surface of a protein, mimicking the partially dena-
tured state or misfolding of the protein. They then re-
cruit the protein quality control machinery to target the
POI for proteasomal degradation (Fig. 1¢). Compared
with PROTACs, HyTs may be applicable to a broader
array of proteins by circumventing the limitations of
amenable E3 ligases (Xie et al., 2023).

Molecular glue degraders are small molecules that
induce proximity between two intracellular proteins
and further the proximity-induced protein degradation
(Fig. 2). They typically alter protein—protein interac-
tion surfaces to either create or enhance the interac-
tion affinity. Representative examples include thalido-
mide, lenalidomide, pomalidomide, and other immuno-
modulatory drugs (IMiDs), which are indicated for
multiple myeloma. IMiDs induce interactions between
the E3 ligase cereblon (CRBN) and neo-substrates, in-
cluding IKAROS family zinc finger 1/3 (IKZF1/3) and
casein kinase 1a (CK1a), and subsequently target them
for degradation. Molecular glues are generally smaller
in molecular weight and have more favorable physico-
chemical properties. Until now, the strategy of using
molecular glues to target CDK12 and Cyclin K has
been explored.

@ ubiquitn
m POI (protein of interest)

@ E3 ligase (e.g., Cullin 4-RBX1-DDB1)

E2 enzyme
T ot ot o . Ol S
Poly-ubiquitination
Degradation
) 4 [ ]
Release 2 %= ..‘
—_— P — ‘v 0 -
’ . @
o °
Proteasome POI

Fig. 2 Working mechanisms of molecular glue degraders. Molecular glue alters protein—protein interaction surfaces
between an E3 ligase complex and a protein of interest (POI) or a complex containing POI, thereby either creating or
enhancing the interaction affinity to trigger proximity-induced protein degradation. E2: ubiquitin-conjugating enzyme;

E3: ubiquitin ligase. Partially created by Figdraw.
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4 Advances in small-molecule degraders of
cyclins and CDKs

4.1 CDK2 degradation via PROTAC:Ss

PROTAC S represent a primary approach for tar-
geted CDK2 degradation (Fig. 3), utilizing CDK2 in-
hibitors (AT7519, AT7519-7, AZD5438, FN-1501, PF-
069736, INJ-7706621/J2, TMX-2039, and TAE684)
conjugated to either CRBN- or von Hippel-Lindau
(VHL)-targeting ligands to recruit E3 ubiquitin ligases
(Zhou et al., 2020; Hati et al., 2021; Wu et al., 2024).

Zhou et al. (2020) designed a series of CRBN-
dependent PROTACs that connect pomalidomide or
3-hydroxy thalidomide to CDK2 inhibitors AT7519
and FN-1501. In general, FN-1501-based compounds
are more potent and effective in inducing the degrada-
tion of CDK2 than AT7519-based ones. Of note,
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CDKO9 was identified frequently as another target that
was co-depleted with CDK2 by these FN-1501-based
PROTACSs. Molecule 1 (F3) is one of the leading can-
didates with desirable activities in human prostate can-
cer PC-3 cells, where its half-maximal inhibitory con-
centration (IC,;) against cell viability, half-maximal
degradation concentration (DC,,) against CDK2, and
DC,, against CDK9 are 120, 62, and 33 nmol/L,
respectively. Mirroring the effect of FN-1501, Mol-
ecule 1 impairs cell proliferation and arrests the cell
cycle in the G2/M phase. Kumarasamy et al. (2023)
reported another pomalidomide and FN-1501 chimera
Molecule 2 (FN-pom) that simultaneously depletes
CDK2 and Cyclin E1. Through the hybrid design of
a pan-CDK inhibitor TMX-2039 and CRBN binder,
Teng et al. (2020) developed Molecule 3 (TMX-1160),
a PROTAC that turned out to exhibit cell type-
dependent target profiles, acting as a multi degrader
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Fig. 3 Molecular structures of selective proteolysis-targeting chimeras (PROTACS) that target cyclin-dependent kinase 2
(CDK2). Molecule 8 is a von Hippel-Lindau (VHL)-dependent PROTAC, while the rest are cereblon (CRBN)-dependent.



of CDK2/4/5/6 in Jurkat cells and a dual degrader of
CDK2 and CDKS5 in OVCARS cells. Further optimi-
zation of the linker and CDK-binding moiety yielded
Molecule 4 (TMX-2172), exhibiting enhanced selec-
tivity and degradation efficacy against CDK2/CDKS5
in both Jurkat and OVCARS cells. Similarly, through
the hybrid design of the CDK2/4/6 inhibitor PF-069736-
based PROTACs, Wei MM et al. (2021) developed
a CDK2/4/6 degrader, Molecule 5, and subsequently
converted it into a prodrug, Molecule 6, with good
oral pharmacokinetic profiles (rat: bioavailability 68%)
and anti-melanoma activities in vivo. Remarkably,
Molecule 7 (CPS2) and Molecule 8 (PROTAC-S8)
represent two CDK2-selective degraders (Zhou et al.,
2020; Wei MM et al., 2021). Molecule 7 is a heterobi-
functional degrader based on pomalidomide and a JNJ-
7706621 derivative J2, and has impressive selectivity
for CDK2 over other CDKs. Although Molecule 7 de-
grades Aurora kinase A (AURKA) as an unintentional
target, biological studies have suggested that it induces
the differentiation of acute myeloid leukemia (AML)
cells and human hematopoietic stem cells without in-
ducing cytotoxicity primarily through CDK2 deple-
tion. Different from Molecule 7, Molecule 8 was de-
veloped from the linkage of the VHL binder VH032
and the CDK2 inhibitor AZD5438 (Hati et al., 2021).
Despite good selectivity, Molecule 8 only induces par-
tial degradation of CDK2.

Interestingly, Huang et al. (2018) studied the
CRBN-dependent multi-kinase degrader Molecule 9
(TL12-186), which was later shown to exhibit cell
cycle phase-specific activity for protein degradation
(Riching et al., 2021; Wang et al., 2021). Molecule 9
is able to degrade 16 CDKs, including CDK2. While
it retains good binding affinity for CDK2 throughout
the cell cycle, it only induces efficient degradation of
CDK2 in G1 or unsynchronized cells. One possible
explanation for the reduced efficacy of Molecule 9 in
CDK2 degradation in the S and G2/M phases is its in-
ability to form a ternary complex with CRBN. It would
be interesting to examine whether the pattern of cell
cycle-dependent degradation holds true for other CDK
degraders.

To date, PROTACs appear as the predominant
strategy for achieving targeted proteasomal degra-
dation of CDK2. Notably, a few CDK2-directed
PROTACSs have demonstrated the ability to degrade
CDK?2-associated cyclins (e.g., Cyclin E) (Kumarasamy
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et al., 2023). While CRBN-recruiting CDK2 PROTACs
exhibit potent on-target degradation, they frequently
deplete unintended kinases (CDK4/5/6/9 and AURKA).
In contrast, VHL-based CDK2 PROTACSs show im-
proved selectivity but reduced maximal degradation
efficiency.

4.2 CDK4/6 degradation via PROTACs and
HEMTACs

PROTACs (including bridged PROTACs) and
HEMTACSs achieve proteasome-dependent CDK4/6
degradation through bifunctional designs coupling
CDK4/6 inhibitors with E3 ligase-recruiting ligands
(Fig. 4). HEMTACSs substitute specific E3 ligands
with HSP90-recruiting ligands, leveraging chaperone-
mediated degradation pathways for selective CDK4/6
degradation.

Many research groups have independently ex-
plored strategies for CRBN-dependent degradation of
CDK4/6 via conjugating a CRBN binder to CDK4/6
inhibitors, including palbociclib, ribociclib, abemaci-
clib, and YY173 (Jiang et al., 2019; Zhao and Bur-
gess, 2019; He et al., 2024). Zhao and Burgess (2019)
connected pomalidomide to either palbociclib or ribo-
ciclib to develop dual degraders of CDK4/6, includ-
ing Molecule 10 (pal-pom) and rib-pom. The assem-
bly of Molecule 10 with the photosensitizer Chlorin
€6 into nanoparticles potentiated the development of
photodynamic combination therapy (Wang TY et al.,
2023). Jiang et al. (2019) also reported a series of
CDK4/6 degraders derived from palbociclib, riboci-
clib, and abemaciclib. Among those, abemaciclib-based
Molecule 11 (BSJ-01-184) demonstrated dual degra-
dation activities toward CDK6 and CDK4, while
palbociclib-based Molecule 12 (BSJ-02-162) and
ribociclib-based Molecule 13 (BSJ-01-152) showed a
CDKo6-biased and CDK4-biased activity, respectively.
Using a similar strategy, Rana et al. (2019) also found
a series of PROTAC:s that degrade CDK6 preferentially
in pancreatic cancer cells via phthalimide conjugation
to palbociclib. Molecule 14 (PROTAC 6) with a longer
linker exhibited the strongest CDK6-proteolytic effi-
cacy. Similarly, palbociclib/thalidomide-based CDK6
degrader Molecule 15 (YX-2-107) showed good anti-
tumor effects on Philadelphia-positive acute lympho-
blastic leukemia (de Dominici et al., 2020). Wu XW
et al. (2021) developed a CDK4/6 degrader, Molecule
16 (MS140), which is a palbociclib/pomalidomide
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mediated targeting chimeras (HEMTACS) that target cyclin-dependent kinase 4/6 (CDK4/6). Cereblon (CRBN) is
frequently hijacked by CDK4/6 PROTACSs for protein degradation, while DDB1- and CUL4-associated factor 16
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targeting CDK4/6.



chimera with a short linker. Molecule 16 suppressed
the pRb-E2F pathway and limited the E2F output and
cell growth in sensitive cells. Su et al. (2019) compared
the applicability of various E3 ligase moieties (i.e.,
pomalidomide for CRBN, VH032 for VHL, Nutlin-
3b for mouse double minute 2 (MDM2), and bestatin
for cellular inhibitor of apoptosis protein 1 (clAP1))
for CDK4/6 degraders. PROTACs based on CRBN
were able to degrade CDK6 with high efficiency;
among those, Molecule 17 (CP-10) exerted potent
and selective activity against CDK6, with a DC,, of
2.1 nmol/L. Of note, IKZF1 and IKZF3 are targets of
IMiDs and the abovementioned IMiD-based PROTACs
(Lu et al., 2014). Since DKY709 is an alternative IMiD
that targets IKZF2 instead of IKZF1/3, palbociclib-
DKY709 chimeras, such as Molecule 18 (ALV-07-
082-03), have been developed as potent CDK4/CDK6/
IKZF?2 triple degraders (Verano et al., 2022). The co-
depletion of CDK4/6 and IKZF not only conferred en-
hanced anti-proliferative activity against cancer cells
(e.g., mantle cell lymphoma cells) but also caused un-
wanted side effects in normal cells. Through optimiza-
tion of the linker design, Brand et al. (2019) converted
a palbociclib/phthalimide-based CDK6 and IKZF1/3
dual degrader Molecule 19 (YKL-06-102) into Mol-
ecule 20 (BSJ-03-123), which achieved the potent,
fast, and selective degradation of CDK6 while leaving
IKZF1/3 unaffected. Similarly, Molecule 21 (BSJ-03-
204) was identified as a palbociclib/phthalimide-based
CDK4/6 dual degrader without IKZF1/3 activity (Jiang
et al., 2019). It seems that palbociclib-based CRBN-
dependent PROTACs exhibit preferential CDK6 deg-
radation selectivity over CDK4 (Anderson et al., 2020).
In addition to the use of known CDK4/6 inhibitors as
substrate-recruiting moieties, Gan et al. (2024) de-
veloped Molecule 22 (6a) with CDK1, CDK4, and
glucose-regulated protein 94 (GRP94) degradation ac-
tivities through the hybrid design of thalidomide and
the natural, promiscuous compound celastrol.
Alternative E3 ligases have been tested for the
induced degradation of CDK4/6. Failed attempts have
been reported to develop MDM2-based CDK4/6.
However, encouraging findings were obtained from
CDK4/6 PROTACs dependent on DDB1- and CUL4-
associated factor 16 (DCAF16), VHL, and cIAP1. Re-
cently, Pu et al. (2023) designed a series of DCAF16-
based CDK4/6 degraders that combine palbociclib
and DCAF16 E3 ligase ligand KB02 with various
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linkers. Despite the relatively high DC,, values (CDK4:
6.5 pumol/L; CDK6: 8.0 umol/L), Molecule 23 (A4)
represents a leading DCAF16-dependent CDK4/6
PROTAC with anti-breast cancer activities both
in vitro and in vivo. Steinebach et al. (2020) showed
that VHL- and cIAP1-based targeted degradation of
CDK4/6 is indeed feasible in cancer. Representative
VHL-based selective CDK6 degraders include Mol-
ecules 24 and 25. cIAP1-based Molecule 26 caused
the concurrent degradation of CDK4/6 and IAPs at
a concentration of 1 umol/L, yielding a synergistic
anti-proliferative effect on cancer cells. Of note, several
palbociclib-based VHL-dependent PROTAC:sS, includ-
ing Molecule 27 (MS28), effectively degrade Cyclin
D1 prior to CDK4/6 (Wang TY et al., 2023), mitigat-
ing the pRb-E2F pathway and the proliferation and
clonogenicity of non-small cell lung cancer cells.
Molecule 27 represents the first-in-class degrader
of Cyclin D1 working through the formation of the
Cyclin D1-CDK6-PROTAC-VHL quaternary complex.
Further investigation revealed that Molecule 27 si-
multaneously degrades Cyclin D3 but not Cyclin D2
or other cyclins. As inspired by MS28, “bridged
PROTAC” emerges as a new strategy to degrade pro-
tein binding partners (Fig. 1a).

The potential mechanisms of resistance to CDK4/6
inhibitors have been thoroughly reviewed (Steine-
bach et al., 2020). Retinoblastoma 1 (RB1) loss and
hyper-activation of CDK2, Cyclin E, and inhibitor of
CDK4 (INK4) proteins have been associated with
CDK4/6 inhibitor resistance (Condorelli et al., 2018;
Wander et al., 2020; Xu et al., 2021; Li Q et al.,
2022). The application of a CDK2/Cyclin E PROTAC
Molecule 2 synergized with CDK4/6 PROTACs
against pl16/INK4A-proficient cancer cells (Kuma-
rasamy et al., 2023). The recent development of YY 173/
pomalidomide-based CDK2/4/6 PROTAC may be ben-
eficial to overcome resistance to CDK4/6 inhibitors
(He et al., 2024). Wu XW et al. (2021) also reported
that CDK6 is a thermostable, weak HSP90-client,
with lower affinity for either inhibitors or degraders of
CDK4/6 in cells resistant to CDK4/6-targeted agents.
In line with the relevance of HSP90’s affinity to drug
response, a new approach termed HEMTACs was
devised by connecting palbociclib with the HSP90 li-
gand BIIB021 via a flexible linker (Li et al., 2023). In
the presence of HEMTACs, HSP90-E3, HEMTAC, and
CDK4/6 form ternary complexes that prime ubiquitin
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transfer and proteasomal degradation of CDK4/6. Mol-
ecule 28 (HEMTAC 26) was showcased as a good ex-
ample, exhibiting desirable degradation efficiency
and anti-tumor activity. Hence, HEMTACs provide
a valuable strategy to cause the degradation of weak-
or non-HSP90 client proteins.

PROTAC and HEMTAC studies have evaluated
a number of E3 ligases for degrading CDK4/6. Re-
markably, “bridged PROTAC” represents a promising
strategy for developing cyclin degraders. Thus far, the
effective degradation of CDK4/6 has been achieved
using CRBN, VHL, cIAP1, DCAF16, and HEMTACS,
whereas MDM2-based approaches remain unsuccess-
ful. Notably, CRBN-recruiting PROTACs frequently
cause the co-depletion of IKZF proteins, which consti-
tute the major source of toxicity in normal cells.
While CDK4/6 share functional redundancy, lineage-
associated dependency on each isoform has been rec-
ognized. For example, HER2" breast cancer and pros-
tate cancer exhibit CDK4 dependence (Zhang ZW
et al., 2022), whereas hematopoietic cells rely primar-
ily on CDK6 (Maurer et al., 2021). Although CDK4-
selective agents may offer a path to circumvent the he-
matologic toxicity associated with dual CDK4/6 in-
hibitors (Palmer et al., 2025), achieving selective inhib-
ition remains very challenging because of the highly
homologous ATP-binding pockets of CDK4 and CDK®6.
Encouragingly, through PROTAC optimization, re-
searchers have developed degraders achieving CDK4-
specific, CDK6-specific, or dual-targeted degradation.
These isoform-selective degraders represent valuable
tools for dissecting CDK4/6 biology and advancing
precision cancer therapy.

4.3 CDKS8/19 degradation via PROTACsSs

CDK&8 and CDK19 are closely related CDKs that
function as key regulatory components within the
Mediator complex. PROTAC technology has demon-
strated feasibility in transforming CDK8/19 inhibitors
into either CDK8-selective degraders or CDK8/19/
Cyclin C triple degraders (Fig. 5).

Hatcher et al. (2018) developed JH-VIII-49, a
CDK&8/19 inhibitor analogous to Cortistatin A. The
conjugation of JH-VIII-49 and pomalidomide via
a polyethylene glycol (PEG) linker further yielded
the CDK8-selective PROTAC Molecule 29 (JH-
XI-10-02). Another CDK8-selective degrader, Mol-
ecule 30 (YKL-06-101), was synthesized by linking

the mechanistic target of rapamycin (mTOR)/CDK8
inhibitor THZ4-55 with thalidomide (MenzI et al.,
2019). While retaining the function to inhibit mTOR,
Molecule 30 acts as a CDK8 degrader without alter-
ing the levels of CDK19, Cyclin C, Mediator com-
plex subunit 12 (MED12), and MED13. Interest-
ingly, CDK8-dependent transcriptional changes im-
paired the mTOR pathway in Philadelphia-positive
acute lymphoblastic leukemia cells, whereas CDKS
kinase inhibitors showed minimal effects. In this
scenario, simultaneous CDKS8 depletion and mTOR
inhibition by Molecule 30 induced the apoptosis of
leukemic cells. Chen et al. (2023) developed a
CDK&8/19 PROTAC named Molecule 31 (SNX7886)
on the basis of the hybridization of pomalidomide
and the CDK&/19 inhibitor BI1347. Molecule 31
degraded CDKS8 by up to 90% and CDK19 by up
to 80% at 30 nmol/L, with concurrent depletion of
Cyclin C.

Collectively, the abovementioned findings for
CDKZ&8/19 PROTACs suggest the feasibility of devel-
oping CRBN-based CDKS8 degraders and CDK8/19/
Cyclin C degraders. However, CDK19-selective de-
graders remain unavailable to date. Besides, informa-
tion on anti-cancer activities that can be attributed to
on-targeted effects of CDK8/19 PROTACSs remains
limited.

4.4 CDK7 degradation via PROTACs

CDK7-targeting PROTACSs have been developed
via the conjugation of CDK?7 inhibitors (i.e., YKL-5-
167 and A86) to either VHL- or CRBN-targeting li-
gands. Ji et al. (2024) recently reported a series of
CDK7 PROTAC:S that connect the selective CDK7
inhibitor YKL-5-167 analog to either VHL or CRBN
recruiter (Fig. 5). The VHL-based CDK7 PROTAC
Molecule 32 (JWZ-5-13) induced the near-complete
degradation of CDK7 with low nanomolar efficacy in
various cancer cell lines. Of note, the CDK7-interacting
partners Cyclin H and MAT1, which form the CAK
complex, could be depleted simultaneously, while other
CDKs were barely affected. Molecule 32 exhibited an
improved anti-proliferative capability over the CDK7
inhibitor YKL-5-167. Moreover, it was well tolerated
by the mice and exhibited half-lives (7,) of 3.76 and
2.82 h via intravenous and intraperitoneal injection,
respectively. However, CRBN-based compounds were
not able to induce the complete degradation of CDK7,
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Fig. 5 Molecular structures of selective degraders against cyclin-dependent kinase 8/19 (CDK8/19), CDK7, and CDKY/
Cyclin T. Molecules 29-31 are cereblon (CRBN)-dependent proteolysis-targeting chimeras (PROTACSs) against CDK8/19.
Molecules 32 and 33 are von Hippel-Lindau (VHL)-dependent and CRBN-dependent PROTACs against CDK7, respectively.
Molecule 34 is a CRBN-dependent PROTAC of casein kinase 1o (CK1a), CDK7, and CDK9. Molecules 35—-46 are CRBN-
dependent CDK9 PROTACs. Molecules 47 and 48 are hydrophobic tags (HyTs) against CDK9/Cyclin T1 heterodimer.

as Molecule 33, which exhibited the best activity, only  that induced degradation of CDK7 may be more per-
achieved a nearly 50% reduction. These data suggest missive to VHL than CRBN. Nevertheless, Wang et al.
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(2024) developed a CRBN-based multiple-target de-
grader, Molecule 34 (PROTAC 13i), which elicited ef-
ficient degradation of CK1a, CDK7, and CDK9. It
also induced p53 and exerted anti-AML potentials at
the expense of the transcriptional downregulation of
survival genes (e.g., MDM2, MYC, B-cell lymphoma
2 (BCL2), and myeloid cell leukemia 1 (MCL1)) and
cytokine genes. Altogether, CDK7-targeting PROTACs
have the potential to deplete the CAK complex, there-
by indirectly regulating downstream CDK activity.
Unlike most CDKs, which are generally more vulner-
able to CRBN-based degraders, CDK?7 displays pref-
erential degradation via VHL-recruiting PROTAC.
This ligase-selective vulnerability presents a compel-
ling model for probing structural determinants govern-
ing productive E3 ligase engagement.

4.5 CDKY9 degradation via PROTACSs and HyTs

The widespread dysregulation and critical roles
of CDKD9 in oncogenic transcription stimulate the de-
velopment of CDK9 degraders. To date, a number of
structurally diverse PROTACs and HyTs with CDK9-
related proteolytic activities have been developed
(Fig. 5). These CDK9 degraders exhibit robust target
degradation and potent anti-proliferative activities
across a wide spectrum of cancers.

The first CDK9 PROTAC, Molecule 35, was re-
ported by connecting an aminopyrazole analog to tha-
lidomide in 2017 and showed low micromolar activity
(Robb et al., 2017). Another aminopyrazole-based
Molecule 36 (PROTAC 2) improved CDK9 degrada-
tion efficiency, with a DC,, value of approximately
150 nmol/L, where a shortened linker length had a nega-
tive impact on CDK9 degradation (King et al., 2021).
In 2018, Olson et al. (2018) reported a CDK9 PROTAC
Molecule 37 (THAL-SNS-032) through the chimeric
design of a CDK inhibitor SNS-032 and thalidomide.
Affinity competition assay showed that Molecule 37
degraded CDKD in a catalytic, sub-stoichiometric fash-
ion. Molecule 37 caused an efficient and selective
depletion of CDK9 at 250 nmol/L within 2 h and
subsequently induced the loss of Ser2 phosphoryla-
tion at the Rpb1 CTD and substantial perturbation of
global messenger RNA (mRNA) biogenesis. As a re-
sult, the cancer-associated core regulatory circuitry was
disrupted and apoptosis was induced in leukemic
cells upon treatment with Molecule 37 (Boyer et al.,
2005; Sanda et al., 2012; Olson et al., 2018). Wei D
et al. (2021) developed a highly potent and selective

CDK9 degrader, Molecule 38, which showed IC,, of
<20 nmol/L and strong anti-tumor effects in triple-
negative breast cancer models. It had an on-target
DC,, of <100 nmol/L, while it showed minimal effects
on G1 to S phase transition 1 (GSPT1) and other CDK
proteins, including CDK1, CDK2, CDK4, CDKS,
CDK6, and CDK7, at doses up to 500 nmol/L in
breast cancer cells. The CDK9 inhibitor BAY-1143572
was also converted successfully into a series of CDK9
PROTACs, among which Molecule 39 (B03) showed
an enhanced anti-proliferative effect in AML cells
(Qiu et al., 2021). Flavonoid-based CDK9 PROTAC
Molecule 40 (CP-07) had a CDK9 DC,, of 43 nmol/L
in 22RV1 prostate cancer cells and was able to re-
duce the expression of MCL1 and MYC, cell viability,
and clonogenicity (Wu et al., 2023). AT7519-based
CDK9 PROTACSs with aminoalkanoic acid linkers,
such as Molecules 41-43, displayed impressive po-
tency in CDK9 degradation and cytotoxicity against
AML cells (Tokarski et al., 2023). Among those AT7519-
based CDK9 PROTACs, compounds with PEG linker
were generally less effective. Further exploration of
linker length indicated that longer-chain compounds
performed better than their shorter-chain analogs.
CRBN-dependent PROTACs with dual activity
to degrade CDKO9 and other kinases are available from
the literature. For example, a wogonin (natural fla-
vone compound)-based Molecule 44 (PROTAC 1lc)
could target both CDK9 and CDK7; BPA311-based
Molecule 45 (PROTAC 13) could selectively degrade
CDKO9 and FMS-like tyrosine kinase 3 (FLT3) in leu-
kemic cells with FLT3-internal tandem duplications
(ITDs) (Rezni¢kova et al., 2022); and Molecule 46
(PROTAC CD-5) exhibited a degradation efficacy
against CDK9, CDK1, and KAT6A (Ao et al., 2023).
In parallel with PROTACs, HyT-based small-
molecule degraders have been developed by tagging a
(=)-methoxyacetyl degron to SNS-032. Molecule 47
(LL-K9-3) and Molecule 48 (LL-CDK9-12) were
showcased as two potent CDK9/Cyclin T1-targeted
HyTs that could selectively degrade the CDK9/Cyclin
T1 heterodimer without affecting other CDKs (Li JC
et al., 2022; Lin et al., 2023). While Molecule 47 had
off-target effects, including glycogen synthase kinase
3o (GSK3a), Molecule 48 possessed a more efficient
and selective degradation capability, with DC,, values
of 0.36 and 0.68 pmol/L against CDK9 and Cyclin T1,
respectively. Both CDK9 HyTs exerted stronger inhibi-
tory effects than SNS-032 on oncogenic transcription



programs driven by MYC and androgen receptor in
prostate cancer cells (Niu et al., 2022; Yang et al.,
2022).

Altogether, CDK9 represents a highly tractable
degradation target for many CDK-targeting PROTAC:s.
CRBN-recruiting warheads are commonly utilized in
the CDK9 PROTAC design, where optimizing linker
length critically influences degradation efficiency. To
date, the known CDK9-selective PROTACSs remain
limited; however, appending HyTs to CDK9 inhibi-
tors enables the selective degradation of the CDKY9/
Cyclin T1 complex. Since CDK9 is a common essen-
tial gene for cancer and normal cells, enhancing can-
cer selectivity is critical for the clinical translation of
CDKO-targeting degraders.

4.6 CDK12/13/Cyclin K degradation via PROTACs
and molecular glues

CDK12 and CDK13 share a high degree of se-
quence and functional similarity. Both of them interact
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with Cyclin K. A number of PROTACs successfully
degrade CDK12/13, while molecular glues predom-
inantly deplete Cyclin K (Fig. 6). Structurally diverse
degraders now enable distinct degradation profiles:
CDK12-only, CDK12/13-dual, CDK12/Cyclin K-
complex, Cyclin K-only, or CDK12/13/Cyclin K-triple
depletion.

Yang et al. (2022) reported a CRBN-dependent
dual CDK12/13 degrader, Molecule 49, which degraded
CDK12 (DC,;: 2.2 nmol/L), CDK13 (DC,;: 2.1 nmol/L),
and Cyclin K in MDA-MB-231 breast cancer cells
(Yang et al., 2022). In line with the deleterious effect
of dual kinase inhibition on cells, Molecule 49 reduced
the viability of multiple triple-negative breast cancer
cell lines, along with a marked inhibition of DDR gene
transcription. Selective CDK12 PROTACs include
Molecule 50 (BSJ-4-116) and Molecule 51 (PP-C8)
(Niu et al., 2022; Liu et al., 2023). Molecule 50 was
the first selective CDK12 degrader developed using
a fragment of a dual CDK12/13 covalent inhibitor
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Fig. 6 Molecular structures of the selective molecular glue degraders of Cyclin K and proteolysis-targeting chimeras
(PROTAC:S) that target either cyclin-dependent kinase 12/13 (CDK12/13) or CDK17. Molecules 49-51 are cereblon
(CRBN)-dependent PROTACSs against CDK12 and/or CDK13, while molecules 52—62 are molecular glue degraders of
Cyclin K. Molecule 63 is a von Hippel-Lindau (VHL)-dependent PROTAC against CDK17.
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THZ531 as a CDK12 binder. It depletes CDK12 in a
dose- and time-dependent manner with any trivial ef-
fect on CDK13. In cellular assays, Molecule 50 treat-
ment not only significantly downregulated DDR genes
but also overcame resistance to covalent CDK12/13
inhibitors. However, upon chronic exposure, mutations
in CDK12 (i.e., 1733V and G739S), which impair de-
grader binding, conferred the acquired resistance to
Molecule 50. Molecule 51 is another PROTAC with
the capability to dually degrade both CDK12 (DC,;:
416 nmol/L) and Cyclin K (DC,;: 412 nmol/L). Both
Molecule 50 and Molecule 51 showed a profound
synthetic lethality with respect to PARP inhibition in
preclinical anti-cancer studies.

Molecular glues are best explored in the targeted
degradation of Cyclin K, the dimerization partner of
CDK12/13. Representative compounds include CRS,
DS17/30, compound 21195, SR-4835, HQ461, NCT02,
and dCeMM2/3/4 (Lv et al., 2020; Mayor-Ruiz et al.,
2020; Stabicki et al., 2020; Dieter et al., 2021; Houles
et al., 2023; Kozicka et al., 2024), all of which act
through the engagement of CDK12/13 active sites and
DDB1/CUL4/RBX1 E3 ubiquitin ligases. Stabicki
et al. (2020) identified Molecule 52 (CR8) as a small-
molecule glue that bridges the interaction between
CDK12/Cyclin K and DDBI, promoting Cyclin K for
ubiquitination and proteasomal degradation. This dis-
covery emerged from correlating drug sensitivity data
for 4518 clinical/preclinical small molecules with the
mRNA levels of 499 E3 ligase components across hun-
dreds of human cancer cell lines. The surface-exposed
2-pyridyl moiety of CR8 confers it gluing function.
Subsequent structural, biophysical, and cellular studies
of Molecule 52 derivatives and other Cyclin K mo-
lecular glues revealed that simultaneous binding to
CDK12 and engagement of DDBI interfacial residues
(in particular, Arg928) are essential for glue activity
(Kozicka et al., 2024). Through the exploration of
Molecule 52 analogs in Cyclin K degradation, Thomas
et al. (2024) demonstrated that a wide range of modi-
fications to the degradation-inducing group are toler-
able as long as the solvent-exposed groups are suffi-
cient for the interaction between CDK12 and DDBI.
The addition of solvent-exposed groups such as pyri-
dine and furan to the core of pan-CDK inhibitors di-
naciclib and AT7519 converted them to Cyclin K de-
graders. Molecule 53 in the dinaciclib series was found
to be both an effective CDK12 inhibitor and a Cyclin
K degrader, while AT7519-based Molecule 54 was

a strong Cyclin K degrader but with approximately
500-fold weaker CDK12 affinity. Dieter et al. (2021)
also identified Molecule 55 (NCT02) as a molecular
glue degrader of Cyclin K, CDK12, and CDK13.
Upon treatment with Molecule 55 in colorectal cancer
cells, degradation of Cyclin K occurred before that of
CDK12. In line with the preferential growth depen-
dency of TP53-defective colorectal cancer cells on
Cyclin K and CDK 12, targeted CDK12/Cyclin K deg-
radation by Molecule 55 decreased the corresponding
cell expansion both in vitro and in vivo. Molecule 55
further sensitized patient-derived colorectal cancer
spheroids to chemotherapy agents, including oxalipla-
tin and irinotecan. Molecule 56 (SR-4835) and Mol-
ecule 57 (DS17) are representatives of CDK12/13-
selective inhibitors with concurrent glue activities as
Cyclin K degraders. Alterations in the benzimidazole
side chain of Molecule 56 decreased cyclin K degra-
dation and cytotoxicity (Houles et al., 2023). Mol-
ecule 58 (HQ461) was shown to be a relatively weak
glue degrader of Cyclin K with lower inhibitory activ-
ities against CDKs (Lv et al., 2020). Structure—activity
relationship analysis unveiled a 5-methylthiazol-2-
amine moiety as the important pharmacophore of
Molecule 58 and further guided the development of
Molecule 59 (HQO005) with an improved potency
(Cyclin K DC,;: 41 nmol/L). CDK12 mutations in
G731R/E and CDK/3 mutations in G709R/E con-
ferred resistance to Molecule 57. Through screening
a library of approximately 2000 cytostatic/cytotoxic
small molecules against wild-type and UBE2M-mutated
near-haploid KBM7 cells, Mayor-Ruiz et al. (2020)
identified a series of chemical scaffolds that exhibited
functional dependence on intact neddylation path-
ways. Subsequent quantitative proteomics analysis in-
dicated that Molecules 60—62 (dCeMM?2/3/4) pro-
foundly downregulate Cyclin K, whereas they have
a milder effect on CDK12/CDK13. On the basis of
the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
screening assay using a Cullin-RING ubiquitin ligase
(CRL)-focused single-guide RNA (sgRNA) library, a
number of genes, including DDBI, CUL4B, UBE2M,
UBE2G1, UBE2Z, and UBA6, were identified to con-
fer cellular sensitivity to Molecules 60—62. These glues
also exhibited selective dependence on CUL4B over
CULA4A, suggestive of the CRL4B ligase complex-
dependent degradation of Cyclin K. Moreover, the
engagement of CDK12/13 active site was required



for drug-induced degradation of Cyclin K via the
CRL4B-DDBI1 complex, albeit the cellular efficacy
of Molecules 60—62 appeared to be independent of
their weak inhibitory activity against CDK12/13. Ac-
quired resistance to Molecules 60—-62 emerged from
mutations in DDBI, CUL4B, CDK12, and CDK13. A
CDK13 (P1043H) mutation outside the kinase do-
main blunted Cyclin K degradation following treat-
ment with Molecules 60—62. Of note, in spite of the
common effect on Cyclin K degradation, Cyclin K
molecular glues had distinct target profiles beyond
Cyclin K. Through rational design, the independent
optimization of CDK inhibition and Cyclin K degra-
dation activity seems feasible, leading to compounds
with different target profiles and biological activities
(Thomas et al., 2024).

To sum up, chemically induced degradation of
CDK12/13 strongly disrupts DDR gene expression,
potentiating synthetic lethality with PARP inhibition.
In contrast, Cyclin K molecular glues trigger diverse
transcriptomic responses that are different from the se-
lective degradation or inhibition of CDK12/13. This
variability in target engagement profiles necessitates
rigorous characterization and, in turn, may be benefi-
cial to the development of diverse drugs. Furthermore,
developing a CDK13-selective degrader may be help-
ful for delineating the isoform-specific function be-
tween CDK12 and CDK13.

4.7 CDK17 degradation via PROTACs

CDK17 is a poorly studied kinase with the high-
est expression in brain tissue. Although its function re-
mains a mystery, CDK17 was shown to be a degrad-
able protein by PROTACs. By employing a chemo-
proteomics approach, Donovan et al. (2020) found
that CDK17 was degraded by 15 different compounds,
including two potent and two selective PROTACsS for
CDK17. Molecule 63 (DD-03-156; Fig. 6) is the chi-
meric design of the VHL binder and dabrafenib (an in-
hibitor of BRAF"™" mutant). Interestingly, instead of
V-raf murine sarcoma viral oncogene homolog Bl
(BRAF), Molecule 63 induced the potent and selec-
tive degradation of CDK17 and LIM domain kinase 2
(LIMK?2), suggesting that turning an inhibitor with
prominent targets into a PROTAC may generate novel,
potent, and selective degradation events distinct from
a warhead inhibitor’s primary targets. Meanwhile, the
impact of CDK17 degraders on cellular phenotypes
remains unclear.
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5 Conclusions and future perspectives

As summarized above, cyclins and CDKs are reli-
able drivers and thus attractive targets in human cancer.
The inhibition of cyclins and CDKs impairs diverse on-
cogenic pathways, not limited to the cell cycle, tran-
scription, DNA replication, RNA processing, signaling
transduction, and immune response. In recent years,
encouraging progress has been made in developing
CDK and/or cyclin degraders via PROTAC, HEMTAC,
HyT, and molecular glue techniques. Chemically in-
duced protein degradation emerges as an innovative
and promising strategy to target cyclins and CDKs.

5.1 Unfilled gaps in CDK and cyclin biology

Many biological aspects of cyclins and CDKs re-
main unexplored. For example, functional redundancy
and cooperation among CDKs with high homology
have not been well addressed. Such situations apply
to but are not limited to CDK11A versus CDK11B,
CDK4 versus CDK6, CDKS8 versus CDK19, CDK12
versus CDK13, as well as CDK7 versus CDK20. Pro-
tein degraders, especially PROTACS, usually trigger
highly efficient depletion of CDKs or cyclins within
hours. Leveraging this advantage, protein degraders
with high selectivity serve as valuable tools to eluci-
date the phase-specific roles of CDK/cyclin complexes
during cell cycle progression (Fig. 7).

While the non-canonical functions and kinase-
independent scaffolding roles of several CDKs have
been recognized, their mechanistic underpinnings and
biological consequences remain inadequately charac-
terized. This knowledge gap impedes both fundamen-
tal understanding and therapeutic exploitation. Further-
more, the functional relevance of cyclins and CDKs
to various cancer hallmarks beyond cell cycle biology
awaits thorough investigations, especially in the con-
text of cancer signaling transduction, metabolism, epi-
genetics, immunity, and the microenvironment. It
should also be emphasized that CDK/cyclin-targeted
cancer therapy simultaneously influences both cancer
cells and non-cancer compartments. The roles of cy-
clins and CDKs in immune cells and stromal cells are
still elusive.

5.2 Advantages of targeted protein degradation
over conventional protein inhibition

Rapid advances in targeted protein degradation
technologies have yielded diverse therapeutic modalities,
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including PROTACs, HEMTACs, HyTs, and molecu-
lar glues, all of which hijack the cellular degradation
machinery (e.g., the ubiquitin-proteasome system) to
eliminate POI. As extensively documented in the litera-
ture, targeted protein degradation offers strategic
advantages over conventional inhibition through ex-
panded target druggability, catalytic mechanism of ac-
tion, disruption of scaffolding functions, and reduced
susceptibility to resistance (Table 1).

Conventional small-molecule drug design relies
on binding to a specific catalytic or allosteric site on a
target protein, triggering the so-called occupancy-
driven inhibition. However, this occupancy-driven phar-
macology usually becomes ineffective in case of pro-
teins either lacking well-defined catalytic pockets (e.g.,
cyclins and other CDK partners) or exhibiting highly
homologous binding sites (e.g., kinase domains within
CDKs). In these scenarios, targeted protein degrada-
tion can overcome limitations by utilizing accessible
spaces beyond the active sites and an expanded layer
of selectivity regulation through substrate permissibil-
ity, providing novel chemical tools and therapeutic
strategies for protein-based therapy targeting an un-
druggable or difficult-to-target proteome.

Most proteasome-dependent protein degraders
behave catalytically, enabling the ubiquitination of

super-stoichiometric target protein pools without
occupancy-based equilibrium constraints. The catalytic
cycle of PROTACs/molecular glues, operated through
dynamic assembly and disassembly of the POI-degrader-
E3 complex, permits a single degrader molecule to
facilitate multiple rounds of target ubiquitination (Wu
XW etal., 2021).

By inducing protein elimination, degraders uni-
quely abolish all functions of target proteins, includ-
ing non-catalytic scaffolding roles, while traditional
inhibitors usually block specific activities (e.g., enzy-
matic sites). Evidence from non-CDK/cyclin-targeting
PROTACSs has demonstrated their superior efficacy
over parental inhibitors and their ability to overcome
acquired resistance (Xu et al., 2018). CDK-targeting
PROTAC:S have also shown potential to overcome ther-
apy resistance to CDK inhibitors. For example, CDK2/
Cyclin E-targeting PROTACs have demonstrated the
ability to overcome resistance to CDK4/6 inhibition
(Kumarasamy et al., 2023). Similarly, treatment with
the CDK12 degrader Molecule 50 achieved robust
protein depletion and bypassed cellular resistance to
covalent CDK12/13 inhibitors. By degrading entire
target proteins, PROTACs can eliminate mutant iso-
forms or overexpressed proteins that evade occupancy-
based inhibition, including clinically relevant variants



(e.g., BTK™®, BRAF**", and KRAS®?"), establishing
a new paradigm for precision oncology. Furthermore,
some CDK/cyclin-targeting degraders achieve dual or
triple depletion of complex subunits. For instance,
Molecule 32 induces the degradation of CAK complex
components, while Molecules 47 and 48 are able to
deplete both CDK9 and Cyclin T1. This co-depletion
of CDK/cyclin complexes likely raises the genetic
barrier for cells to develop resistance-conferring muta-
tions, as the simultaneous acquisition of secondary
mutations in both protein subunits (two or more hits)
is considered a low-possibility genetic event.

5.3 Potential of PROTACs to improve selectivity
for CDK targets

Lack of selectivity is considered a critical issue
associated with therapeutic toxicity, hindering the clin-
ical translation of many CDK-targeting agents. Due to
high sequence homology across CDKs, particularly
within conserved ATP-binding pockets, developing
isoform-specific CDK inhibitors remains challenging.
Indeed, most conventional CDK inhibitors exhibit
multi-target activity. For example, SNS-032 inhibits
CDK2, CDK7, and CDK9; AT7519 inhibits CDKI,
CDK2, CDK4, CDK6, and CDK9; and dinaciclib in-
hibits CDK1, CDK2, CDK4, and CDK9. In contrast
to conventional CDK inhibitors, PROTACSs operate
via an event-driven catalytic mechanism rather than
occupancy-driven inhibition. While warhead selectivity
influences target engagement, simply repurposing pro-
miscuous CDK inhibitors for PROTAC design often
yields non-selective degraders. Notably, a number of
CDK PROTACSs showing exceptional isoform selectiv-
ity have been successfully developed: CDK2-selective
CPS2 and PROTAC-8, CDK4-selective BSJ-04-132,
CDKo6-selective BSJ-03-123 and CP-10, CDK7-
selective JWZ-5-13, CDKS8-selective JH-XI-10-02,
CDK9-selective THAL-SNS-032 and compound C3,
and CDK12-selective BSJ-4-116. When compared to
inhibitors, PROTACs confer at least three key advan-
tages: (1) access to expanded druggable spaces beyond
the active sites; (2) utilization of warheads with mod-
erate affinity but higher intrinsic specificity; and (3) ex-
ploitation of the ternary complex (POI-PROTAC-E3)
conformation-driven substrate permissibility. Accumu-
lating evidence supports that linker length/properties
and the spatial positioning of vulnerable lysines for
ubiquitination are key factors determining substrate
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permissibility in the ternary complex. To sum up, the
abovementioned mechanisms of PROTACs (i.e., ex-
panded druggable spaces, versatile warhead selection,
and the emerging paradigm of substrate permissibility)
collectively potentiate the development of degraders
with enhanced target selectivity.

5.4 Strategies and challenges in heterobifunctional
CDK degrader design

The current development of cyclin/CDK degrad-
ers is still in its early stages of initial discovery and
preclinical investigation. Undoubtedly, improving effi-
ciency and specificity is worthy of further attention.
The activity of degraders is greatly influenced by target
affinity, warhead physicochemical properties, at-
tachment sites, and linker composition/length. More
insights are required to elucidate the principles of
structure—activity relationships, target engagement,
bioavailability, and biological effects of cyclin/CDK
degraders.

In terms of the selection of substrate warheads,
the majority of heterobifunctional CDK degraders, in-
cluding PROTACs, HEMTACs, and HyTs, were de-
signed based on corresponding inhibitors. Interestingly,
reports of CDK PROTACSs based on wogonin and
celastrol may stimulate the research to expand the
pool of warheads to natural products. When it comes to
the E3 warheads, in particular for PROTACsS, limited
choices for E3 ligases and E3 ligase binders appear to
be the bottleneck. In fact, CRBN and VHL are em-
ployed preferentially by CDK PROTACs. To a lesser
extent, cIAP1 and DCAF16 are amenable, while
MDM?2 has been found to be inefficient in inducing
CDK degradation. Therefore, expanding the choices
of E3 ligases and new E3 ligase binders would be
valuable for PROTAC design.

With regard to designing de novo warheads,
fragment-based screening may be used. When high-
resolution crystal structures are available, solvent-
exposed positions identified from the substrate and
E3 ligase can serve as candidate attachment sites for
new warheads. Insights from explainable artificial
intelligence and molecular dynamics simulations may
guide the selection of optimal attachment points. Apart
from warheads, linkers play a critical role in determin-
ing the physicochemical properties and degradation
efficacy of PROTACs. While identifying both substrate
and E3 warheads follows established small-molecule
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discovery principles, linker design presents a unique
challenge in PROTAC design due to the structural
complexity and dynamic assembly of the POI-PROTAC-
E3 ternary complex. The linker length and flexibility
dictate the formation of ternary complexes and the
subsequent efficiency of POI degradation. The simu-
lation of the binding and dissociation dynamics of
VHL-based BRD4 PROTAC MZI suggested that an
appropriate linker orientation is essential for exposing
lysine on the surface of the target protein (Tang et al.,
2023). So far, commonly used PROTAC linkers in-
clude PEG and linear alkanes, which are typically syn-
thesized via amidation, esterification, or click chemis-
try. To improve overall molecular performance, sub-
sequent linker optimization strategies involve adjust-
ing length, enhancing hydrophobicity/rigidity (e.g.,
incorporating aryl groups), and reducing molecular
twisting (e.g., adding conformation-restricting chains).
In fact, early and conventional methods rely on ineffi-
cient trial-and-error for PROTAC design. Remarkably,
recent efforts in computational approaches (e.g., gen-
erative pre-trained transformer and reinforcement
learning) demonstrated the potential to aid in linker
design. For instance, a recently developed ProLinker-
Generator supports rational PROTAC linker design
featuring the increased structural diversity and im-
proved control of molecular properties (Luo et al.,
2025). After putting warheads and linker together,
a functional PROTAC hinges critically on the dy-
namic assembly and disassembly of the induced POI-
PROTAC-E3 ternary complex, posing a challenge
given the absence of natural target-E3 interactions.
Consequently, developing computational tools to pre-
dict the ternary complex structure and stability is very
helpful for rational PROTAC design. Advances in mo-
lecular docking and simulation, deep learning, protein
structure prediction, and artificial intelligence now en-
able a more precise prediction of ternary complex
conformations and expedite PROTAC design (Weng
et al., 2021; Li FL et al., 2022; Zheng et al., 2022;
Chou et al., 2024; Ugurlu et al., 2025). Representative
tools include DeepPROTACs (a predictive model for
PROTAC degradation capability) (Li FL et al., 2022),
PROTAC-RL (a deep reinforcement learning-driven
generative model for de novo PROTAC design) (Zheng
et al., 2022), and PROTAC-Model (a computational
method combining the FRODOCK-based protocol and
RosettaDock-based refinement for predicting ternary

complex modeling) (Weng et al., 2021). Encouragingly,
these tools have also demonstrated the potential to ad-
dress key limitations, including linker design, target
selectivity, and bioavailability, although they have not
been tested for CDK PROTACs. The generalizability
of these approaches to the rational design of CDK
PROTACSs merits further investigation.

5.5 Bioavailability challenges for protein degraders

Bioavailability remains a critical challenge for
most protein degraders (especially heterobifunctional
compounds), limiting their therapeutic potential.
Hence, technical advances in medicinal chemistry are
in great demand to guide optimization and further
translation of these classes of degraders into orally
bioavailable forms. Drug-like properties of hetero-
bifunctional compounds, including most PROTAC:,
HEMTAC S, and HyTs, do not comply with Lipinski’s
“Rule of Five.” In contrast, molecular glues are ad-
vantageous because of their smaller molecular weight
and more drug-like properties. Since most molecular
glues were discovered serendipitously, the rational de-
sign of molecular glues would be considered more
challenging than that of other entities of protein de-
graders. Nevertheless, recent practices in the design
of Cyclin K glue degraders provide good examples
for the development and optimization of compounds
with gluing activities.

5.6 Underdeveloped fields for degraders targeting
CDKSs and cyclins

Based on the literature, heterobifunctional de-
graders mainly target CDKs, while molecular glues
predominantly degrade Cyclin K. Unlike conventional
small-molecule drugs that modulate predefined bind-
ing pockets on target proteins, molecular glues func-
tion by rewiring protein—protein interactions through
specifically inducing novel ternary complexes between
an E3 ligase complex and a neo-substrate. CRL4,
which comprises the CUL4 scaffold protein, E2 en-
zyme linker protein (e.g., RBX1), substrate adapter
protein (e.g., DDB1), and diverse substrate receptors
(e.g., DCAF15), is frequently hijacked by molecular
glues. With regard to reported Cyclin K glues, most of
them contact DDB1 Arg928, a residue essential for
complex formation (Kozicka et al., 2024). The central
challenge in molecular glue discovery lies in identifying
neo-substrates that become susceptible to degradation



only upon induced proximity to the hijacked CRL4
complex. Once a neo-substrate is implicated, further
optimization of molecular glues may be focused
on inducing and stabilizing the novel ternary com-
plex between an E3 ligase, a neo-substrate, and the
molecular glue itself. Until now, few degraders are
available for other cyclins and a number of CDKs,
including CDK1, CDK3, CDK5, CDK10, CDK11,
CDK14, CDKI15, CDK16, CDK18, and CDK20,
while future studies are expected to fill in the blanks.
Alternatively, the targeted degradation of other pro-
teins with CDK/cyclin regulatory potential may be an
alternative strategy for cancer therapy. Early suc-
cesses have been achieved for VHL-dependent CDC20
PROTAC CP5V and WEE1 PROTAC MAO055 (Chi
et al., 2019; Aublette et al., 2022), as well as CRBN-
dependent polo-like kinase 4 (PLK4) PROTAC SP27
(Sun et al., 2023) and AURKA PROTACs (e.g.,
IJB170, dAurA383, and SK2188) (Adhikari et al.,
2020; Liu et al., 2022; Rishfi et al., 2023).

Apart from proteasome-dependent targeted protein
degradation techniques, several lysosome-dependent
protein degraders, such as S-indacene-dependent
autophagy-targeting chimeras (Zhong et al., 2025),
CDKY/Cyclin T1-targeting autophagosome-tethering
compounds (ATTECs) (Zeng et al., 2025), and a peptide-
based lysosomal degrader of CDK5 (Zhou et al.,
2019), demonstrate feasibility and encouraging effi-
cacy in targeting CDKs and cyclins. For example, AZ-9
was recently developed as a HyT-based autophagy-
targeting chimera degrading both CDK9 and Cyclin
T1 (Maurer et al., 2021). Through conjugating the
pan-CDK inhibitor AT7519 to S-indacene, AZ-9
recruited ATG101, a component of the autophagy-
initiating Unc-51-like kinase (ULK) complex, and ac-
tivated the autophagy-lysosome pathway. Notably, de-
spite utilizing a multi-CDK inhibitor AT7519 as its
“warhead,” AZ-9 exhibited a degradation selectivity
profile favoring CDK9/Cyclin T1 over other CDKs.
In addition, an anti-cancer drug homoharringtonine
was shown to disrupt the interaction between CDK2
and Cyclin A and trigger tripartite motif-containing
protein 21 (TRIM21)-dependent autophagic degrada-
tion of CDK2 in cancer cells (Zhang JW et al., 2022).
It is interesting to note that lysosome-dependent pro-
tein degraders preferentially induce the co-depletion
of the CDK/cyclin complex. Compared to PROTACs
and molecular glues, lysosome-dependent CDK/cyclin
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degraders operate through a distinct pathway and
thus may offer unique opportunities for combina-
tion therapy. To date, the development of lysosome-
dependent CDK/cyclin degraders is still in its infancy,
underscoring the need for further research.

In summary, cyclins and CDKs play critical roles
in cancer. A better understanding of their mechanism
and function will therefore provide important insights
for the development of targeted anti-cancer therapy.
Cyclin and CDK degraders not only provide novel
tools for biomedical research but also represent a
bright future in pharmaceutical development.
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