
R E V I E W

Research Progress of PROTAC-Degraded CDKs 
in the Treatment of Breast Cancer
Kexin Zhao 1, Jun Zhang 1, Zhe Yang1, Rong Wang1, Yuhuan Shi1, Yanan Ji1, Shengjun Zhang2, 
Minli Liu1

1Yan’an Medical College of Yan’an University, Yan’an, People’s Republic of China; 2Department of General Surgery, Yan’an University Affiliated 
Hospital, Yan’an, People’s Republic of China

Correspondence: Shengjun Zhang; Minli Liu, Email zsj@yau.edu.cn; lml@yau.edu.cn

Abstract: Breast cancer (BC) is the most common type of cancer among women worldwide. A large number of studies have found 
that the high expression or dysregulation of cyclin-dependent protein kinases (CDKs) is closely associated with breast cancer. For 
example, the CDK4/6-Rb axis is involved in the G1/S phase transition of the cell cycle and plays an important role in BC; CDK1 and 
its associated cyclin are commonly involved in mitotic progression, and increased expression of CDK1-associated cyclin has been 
observed in BC; loss of CDK12 significantly ameliorates triple-negative breast cancer. CDKs are one of the major families within the 
group of PROteolysis Targeting Chimeras (PROTACs)-degraded kinases. PROTAC is a potent technology for protein-targeted 
degradation, whose molecules consist of the ligand of the Protein of Interest (POI), the ligand of the E3 ubiquitin ligase (E3), and 
a Linker. After binding to POI, PROTAC can recruit E3 to ubiquitinate POI via ubiquitin-proteasome mediated degradation. In this 
review, we summarize relevant research results and review that PROTAC can effectively inhibit the proliferation of breast cancer cells 
by inducing ubiquitination of CDK1, CDK4/6, CDK9, CDK12/13 and their subsequent degradation by proteasomes, which is expected 
to be a novel approach for the treatment of breast cancer. 
Keywords: breast cancer, ubiquitin, PROTAC, CDKs

Background
According to the latest statistics from the American Cancer Society, breast cancer(BC) remains the most common 
malignant tumor in women worldwide, replacing lung cancer, and its incidence is slowly increasing each year.1 The 
report from the International Agency for Research on Cancer indicates that the global number of new breast cancer cases 
is projected to exceed 3 million by 2040.2 With the in-depth research on cancer mechanisms and the continuous updating 
of treatment methods, the survival rate of high incidence cancers such as BC has been improved, but cancer is still the 
leading cause of death among middle-aged and elderly people, and BC is the leading cause of cancer death among 
women.3 These concerning trends highlight the urgency of developing more effective strategies to target BC.

Originally characterized as serine/threonine-specific protein kinases, CDKs are central to the regulation of the 
eukaryotic cell cycle.4 Cyclin acts as an activator for CDKs and is an integral part of the cell cycle machinery.5 CDK 
monomers are normally inactive, and they drive the eukaryotic cell cycle by combining with the corresponding cyclin to 
form a heterodimer with activity.6 In addition to CDK1, CDK2, CDK4, and CDK6, which regulate the cell cycle, an 
important sub-branch of the family, CDK7, CDK9, CDK12, and CDK13, regulates transcription.7 CDK7, CDK9, 
CDK12, and CDK13 directly phosphorylate the C-terminal structural domain (CTD) of RNA Pol II, thereby regulating 
different stages of transcript production. Mounting evidence has revealed a strong association between CDKs and cancer 
development. For instance, Liu et al8 found that CDK2 was a potential diagnostic and prognostic biomarker and novel 
tumor immune environment sign for glioma patients. And numerous studies have demonstrated that CDKs are also 
inextricably linked to various types of breast cancer, such as CDK1, which is involved in the development of TNBC as 
a key cell cycle regulator controlling G2/M;9 the CDK4/6-Rb axis, which has been shown to increase the rate of 
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progression from the G1 to the S stage, especially in estrogen-receptor-positive breast cancer;10,11 and CDK9, which 
promotes the epithelial-mesenchymal transition (EMT) induces cancer stem cells and is highly expressed in breast 
cancer.12 Therefore, targeting CDK has been identified as a promising approach for cancer therapy.13,14 CDKs are one of 
the major kinase families effectively degraded by PROTAC compounds,15,16 therefore, the application of PROTAC 
technology to directly degrade CDKs for the treatment of breast cancer provides a new solution for the treatment of 
breast cancer.

PROTAC technology is an effective tool for endogenous protein degradation developed in recent years. PROTAC is 
a bifunctional small molecule compound containing two different ligands in its structure: one is an E3 ligand and the 
other is a ligand that binds to POI. These two ligands are connected to each other by Linker, forming a ternary 
compound: target protein ligand-Linker-E3 ligand. This special structure allows PROTAC to bind to both the target 
protein and the E3 ligase, thus targeting the degradation of proteins that are difficult to inhibit by conventional drugs.17,18

Mechanism of Action of PROTAC
Ubiquitin and Its Mechanism of Action
There are many pathways of protein degradation, among which the ubiquitin-proteasome system (UPS) is the main pathway 
of protein degradation in cells, which maintains protein homeostasis by ubiquitin labelling of proteins to be degraded, and 
then recognition and degradation of these labelled proteins by the proteasome. Its ability to specifically degrade proteins 
involved in various metabolic activities is important for maintaining cellular protein homeostasis and regulating many 
cellular processes such as gene transcription, DNA pairing, cell cycle control and apoptosis.19,20 UPS is ATP-dependent and 
consists of two steps: polyubiquitination of target proteins and proteolytic hydrolysis of polyubiquitin by the 26S protein 
hydrolase complex.21 Ubiquitin is a small regulatory protein, contains seven lysine residues and an N-terminal methionine 
residue, each of which can be attached to another ubiquitin with the function of labeling proteins for degradation.22 

Ubiquitination is a post-translational modification that involves the binding of ubiquitin to lysine residues of other proteins. 
This modification is mediated by the sequential action of E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme 
and E3 ubiquitin ligase. First ubiquitin is activated by E1 in the presence of ATP, then it binds to E2, and finally it is linked 
to the lysine residues of the target protein via E3, forming a ubiquitin-protein covalent linkage. The ubiquitin-tagged protein 
is then recognized by the proteasome and transported to the enzyme factory for degradation, and ubiquitin can be recycled 
repeatedly23,24 (as shown in Figure 1). PROTAC is a drug design strategy based on the ubiquitin-proteasome system for 
targeted protein degradation in cancer therapy. Further, CRISPR-Cas9 is a genome editing tool.25 CRISPR screens have 
been used to identify essential genes, genes involved in cancer metastasis and tumor growth, as well as drug targets and 
mechanisms of resistance.26 For example, Kumarasamy et al27 identified CDK2 loss as a mechanism of resistance to CDK2 
inhibitors by CRISPR screens in a breast cancer model. In addition, knockdown of CDK2 by CRISPR-Cas9 confirmed that 
CDK2 deletion reversed CDK2 inhibitor-induced G2/M block and restored cell proliferation. In summary, CRISPR screens 
provide insights into the mechanisms of cancer drug resistance, develops more effective therapeutic strategies, and brings 
new breakthroughs for overcoming cancer drug resistance.

E3 Ubiquitin Ligase Ligands
E3 ligand is an important component of PROTAC, which is responsible for recruiting E3 in the human body thereby 
eliciting ubiquitin molecules, tagging the whole ternary complex for ubiquitin degradation and transporting it to the 
enzyme factory for degradation of the target protein. More than 600 E3s have been identified in the human genome, but 
only a few of them have been used in the design of PROTACs. Currently used to develop E3 ligands are Mouse 
double minute 2 homolog (MDM2), inhibitor of apoptosis proteins (IAPs), von Hippel- Lindau (VHL), cereblon(CRBN), 
and others.28

MDM2-PROTAC
The earliest MDM2-PROTAC utilized a derivative of Nutlin-3a as an E3 ligand to degrade the androgen receptor (AR).29 

MDM2-PROTACs selectively bind to the p53 site on the surface of MDM2, which can stabilize the p53 protein and 
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degrade target proteins at the same time, and exhibit better anticancer activity. However, MDM2-binding ligands are not 
easy to synthesize, which leads to their limited application.

IAP-PROTAC
Early IAP-PROTACs utilized Bestatin derivatives as E3 ligands to degrade cellular retinoic acid binding protein-1/2 
(CRABP-1/2).30 Then later, IAP-PROTACs can also be used to degrade target proteins such as BRD4, AR, and ERα.31,32 

This series of PROTACs is also known as SNIPERs (specific and nongenetic IAP-dependent protein erasers). Because 
certain tumor cells escape apoptosis by directing the upregulation of IAPs, SNIPERs can often degrade both IAPs and 
target proteins, thus exerting stronger anti-tumor effects.

VHL-PROTAC
The VHL gene is a tumor suppressor gene, and its protein product VHL can form the VHL-ElonginB/C-CUL2 (VBC) 
complex with ElonginB, ElonginC, and Cullin2 proteins, which belongs to the E3-ubiquitin protease system and 
mediates the degradation of a variety of proteins in the human body, including BRD4 protein,33 ERRα, RIPK2, and 
ABL, among others.34,35 The main advantage of VHL-PROTACs is their targeting specificity. In addition, the fact that 
the binding affinity of the E3 ligase of VHL to the ligand does not need to be high is also one of its advantages.

CRBN-PROTAC
CRBN is a component of the CRL4 E3 enzyme complex, and a common ligand is a duamine derivative. Since a series of 
imines have been identified as ligands for CRBN, more and more CRBN-PROTACs have been developed. The first 
CRBN-PROTAC molecule used Thalidomide as a CRBN ligand to induce the degradation of BRD2, BRD3, and 

Figure 1 ① Ubiquitin-activating enzyme (E1) activates ubiquitin (ub) in the presence of ATP, and the activated ub is transferred to ubiquitin-conjugating enzyme (E2), and E3 
ubiquitin ligase (E3) transfers the ub from E2 to lysine residues of target proteins to form ubiquitin chains. Eventually, the ubiquitin chain is recognized as a signal by the 26S 
proteasome. The target protein is recognized and unfolded by the 19S regulatory particle of the proteasome. The unfolded protein passes through the proteasome channel 
into the 20S core particle, proteases within the 20S core particle degrade the target protein into short peptides. Ub is then released from the degradation product and 
recycled. ② The target protein ligand of PROTAC binds to the target protein, and the E3 ubiquitin ligase ligand simultaneously binds to E3 ubiquitin ligase to form a ternary 
complex. The E3 ubiquitin ligase transfers the ubiquitin to the target protein, labeling it for degradation. The ubiquitinated target protein is recognized and degraded by the 
26S proteasome.
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BRD4.36 CRBN-PROTACs can also degrade a variety of substrates such as BCL6, CDK8/9, PI3K, BTK, and ALK. 
Since CRBN is widely expressed in tumor cells and normal cells, CRBN-PROTACs have less tissue selectivity.

The two most dominant ligands are VHL and CRBN.37 First, both are very easy to obtain, and they are non-toxic and 
relatively cheap. Secondly, they have good binding sites and can be connected to linkers, which facilitates the synthesis 
of PROTAC molecules. Thirdly, they are very versatile and can be used to degrade multiple targets with a certain degree 
of flexibility. Last but not least, the two E3 enzyme ligands are well recognized by E3 enzymes and can be easily linked 
to E3 enzymes to recruit ubiquitin for degradation of target proteins.38,39 Because CRBN has a larger protein-binding 
surface than VHL, CRBN-PROTACs may degrade a larger range of target proteins with broader target adaptation than 
VHL-PROTACs. The molecular weight of CRBN-PROTACs is also lower compared to VHL-PROTACs, so CRBN- 
PROTACs are in a more suitable chemical space for oral absorption.

Linker Selection
Linker is the part that chemically connects the Protein of Interest (POI, also known as drug targets, they are proteins that 
are directly bound to and affect the function of a drug when it exerts a therapeutic or diagnostic effect in the body) ligand 
to the E3 ligand. Currently, most of the Linkers are composed of polyethylene glycol chains or pure carbon chains, and 
the use of other Linkers such as p-xylene has also been reported in the literature.40 Moreover, different Linker lengths can 
affect the activity of PROTACs.41 In some cases Linkers are not bystanders of the PROTAC ternary complex, they can 
also form connections with the surface of the target protein, which enhances the activity of PROTACs.42 Since different 
PROTACs molecules have different structures, they all have an optimal Linker; in other words, different PROTAC 
molecules do not have exactly the same optimal Linker.

Mechanism of Action of PROTAC
The mechanism of PROTAC is to use the UPS system to ubiquitinate and degrade target proteins to inhibit tumor 
growth.43,44 Firstly, after the PROTAC molecule enters the cell, the E3 ligand recruits E3, and the POI ligand recruits the 
target protein that it wants to degrade, which ultimately binds the target protein to E3 and further ubiquitinates the target 
protein.45 The ubiquitinated target protein is finally transported to the enzyme factory to be recognized and degraded by 
the 26S proteasome. And like ubiquitin, PROTAC molecules are theoretically recyclable29,30 (as shown in Figure 1). 
Therefore, PROTACs require only a small dose to accomplish degradation in tumor cells.

PROTAC Degradation of CDKs for Breast Cancer Treatment
PROTAC Degradation of CDK1 for the Treatment of Breast Cancer
CDK1 was the first CDK family member to be identified.46,47 Different cyclins are required at different stages of the cell 
cycle, and different CDKs regulate the cell cycle by binding to the corresponding cyclin.48,49 In late G2 and early M, 
cyclin A binds to CDK1 to promote M phase. CDK1 is the only CDK that binds to cyclin B, which accumulates in 
M phase, leading to activation of the cyclin B-CDK1 complex.50 Activation of cyclin B-CDK1 signals the onset of 
mitosis51,52 and mitosis requires cyclin A and cyclin B in complex with CDK1 to ensure its successful completion.53,54 

Until cyclin A and cyclin B are disrupted by the ubiquitin-proteasome system,55,56 CDK1 activity is depleted at the 
onset.57,58 In addition to binding to cyclin, full activation of CDK1 is also regulated by phosphorylation of threonine and 
tyrosine residues. Wee1 or Myt kinases phosphorylate CDK1 at the inhibitory sites tyrosine-15 and/or threonine-14 
thereby inhibiting CDK1 activity. Subsequently CDK activating kinase (CAK) phosphorylates CDK1 at the activation 
site threonine-161. Finally phosphorylates the inhibitory site in the presence of the Cdc25 phosphatase allowing full 
activation of CDK1 to drive further progression of the cell cycle.59 These phosphorylations induce conformational 
changes and enhance the binding of cell cycle proteins.60,61 The expression of CDK1 in breast cancer tissues is 
significantly higher than that in normal breast tissues and correlates with histological grading, pathological type and 
lymph node metastasis of breast cancer.

Xue et al62 designed a series of CST-based PROTACs (compounds 6a-6d) with different length junctions using 
celastrol(CST) as the target protein binding ligand and thalidomide as the E3 ubiquitin ligase binding ligand. The 
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antiproliferative activities of compounds (6a-6d) were evaluated in five different cell lines, namely, 4T1, U87MG, A549, 
MDA-MB-231 and HepG2, and it was found that compound 6a showed superior cell growth inhibition. And compound 
6a could inhibit the proliferation and migration of breast cancer cells. Compound 6a can inhibit the growth of 4T1 cells 
by causing 4T1 cell cycle arrest in G0/G1 and G2/M phases. And its induced cell cycle arrest was mainly regulated by 
CDK.63 The ubiquitination level of CDK1 was significantly upregulated in 4T1 cells treated with compound 6a, which 
directly binds to CDK1 to induce protein degradation.64 Compound 6a also showed excellent in vivo antitumor efficacy 
in a 4T1 hormonal Balb/c mouse-based model with an acceptable safety profile and could be used as a potential 
chemotherapeutic agent against triple-negative breast cancer (TNBC). It provides a new strategy for the treatment of 
TNBC and other cancers.

PROTAC Degradation of CDK4/6 for the Treatment of Breast Cancer
CDK4 and CDK6 bind to cyclin D (cyclin D1, cyclin D2, and cyclin D3) when DNA synthesis occurs, and are 
particularly involved in driving the cellular transition from the G1 to the S phase of the cell cycle.65,66 That is why 
CDK4 and CDK6 are usually considered as promoters of G1 progression. The tumor suppressor retinoblastoma (Rb) 
protein controls the critical transition from G1 to S phase. Rb controls early cytokinesis by binding to the E2F 
transcription factor to block the G1/S transition, and inactivation of Rb allows cytokinesis to continue. In G1 phase, 
multiple growth signals can lead to binding of cyclin D to CDK4/6, and the resulting phosphorylation of Rb leads to the 
release of E2F transcription factors, which increase transcription of the E2F target genes cyclin E1 and cyclin E2. Cyclin 
E then binds to CDK2 and activates, leading to hyperphosphorylation of Rb and phosphorylation of many other proteins, 
which completely deprives Rb of its inhibitory effect on E2F transcription factors, collectively driving irreversible 
S phase.67,68 The typical function of hypophosphorylated Rb is to bind E2F transcription factors and consequently to 
sequester E2F transcription factor activity, thereby inhibiting cell entry into S phase.69 In BC, aberrant activation of the 
Cyclin D-CDK4/6-Rb signaling pathway is a key mechanism leading to tumor cell proliferation.70 Indeed, most 
PROTACs targeting CDK4/6 can disrupt both kinases because they share a similar structural fold and common ligands.71

The pivotal role of CDK4/6 in the tumorigenic pathway makes CDK4/6 an attractive and safe target for anticancer 
therapy.72 There are a number of studies designing PROTACs that degrade CDK4/6 to treat cancer. Amarnath Natarajan 
et al73 reported that Palbociclib-based PROTACs selectively degraded CDK6 while retaining CDK4. Niall A. Anderson 
et al74 reported Palbociclib-based PROTAC degraded CDK4/6 with high binding affinity and degradation potency. In 
addition, PROTACs recruiting VHL and cIAP ligases were prepared and they also showed good degradation efficacy for 
CDK4/6. Christian Steinebach et al75 led their team in the design of a Palbociclib-based (palbociclib, a CDK4/6 
inhibitor) PROTAC and recruited different E3 ligases, ie, CRBN and VHL. The VHL-based PROTACs, compounds 
27 and 34, had comparable inhibitory activity to palbociclib against the negative breast cancer cell line MDA-MB-231 
cells, suggesting that this effect is mainly controlled through CDK 4/6 inhibition. CRBN- and VHL-based PROTAC were 
next compared for degradation of CDK4/6 in MDA-MB-231 cells, revealing that CRBN-based PROTAC (BSJ-03-123) 
and 27 were more effective than 34. And VHL-based PROTAC was stronger on CDK6 than on CDK4. Both 34 and 
palbociclib significantly impaired cell migration and 34 was slightly better than palbociclib. Zhao et al76 reported that 
PROTAC: degradant 1 is made by linking pomalidomide (a drug used to treat certain types of cancer such as multiple 
myeloma and Kaposi’s sarcoma) as a ligand for the E3 ligase to palbociclib as a target protein binding ligand. Treatment 
of MDA-MB-231 cells with degradant 1 resulted in efficient degradation of CDK4 and CDK6, which subsequently 
reduced Rb phosphorylation levels in a dose-dependent manner. All of these studies provide new strategies for the 
treatment of cancers such as breast cancer by designing CDK4/6 degraders, making PROTAC a possible new tool for 
cancer therapy in the future.

PROTAC Degradation of CDK9 for the Treatment of Breast Cancer
CDK9 is a key member of the transcriptional CDK subfamily77 and is mainly involved in transcription elongation. 
Transcriptional CDKs are associated with cancer because they contribute to the transcription of genes that are considered 
oncogenic transcription factors (TFs), such as c-MYC.78 CDK9 forms a positive transcription elongation factor 
B (p-TEFb) complex with cyclin T, which promotes transcription elongation and mRNA maturation by phosphorylate 
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the C-terminal structural domain (CTD) of RNA pol II.79,80 In addition, the active p-TEFb/CDK9 complex is recruited by 
bromodomain-containing protein 4 (BRD4) and the super elongation complex (SEC) to enhance c-MYC 
transcription.81,82 Inhibition of CDK9 blocks phosphorylation of RNA polymerase II by p-TEFb, leading to transcrip
tional repression and apoptosis.12 Dysregulation of CDK9 and its pathway plays an important role in several cancers.83 

Similarly, the key transcriptional regulator CDK9 is frequently dysregulated in BC.84 In addition, the ATP-binding pocket 
of CDK9 is more flexible and can accommodate larger ligands compared to other CDKs, making CDK9 an attractive 
target for anticancer drugs.85

Noblejas-López et al79 used the CDK9 inhibitor SNS-032 as a target protein-binding ligand, ligated SNS-032 to 
a thalidomide derivative, which binds to the E3 ubiquitin ligase CRBN, and designed PROTAC——THAL-SNS-032. 
Using MDA-MB-231, HS578T, BT549, SUM149, and HCC3153 as triple-negative breast cancer cell lines; SKBR3, 
HCC1569, and HCC1954 as HER2-positive cell lines; and MCF7 and T47D as luminal A cell lines. Finally, BT474 
served as a luminal B cell line. CDK9 protein levels were assessed in all cell lines and found to be increased in lumen 
A and lumen B compared to TNBC and HER2-positive isoforms. The use of THAL-SNS-032 showed high inhibitory 
activity in MCF7, T47D and BT474 cells and was able to degrade CDK9 in the cells and induce apoptosis.

Chen et al86 screened four PROTAC utilizing CDK9 inhibitors as ligands for target proteins and CRBN as an E3 
ubiquitin ligase in the PROTAC libraries of triple-negative breast cancer cell lines HCC1806 and HCC1937: L027, L055, 
L062, and L063. Treatment of two ERα-positive cell lines (MCF7 and T47D), two HER2-positive breast cancer cell lines 
(BT474 and SKBR3), and two triple-negative breast cancer cell lines (HCC1806 and HCC1937) with the four 
compounds revealed that L055 exhibited the strongest inhibitory activity. Moreover, L055 significantly inhibited the 
proliferation, cell cycle, colony formation and induced apoptosis of MCF7 and T47D in vitro. Two ERα-positive breast 
cancer organoid models were established, and L055 inhibited organoid and tumor growth. Finally, using a T47D breast 
cancer hormonal nude mouse model revealed that treatment with L055 significantly reduced tumor growth and led to 
CDK9 degradation. Treatment of MCF7 and T47D cells with L055 for 48 h revealed that L055 significantly down- 
regulated CDK9 and reduced the expression of downstream target genes such as c-Myc and Mcl-1, and that it had 
a significant inhibitory effect on the growth of ERα-positive breast cancer cells. L055 represents a potentially novel 
therapeutic agent for ERα-positive breast cancers and potentially other malignancies, offering new insights and potential 
for the treatment of breast cancers through PROTAC breast cancer provides new insights and evidence.

PROTAC Degradation of CDK12/13 for the Treatment of Breast Cancer
CDK12/13 are also transcription-associated CDKs. Among the CDK family members, CDK12 and CDK13 have the 
highest sequence homology and the largest molecular weights. CDK13 has a similar sequence and a similar biological 
function as CDK12, but little research has been done on CDK13.87 Among all CDKs, only CDK12 is located on 
chromosome 17q12, which always contains oncogenic features and genetic alterations of various tumors.88 Cyclin K is 
a cell cycle protein that interacts with CDK12.89 CDK12/13 binds to cyclin K by phosphorylating the C-terminal structural 
domain (CTD) of RNA pol II to regulate gene transcription, which is considered a key step in the transition from 
transcription initiation to elongation.90 CDK12 mutations, amplifications, fusions and deletions can be found in different 
human cancers.91 Therefore, CDK12 can act as a biomarker and therapeutic target in different cancer types.92,93 Recent 
studies have revealed some novel functions of CDK12 in cancer, especially breast cancer, by regulating a variety of 
biological activities including c-MYC expression, Wnt/β-linker protein signaling, ErbB-PI3K-AKT signaling and DNA 
damage response (DDR) signaling.94,95 Therefore, CDK12/13 are potential therapeutic targets for breast cancer.96,97

Yang et al98 designed compound 4 based on previously reported dual CDK12/13 inhibitors, selected thalidomide and 
lenalidomide as E3 ligase ligands, and designed and characterized a series of CDK12/13 PROTACs by varying the length 
and composition of the linker chain. Evaluating the degradation efficiencies of different compounds against CDK12 and 
CDK13 Compound 7f was found to be highly selective for the degradation of CDK12 and CDK13. In vitro evaluation of 
the triple negative breast cancer cell lines MFM223 and MDA-MB-231 further demonstrated that Compound 7f almost 
completely degraded CDK12 and CDK13 proteins in these cells and significantly inhibited the growth and proliferation 
of MFM223 and MDA-MB-436 cells. 7f in combination with DDR inhibitors, such as cisplatin, showed a significant 
synergistic effect in inhibiting the proliferation of MDA-MB-231 cells. In conclusion, compound 7f can be used as 
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a valuable chemical probe to further evaluate the therapeutic potential of targeting CDK12/13 in TNBC. Thus, 
degradation of CDK12/13 through the use of PROTAC technology provides a new targeted therapeutic opportunity 
for triple-negative breast cancer.

The idea of PROTAC first appeared in 1999.99 However, the first PROTAC did not appear until 2001.100 Methionine 
aminopeptidase type 2 (MetAP-2) was the first protein to be degraded by a PROTAC, and opened the chapter of 
PROTACs, but the first PROTACs had low activity in human cells.39,101 It was not until 2008 that the first small- 
molecule PROTAC was reported by Prof. Crews’ team at Yale University, who designed a small-molecule PROTAC 
based on the E3 ligase MDM2 for degradation of the androgen receptor (AR), which was a major milestone in the 
field.102 In 2019, the oral small-molecule targeting the AR developed by Arvinas, ARV-110 became the first PROTAC to 
enter clinical trials, marking an important step in moving PROTAC technology from the laboratory to clinical 
application.103 In recent years, the development of small molecule inhibitors has received great attention in the field 
of drug development.104 However, unlike the “placeholder-driven” mechanism of small-molecule inhibitors, the “event- 
driven” mechanism of PROTAC allows for lower dosage, dosing frequency, and toxicity than that of small-molecule 
inhibitors.105,106 PROTAC’s unique mechanism of action allows it to degrade target proteins without the need to be 
present at high concentrations for a long period of time, ie, a very small concentration of PROTAC is sufficient to 
degrade a target protein. Moreover, since it can be recycled after degrading a target protein, it is not necessary to 
continuously add the drug for a long time to maintain the drug efficacy. It is also possible to maintain the efficacy of the 
drug without the need for long-term local high concentration, the toxic side effects on the human body are much smaller, 
and the resistance of tumor cells to the drug will be greatly weakened. Finally, by inducing protein degradation rather 
than directly inhibiting its activity, the scope of use of the drug has been greatly broadened. It is expected that more drugs 
will enter clinical trials in the future, injecting new energy into the development of PROTAC.107

Conclusion and Outlook
CDKs play critical roles in cell proliferation, gene transcription and control of cell cycle progression, and they form 
a system to regulate the cell cycle. Ongoing research into the role of cell cycle dysregulation in BC has led to their 
emergence as attractive targets for cancer therapy. Similarly, Cyclins and CDKs play crucial roles in development, 
differentiation, and immune cell activation.108 Immunotherapy is harnessing the body’s immune system to recognize, 
target, and eliminate cancer cells.109 Several types of immunotherapy strategies including Immune checkpoint 
inhibitors,110 Monoclonal antibodies,111 Antibody-drug conjugates112 and cancer vaccines113 have shown promising 
results in treating various cancers, but its drug resistance is a major limitation. At the same time, the tumor micro
environment (TME) is vital in modulating the immunotherapy response. Various tumor microenvironmental components, 
such as cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor 
cells (MDSCs), are involved in TME modulation to cause immunotherapy resistance.114 For example, TAMs, CAFs, NK 
cells, T cells, lymphocytes, and other cells present in the tumor microenvironment modulate each other by secreting 
different cytokines and chemokines. This promotes extracellular matrix remodeling and angiogenesis and causes immune 
suppression in the breast cancer microenvironment.115 The intricate interactions between the cancer cells and the immune 
microenvironment affect immunotherapy and many other anticancer therapies. Accordingly, there is a pressing need to 
ascertain novel targets and biomarkers.116 However, targeting CDK can affect the immune microenvironment and 
promote anti-tumor immunity, which is promising to prevent or counteract drug resistance mechanisms.117

PROTAC utilizes the ubiquitin-proteasome system for targeted protein degradation of intracellular proteins to enhance 
the activity of existing drugs, mitigate drug side effects, and circumvent drug resistance. By designing PROTAC to degrade 
CDKs to better inhibit the growth of human breast cancer cells in vitro and breast cancer xenograft breast tumors, it 
provides a new idea for the treatment of breast cancer. However, the design of PROTAC to degrade CDKs is still in the 
basic research stage, and it has great potential in cancer therapy while facing significant challenges. Further clinical studies 
are urgently needed to validate the therapeutic potential of PROTACs, aiming to achieve precise degradation of target 
proteins and provide innovative therapeutic strategies for breast cancer. And could validate these findings in patient-derived 
xenograft models in future, so as to provide models closer to clinical reality for tumor research, drug development and 
precision medicine, and bring more treatment options and better prognosis for tumor patients.

Breast Cancer: Targets and Therapy 2025:17                                                                                   https://doi.org/10.2147/BCTT.S527906                                                                                                                                                                                                                                                                                                                                                                                                    517

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Funding
2024 Wu Jieping Medical Foundation Scientific Research Special Funding Fund (320.6750.2024-21-104).

Disclosure
The authors declared no conflicts of interest in this work.

References
1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin. 2024;74(1):12–49. doi:10.3322/caac.21820
2. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers 

in 185 countries. CA Cancer J Clin. 2021;71(3):209–249. doi:10.3322/caac.21660
3. Sonkin D, Thomas A, Teicher BA. Cancer treatments: past, present, and future. Cancer Genet. 2024;286–287:18–24. doi:10.1016/j. 

cancergen.2024.06.002
4. Basu S, Greenwood J, Jones AW, et al. Core control principles of the eukaryotic cell cycle. Nature. 2022;607(7918):381–386. doi:10.1038/ 

s41586-022-04798-8
5. Palmer N, Kaldis P. Less-well known functions of cyclin/CDK complexes. Semin Cell Dev Biol. 2020;107:54–62. doi:10.1016/j. 

semcdb.2020.04.003
6. Uzman A. The Cell Cycle: Principles of Control (Primers in Biology Series). Wiley Online Library; 2007.
7. Jeronimo C, Collin P, Robert F. The RNA polymerase II CTD: the increasing complexity of a low-complexity protein domain. J Mol Biol. 

2016;428(12):2607–2622. doi:10.1016/j.jmb.2016.02.006
8. Liu H, Weng J. A comprehensive bioinformatic analysis of cyclin-dependent kinase 2 (CDK2) in glioma. Gene. 2022;822:146325. doi:10.1016/ 

j.gene.2022.146325
9. Odle RI, Florey O, Ktistakis NT, et al. CDK1, the other ‘master regulator’ of autophagy. Trends Cell Biol. 2021;31(2):95–107. doi:10.1016/j. 

tcb.2020.11.001
10. Butt AJ, McNeil CM, Musgrove EA, et al. Downstream targets of growth factor and oestrogen signalling and endocrine resistance: the potential 

roles of c-Myc, cyclin D1 and cyclin E. Endocr Relat Cancer. 2005;12 Suppl 1:S47–59. doi:10.1677/erc.1.00993
11. Nair BC, Vadlamudi RK. Regulation of hormonal therapy resistance by cell cycle machinery. Gene Ther Mol Biol. 2008;12:395.
12. Cheng S, Yang G-J, Wang W, et al. Discovery of a tetrahydroisoquinoline-based CDK9-cyclin T1 protein-protein interaction inhibitor as an 

anti-proliferative and anti-migration agent against triple-negative breast cancer cells. Genes Dis. 2022;9(6):1674–1688. doi:10.1016/j. 
gendis.2021.06.005

13. Zhang M, Zhang L, Hei R, et al. CDK inhibitors in cancer therapy, an overview of recent development. Am J Cancer Res. 2021;11 
(5):1913–1935.

14. Shapiro GI. Cyclin-dependent kinase pathways as targets for cancer treatment. J Clin Oncol. 2006;24(11):1770–1783. doi:10.1200/ 
JCO.2005.03.7689

15. Jiang B, Wang ES, Donovan KA, et al. Development of dual and selective degraders of cyclin-dependent kinases 4 and 6. Angew Chem Int Ed. 
2019;58(19):6321–6326. doi:10.1002/anie.201901336

16. Teng M, Jiang J, He Z, et al. Development of CDK2 and CDK5 dual degrader TMX-2172. Angew Chem. 2020;132(33):13969–13974. 
doi:10.1002/ange.202004087

17. Zhang C, Han X-R, Yang X, et al. Proteolysis Targeting Chimeras (PROTACs) of Anaplastic Lymphoma Kinase (ALK). Eur J Med Chem. 
2018;151:304–314. doi:10.1016/j.ejmech.2018.03.071

18. Gorodetska I, Lukiyanchuk V, Peitzsch C, et al. BRCA1 and EZH2 cooperate in regulation of prostate cancer stem cell phenotype. Int J Cancer. 
2019;145(11):2974–2985. doi:10.1002/ijc.32323

19. Cyrus K, Wehenkel M, Choi E-Y, et al. Impact of linker length on the activity of PROTACs. Mol Biosyst. 2011;7(2):359–364. doi:10.1039/ 
C0MB00074D

20. Nam T, Han JH, Devkota S, et al. Emerging paradigm of crosstalk between autophagy and the ubiquitin-proteasome system. Mol Cells. 2017;40 
(12):897–905. doi:10.14348/molcells.2017.0226

21. Nandi D, Tahiliani P, Kumar A, et al. The ubiquitin-proteasome system. J Biosci. 2006;31(1):137–155. doi:10.1007/BF02705243
22. Sommer T, Wolf DH. The ubiquitin-proteasome-system. Biochim Biophys Acta. 2014;1843(1):1. doi:10.1016/j.bbamcr.2013.09.009
23. Grabbe C, Husnjak K, Dikic I. The spatial and temporal organization of ubiquitin networks. Nat Rev Mol Cell Biol. 2011;12(5):295–307. 

doi:10.1038/nrm3099
24. Schwartz AL, Ciechanover A. Targeting proteins for destruction by the ubiquitin system: implications for human pathobiology. Annu Rev 

Pharmacol Toxicol. 2009;49:73–96. doi:10.1146/annurev.pharmtox.051208.165340
25. Buquicchio FA, Satpathy AT. Interrogating immune cells and cancer with CRISPR-Cas9. Trends Immunol. 2021;42(5):432–446. doi:10.1016/j. 

it.2021.03.003
26. Kerek EM, Cromwell CR, Hubbard BP. Identification of drug resistance genes using a pooled lentiviral CRISPR/Cas9 screening approach. 

Methods Mol Biol. 2021;2381:227–242.
27. Kumarasamy V, Wang J, Roti M, et al. Discrete vulnerability to pharmacological CDK2 inhibition is governed by heterogeneity of the cancer 

cell cycle. Nat Commun. 2025;16(1):1476. doi:10.1038/s41467-025-56674-4
28. Edmondson SD, Yang B, Fallan C. Proteolysis targeting chimeras (PROTACs) in ‘beyond rule-of-five’ chemical space: recent progress and 

future challenges. Bioorg Med Chem Lett. 2019;29(13):1555–1564. doi:10.1016/j.bmcl.2019.04.030
29. Schneekloth AR, Pucheault M, Tae HS, et al. Targeted intracellular protein degradation induced by a small molecule: en route to chemical 

proteomics. Bioorg Med Chem Lett. 2008;18(22):5904–5908. doi:10.1016/j.bmcl.2008.07.114

https://doi.org/10.2147/BCTT.S527906                                                                                                                                                                                                                                                                                                                                                                                                                                                 Breast Cancer: Targets and Therapy 2025:17 518

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3322/caac.21820
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.cancergen.2024.06.002
https://doi.org/10.1016/j.cancergen.2024.06.002
https://doi.org/10.1038/s41586-022-04798-8
https://doi.org/10.1038/s41586-022-04798-8
https://doi.org/10.1016/j.semcdb.2020.04.003
https://doi.org/10.1016/j.semcdb.2020.04.003
https://doi.org/10.1016/j.jmb.2016.02.006
https://doi.org/10.1016/j.gene.2022.146325
https://doi.org/10.1016/j.gene.2022.146325
https://doi.org/10.1016/j.tcb.2020.11.001
https://doi.org/10.1016/j.tcb.2020.11.001
https://doi.org/10.1677/erc.1.00993
https://doi.org/10.1016/j.gendis.2021.06.005
https://doi.org/10.1016/j.gendis.2021.06.005
https://doi.org/10.1200/JCO.2005.03.7689
https://doi.org/10.1200/JCO.2005.03.7689
https://doi.org/10.1002/anie.201901336
https://doi.org/10.1002/ange.202004087
https://doi.org/10.1016/j.ejmech.2018.03.071
https://doi.org/10.1002/ijc.32323
https://doi.org/10.1039/C0MB00074D
https://doi.org/10.1039/C0MB00074D
https://doi.org/10.14348/molcells.2017.0226
https://doi.org/10.1007/BF02705243
https://doi.org/10.1016/j.bbamcr.2013.09.009
https://doi.org/10.1038/nrm3099
https://doi.org/10.1146/annurev.pharmtox.051208.165340
https://doi.org/10.1016/j.it.2021.03.003
https://doi.org/10.1016/j.it.2021.03.003
https://doi.org/10.1038/s41467-025-56674-4
https://doi.org/10.1016/j.bmcl.2019.04.030
https://doi.org/10.1016/j.bmcl.2008.07.114


30. Itoh Y, Ishikawa M, Naito M, et al. Protein knockdown using methyl bestatin-ligand hybrid molecules: design and synthesis of inducers of 
ubiquitination-mediated degradation of cellular retinoic acid-binding proteins. J Am Chem Soc. 2010;132(16):5820–5826. doi:10.1021/ 
ja100691p

31. Ohoka N, Morita Y, Nagai K, et al. Derivatization of inhibitor of apoptosis protein (IAP) ligands yields improved inducers of estrogen receptor 
α degradation. J Biol Chem. 2018;293(18):6776–6790. doi:10.1074/jbc.RA117.001091

32. Shibata N, Miyamoto N, Nagai K, et al. Development of protein degradation inducers of oncogenic BCR-ABL protein by conjugation of ABL 
kinase inhibitors and IAP ligands. Cancer Sci. 2017;108(8):1657–1666. doi:10.1111/cas.13284

33. Zengerle M, Chan KH, Ciulli A. Selective small molecule induced degradation of the BET bromodomain protein BRD4. ACS Chem Biol. 
2015;10(8):1770–1777. doi:10.1021/acschembio.5b00216

34. Gadd MS, Testa A, Lucas X, et al. Structural basis of PROTAC cooperative recognition for selective protein degradation. Nat Chem Biol. 
2017;13(5):514–521. doi:10.1038/nchembio.2329

35. Crew AP, Raina K, Dong H, et al. Identification and characterization of Von Hippel-Lindau-Recruiting Proteolysis Targeting Chimeras 
(PROTACs) of TANK-binding kinase 1. J Med Chem. 2018;61(2):583–598. doi:10.1021/acs.jmedchem.7b00635

36. Winter GE, Buckley DL, Paulk J, et al. DRUG DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo target protein degradation. 
Science. 2015;348(6241):1376–1381. doi:10.1126/science.aab1433

37. Alabi S. Novel mechanisms of molecular glue-induced protein degradation. Biochemistry. 2021;60(31):2371–2373. doi:10.1021/acs. 
biochem.1c00353

38. Galdeano C, Gadd MS, Soares P, et al. Structure-guided design and optimization of small molecules targeting the protein-protein interaction 
between the von Hippel-Lindau (VHL) E3 ubiquitin ligase and the hypoxia inducible factor (HIF) alpha subunit with in vitro nanomolar 
affinities. J Med Chem. 2014;57(20):8657–8663. doi:10.1021/jm5011258

39. Lu J, Qian Y, Altieri M, et al. Hijacking the E3 ubiquitin ligase cereblon to efficiently target BRD4. Chem Biol. 2015;22(6):755–763. 
doi:10.1016/j.chembiol.2015.05.009

40. Liu X, Kalogeropulou AF, Domingos S, et al. Discovery of XL01126: a potent, fast, cooperative, selective, orally bioavailable, and blood-brain 
barrier penetrant PROTAC degrader of leucine-rich repeat kinase 2. J Am Chem Soc. 2022;144(37):16930–16952. doi:10.1021/jacs.2c05499

41. Bemis TA, La Clair JJ, Burkart MD. Unraveling the role of linker design in proteolysis targeting chimeras. J Med Chem. 2021;64 
(12):8042–8052. doi:10.1021/acs.jmedchem.1c00482

42. Hall JE, Fu W, Schaller MD. Focal adhesion kinase: exploring Fak structure to gain insight into function. Int Rev Cell Mol Biol. 
2011;288:185–225.

43. Qi SM, Dong J, Xu Z-Y, et al. PROTAC: an effective targeted protein degradation strategy for cancer therapy. Front Pharmacol. 
2021;12:692574. doi:10.3389/fphar.2021.692574

44. Wang W, Yang J, Liao -Y-Y, et al. Aspeterreurone A, a cytotoxic Dihydrobenzofuran–Phenyl acrylate hybrid from the deep-sea-derived fungus 
aspergillus terreus CC-S06-18. J Nat Prod. 2020;83(6):1998–2003. doi:10.1021/acs.jnatprod.0c00189

45. Zhou Y, Chen R, Luo X, et al. The E2 ubiquitin-conjugating enzyme UbcH5c: an emerging target in cancer and immune disorders. Drug Discov 
Today. 2020;25:1988–1997. doi:10.1016/j.drudis.2020.09.015

46. Lohka MJ, Hayes MK, Maller JL. Purification of maturation-promoting factor, an intracellular regulator of early mitotic events. Proc Natl Acad 
Sci U S A. 1988;85(9):3009–3013. doi:10.1073/pnas.85.9.3009

47. Nurse P, Thuriaux P. Regulatory genes controlling mitosis in the fission yeast Schizosaccharomyces pombe. Genetics. 1980;96(3):627–637. 
doi:10.1093/genetics/96.3.627

48. Morgan DO. Principles of CDK regulation. Nature. 1995;374(6518):131–134. doi:10.1038/374131a0
49. Pines J. Cyclins and cyclin-dependent kinases: theme and variations. Adv Cancer Res. 1995;66:181–212.
50. Pines J, Hunter T. Isolation of a human cyclin cDNA: evidence for cyclin mRNA and protein regulation in the cell cycle and for interaction with 

p34cdc2. Cell. 1989;58(5):833–846. doi:10.1016/0092-8674(89)90936-7
51. King RW, Jackson PK, Kirschner MW. Mitosis in transition. Cell. 1994;79(4):563–571. doi:10.1016/0092-8674(94)90542-8
52. Arellano M, Moreno S. Regulation of CDK/cyclin complexes during the cell cycle. Int J Biochem Cell Biol. 1997;29(4):559–573. doi:10.1016/ 

S1357-2725(96)00178-1
53. Pines J, Hunter T. Human cyclins A and B1 are differentially located in the cell and undergo cell cycle-dependent nuclear transport. J Cell Biol. 

1991;115(1):1–17. doi:10.1083/jcb.115.1.1
54. Fung TK, Poon RY. A roller coaster ride with the mitotic cyclins. Semin Cell Dev Biol. 2005;16(3):335–342. doi:10.1016/j.semcdb.2005.02.014
55. den Elzen N, Pines J. Cyclin A is destroyed in prometaphase and can delay chromosome alignment and anaphase. J Cell Biol. 2001;153 

(1):121–136. doi:10.1083/jcb.153.1.121
56. Geley S, Kramer E, Gieffers C, et al. Anaphase-promoting complex/cyclosome-dependent proteolysis of human cyclin A starts at the beginning 

of mitosis and is not subject to the spindle assembly checkpoint. J Cell Biol. 2001;153(1):137–148. doi:10.1083/jcb.153.1.137
57. Clute P, Pines J. Temporal and spatial control of cyclin B1 destruction in metaphase. Nat Cell Biol. 1999;1(2):82–87. doi:10.1038/10049
58. Peters JM. The anaphase promoting complex/cyclosome: a machine designed to destroy. Nat Rev Mol Cell Biol. 2006;7(9):644–656. 

doi:10.1038/nrm1988
59. Lew DJ, Kornbluth S. Regulatory roles of cyclin dependent kinase phosphorylation in cell cycle control. Curr Opin Cell Biol. 1996;8 

(6):795–804. doi:10.1016/S0955-0674(96)80080-9
60. Jeffrey PD, Russo AA, Polyak K, et al. Mechanism of CDK activation revealed by the structure of a cyclinA-CDK2 complex. Nature. 1995;376 

(6538):313–320. doi:10.1038/376313a0
61. Paulovich AG, Hartwell LH. A checkpoint regulates the rate of progression through S phase in S. cerevisiae in response to DNA damage. Cell. 

1995;82(5):841–847. doi:10.1016/0092-8674(95)90481-6
62. Gan X, Wang F, Luo J, et al. Proteolysis Targeting Chimeras (PROTACs) based on celastrol induce multiple protein degradation for 

triple-negative breast cancer treatment. Eur J Pharm Sci. 2024;192:106624. doi:10.1016/j.ejps.2023.106624
63. Otto T, Sicinski P. Cell cycle proteins as promising targets in cancer therapy. Nat Rev Cancer. 2017;17(2):93–115. doi:10.1038/nrc.2016.138
64. Cheng J, He S, Xu J, et al. Making protein degradation visible: discovery of theranostic PROTACs for detecting and degrading NAMPT. J Med 

Chem. 2022;65(23):15725–15737. doi:10.1021/acs.jmedchem.2c01243

Breast Cancer: Targets and Therapy 2025:17                                                                                   https://doi.org/10.2147/BCTT.S527906                                                                                                                                                                                                                                                                                                                                                                                                    519

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1021/ja100691p
https://doi.org/10.1021/ja100691p
https://doi.org/10.1074/jbc.RA117.001091
https://doi.org/10.1111/cas.13284
https://doi.org/10.1021/acschembio.5b00216
https://doi.org/10.1038/nchembio.2329
https://doi.org/10.1021/acs.jmedchem.7b00635
https://doi.org/10.1126/science.aab1433
https://doi.org/10.1021/acs.biochem.1c00353
https://doi.org/10.1021/acs.biochem.1c00353
https://doi.org/10.1021/jm5011258
https://doi.org/10.1016/j.chembiol.2015.05.009
https://doi.org/10.1021/jacs.2c05499
https://doi.org/10.1021/acs.jmedchem.1c00482
https://doi.org/10.3389/fphar.2021.692574
https://doi.org/10.1021/acs.jnatprod.0c00189
https://doi.org/10.1016/j.drudis.2020.09.015
https://doi.org/10.1073/pnas.85.9.3009
https://doi.org/10.1093/genetics/96.3.627
https://doi.org/10.1038/374131a0
https://doi.org/10.1016/0092-8674(89)90936-7
https://doi.org/10.1016/0092-8674(94)90542-8
https://doi.org/10.1016/S1357-2725(96)00178-1
https://doi.org/10.1016/S1357-2725(96)00178-1
https://doi.org/10.1083/jcb.115.1.1
https://doi.org/10.1016/j.semcdb.2005.02.014
https://doi.org/10.1083/jcb.153.1.121
https://doi.org/10.1083/jcb.153.1.137
https://doi.org/10.1038/10049
https://doi.org/10.1038/nrm1988
https://doi.org/10.1016/S0955-0674(96)80080-9
https://doi.org/10.1038/376313a0
https://doi.org/10.1016/0092-8674(95)90481-6
https://doi.org/10.1016/j.ejps.2023.106624
https://doi.org/10.1038/nrc.2016.138
https://doi.org/10.1021/acs.jmedchem.2c01243


65. Xiong Y, Connolly T, Futcher B, et al. Human D-type cyclin. Cell. 1991;65(4):691–699. doi:10.1016/0092-8674(91)90100-D
66. Matsushime H, Roussel MF, Ashmun RA, et al. Colony-stimulating factor 1 regulates novel cyclins during the G1 phase of the cell cycle. Cell. 

1991;65(4):701–713. doi:10.1016/0092-8674(91)90101-4
67. Harbour JW, Luo RX, Santi AD, et al. Cdk phosphorylation triggers sequential intramolecular interactions that progressively block Rb functions 

as cells move through G1. Cell. 1999;98(6):859–869. doi:10.1016/S0092-8674(00)81519-6
68. Goodrich DW, Wang NP, Qian Y-W, et al. The retinoblastoma gene product regulates progression through the G1 phase of the cell cycle. Cell. 

1991;67(2):293–302. doi:10.1016/0092-8674(91)90181-W
69. Goel S, Bergholz JS, Zhao JJ. Targeting CDK4 and CDK6 in cancer. Nat Rev Cancer. 2022;22(6):356–372. doi:10.1038/s41568-022-00456-3
70. Spring LM, Wander SA, Zangardi M, et al. CDK 4/6 inhibitors in breast cancer: current controversies and future directions. Curr Oncol Rep. 

2019;21(3):25. doi:10.1007/s11912-019-0769-3
71. Guiley KZ, Stevenson JW, Lou K, et al. p27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition. Science. 

2019;366(6471). doi:10.1126/science.aaw2106
72. Qi J, Ouyang Z. Targeting CDK4/6 for Anticancer Therapy. Biomedicines. 2022;10(3):685. doi:10.3390/biomedicines10030685
73. Rana S, Bendjennat M, Kour S, et al. Selective degradation of CDK6 by a palbociclib based PROTAC. Bioorg Med Chem Lett. 2019;29 

(11):1375–1379. doi:10.1016/j.bmcl.2019.03.035
74. Anderson NA, Cryan J, Ahmed A, et al. Selective CDK6 degradation mediated by cereblon, VHL, and novel IAP-recruiting PROTACs. Bioorg 

Med Chem Lett. 2020;30(9):127106. doi:10.1016/j.bmcl.2020.127106
75. Steinebach C, Ng YLD, Sosič I, et al. Systematic exploration of different E3 ubiquitin ligases: an approach towards potent and selective CDK6 

degraders. Chem Sci. 2020;11(13):3474–3486. doi:10.1039/D0SC00167H
76. Zhao B, Burgess K. PROTACs suppression of CDK4/6, crucial kinases for cell cycle regulation in cancer. Chem Commun. 2019;55 

(18):2704–2707. doi:10.1039/C9CC00163H
77. Franco LC, Morales F, Boffo S, et al. CDK9: a key player in cancer and other diseases. J Cell Biochem. 2018;119(2):1273–1284. doi:10.1002/ 

jcb.26293
78. Wang S, Fischer PM. Cyclin-dependent kinase 9: a key transcriptional regulator and potential drug target in oncology, virology and cardiology. 

Trends Pharmacol Sci. 2008;29(6):302–313. doi:10.1016/j.tips.2008.03.003
79. Noblejas-López MDM, Gandullo-Sánchez L, Galán-Moya EM, et al. Antitumoral activity of a CDK9 PROTAC compound in HER2-positive 

breast cancer. Int J Mol Sci. 2022;23(10):5476. doi:10.3390/ijms23105476
80. Lee H-T, Lee I-H, Kim J-H, et al. Phosphorylation of OGFOD1 by cell cycle-dependent kinase 7/9 enhances the transcriptional activity of RNA 

polymerase II in breast cancer cells. Cancers. 2021;13(14):3418. doi:10.3390/cancers13143418
81. Huang W-L, Abudureheman T, Xia J, et al. CDK9 inhibitor induces the apoptosis of B-cell acute lymphocytic leukemia by inhibiting c-Myc- 

mediated glycolytic metabolism. Front Cell Develop Biol. 2021;9:641271. doi:10.3389/fcell.2021.641271
82. Wei D, Wang H, Zeng Q, et al. Discovery of potent and selective CDK9 degraders for targeting transcription regulation in triple-negative breast 

cancer. J Med Chem. 2021;64(19):14822–14847. doi:10.1021/acs.jmedchem.1c01350
83. Shen YL, Wang Y-M, Zhang Y-X, et al. Targeting cyclin-dependent kinase 9 in cancer therapy. Acta Pharmacol Sin. 2022;43(7):1633–1645. 

doi:10.1038/s41401-021-00796-0
84. Cheng SS, Qu Y-Q, Wu J, et al. Inhibition of the CDK9-cyclin T1 protein-protein interaction as a new approach against triple-negative breast 

cancer. Acta Pharm Sin B. 2022;12(3):1390–1405. doi:10.1016/j.apsb.2021.10.024
85. Dayes I, Rumble RB, Bowen J, et al. Intensity-modulated radiotherapy in the treatment of breast cancer. Clin Oncol. 2012;24(7):488–498. 

doi:10.1016/j.clon.2012.05.003
86. Chen W, Wu Y, Yang C, et al. CDK9 targeting PROTAC L055 inhibits ERα-positive breast cancer. Biomed Pharmacother. 2024;177:116972. 

doi:10.1016/j.biopha.2024.116972
87. Liu H, Liu K, Dong Z. Targeting CDK12 for cancer therapy: function, mechanism, and drug discovery. Cancer Res. 2021;81(1):18–26. 

doi:10.1158/0008-5472.CAN-20-2245
88. Dar AA, Nosrati M, Bezrookove V, et al. The role of BPTF in melanoma progression and in response to BRAF-targeted therapy. J Natl Cancer 

Inst. 2015;107(5). doi:10.1093/jnci/djv034
89. Blazek D, Kohoutek J, Bartholomeeusen K, et al. The Cyclin K/Cdk12 complex maintains genomic stability via regulation of expression of 

DNA damage response genes. Genes Dev. 2011;25(20):2158–2172. doi:10.1101/gad.16962311
90. Cheng SW, Kuzyk MA, Moradian A, et al. Interaction of cyclin-dependent kinase 12/CrkRS with cyclin K1 is required for the phosphorylation 

of the C-terminal domain of RNA polymerase II. Mol Cell Biol. 2012;32(22):4691–4704. doi:10.1128/MCB.06267-11
91. Sokol ES, Pavlick D, Frampton GM, et al. Pan-cancer analysis of CDK12 loss-of-function alterations and their association with the focal 

tandem-duplicator phenotype. Oncologist. 2019;24(12):1526–1533. doi:10.1634/theoncologist.2019-0214
92. Chou J, Quigley DA, Robinson TM, et al. Transcription-associated cyclin-dependent kinases as targets and biomarkers for cancer therapy. 

Cancer Discov. 2020;10(3):351–370. doi:10.1158/2159-8290.CD-19-0528
93. Naidoo K, Wai PT, Maguire SL, et al. Evaluation of CDK12 protein expression as a potential novel biomarker for DNA damage 

response-targeted therapies in breast cancer. Mol Cancer Ther. 2018;17(1):306–315. doi:10.1158/1535-7163.MCT-17-0760
94. Peng F, Yang C, Kong Y, et al. CDK12 promotes breast cancer progression and maintains stemness by activating c-myc/β -catenin signaling. 

Curr Cancer Drug Targets. 2020;20(2):156–165. doi:10.2174/1568009619666191118113220
95. Choi HJ, Jin S, Cho H, et al. CDK12 drives breast tumor initiation and trastuzumab resistance via WNT and IRS1-ErbB-PI3K signaling. EMBO 

Rep. 2019;20(10):e48058. doi:10.15252/embr.201948058
96. Krajewska M, Dries R, Grassetti AV, et al. CDK12 loss in cancer cells affects DNA damage response genes through premature cleavage and 

polyadenylation. Nat Commun. 2019;10(1):1757. doi:10.1038/s41467-019-09703-y
97. Choi SH, Kim S, Jones KA. Gene expression regulation by CDK12: a versatile kinase in cancer with functions beyond CTD phosphorylation. 

Exp Mol Med. 2020;52(5):762–771. doi:10.1038/s12276-020-0442-9
98. Yang J, Chang Y, Tien JC-Y, et al. Discovery of a highly potent and selective dual PROTAC degrader of CDK12 and CDK13. J Med Chem. 

2022;65(16):11066–11083. doi:10.1021/acs.jmedchem.2c00384

https://doi.org/10.2147/BCTT.S527906                                                                                                                                                                                                                                                                                                                                                                                                                                                 Breast Cancer: Targets and Therapy 2025:17 520

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/0092-8674(91)90100-D
https://doi.org/10.1016/0092-8674(91)90101-4
https://doi.org/10.1016/S0092-8674(00)81519-6
https://doi.org/10.1016/0092-8674(91)90181-W
https://doi.org/10.1038/s41568-022-00456-3
https://doi.org/10.1007/s11912-019-0769-3
https://doi.org/10.1126/science.aaw2106
https://doi.org/10.3390/biomedicines10030685
https://doi.org/10.1016/j.bmcl.2019.03.035
https://doi.org/10.1016/j.bmcl.2020.127106
https://doi.org/10.1039/D0SC00167H
https://doi.org/10.1039/C9CC00163H
https://doi.org/10.1002/jcb.26293
https://doi.org/10.1002/jcb.26293
https://doi.org/10.1016/j.tips.2008.03.003
https://doi.org/10.3390/ijms23105476
https://doi.org/10.3390/cancers13143418
https://doi.org/10.3389/fcell.2021.641271
https://doi.org/10.1021/acs.jmedchem.1c01350
https://doi.org/10.1038/s41401-021-00796-0
https://doi.org/10.1016/j.apsb.2021.10.024
https://doi.org/10.1016/j.clon.2012.05.003
https://doi.org/10.1016/j.biopha.2024.116972
https://doi.org/10.1158/0008-5472.CAN-20-2245
https://doi.org/10.1093/jnci/djv034
https://doi.org/10.1101/gad.16962311
https://doi.org/10.1128/MCB.06267-11
https://doi.org/10.1634/theoncologist.2019-0214
https://doi.org/10.1158/2159-8290.CD-19-0528
https://doi.org/10.1158/1535-7163.MCT-17-0760
https://doi.org/10.2174/1568009619666191118113220
https://doi.org/10.15252/embr.201948058
https://doi.org/10.1038/s41467-019-09703-y
https://doi.org/10.1038/s12276-020-0442-9
https://doi.org/10.1021/acs.jmedchem.2c00384


99. Allen BL, Taatjes DJ. The mediator complex: a central integrator of transcription. Nat Rev Mol Cell Biol. 2015;16(3):155–166. doi:10.1038/ 
nrm3951

100. Bian J, Ren J, Li Y, et al. Discovery of Wogonin-based PROTACs against CDK9 and capable of achieving antitumor activity. Bioorg Chem. 
2018;81:373–381. doi:10.1016/j.bioorg.2018.08.028

101. Gregory GP, Hogg SJ, Kats LM, et al. CDK9 inhibition by dinaciclib potently suppresses Mcl-1 to induce durable apoptotic responses in 
aggressive MYC-driven B-cell lymphoma in vivo. Leukemia. 2015;29(6):1437–1441. doi:10.1038/leu.2015.10

102. Fang Y, Liao G, Yu B. Small-molecule MDM2/X inhibitors and PROTAC degraders for cancer therapy: advances and perspectives. Acta Pharm 
Sin B. 2020;10(7):1253–1278. doi:10.1016/j.apsb.2020.01.003

103. Wang Y, Jiang X, Feng F, et al. Degradation of proteins by PROTACs and other strategies. Acta Pharm Sin B. 2020;10(2):207–238. 
doi:10.1016/j.apsb.2019.08.001

104. Wang YT, Jiang SQ, Zhang SL. Synthetic approaches and clinical application of representative small-molecule inhibitors of cyclin-dependent 
kinase for cancer therapy. Molecules. 2024;29(13).

105. Long L, Fei X, Chen L, et al. Potential therapeutic targets of the JAK2/STAT3 signaling pathway in triple-negative breast cancer. Front Oncol. 
2024;14:1381251. doi:10.3389/fonc.2024.1381251

106. Li K, Crews CM. PROTACs: past, present and future. Chem Soc Rev. 2022;51(12):5214–5236. doi:10.1039/D2CS00193D
107. Steinebach C, Kehm H, Lindner S, et al. PROTAC-mediated crosstalk between E3 ligases. Chem Commun. 2019;55(12):1821–1824. 

doi:10.1039/C8CC09541H
108. Riess C, Irmscher N, Salewski I, et al. Cyclin-dependent kinase inhibitors in head and neck cancer and glioblastoma-backbone or add-on in 

immune-oncology? Cancer Metastasis Rev. 2021;40(1):153–171. doi:10.1007/s10555-020-09940-4
109. Kundu M, Butti R, Panda VK, et al. Modulation of the tumor microenvironment and mechanism of immunotherapy-based drug resistance in 

breast cancer. Mol Cancer. 2024;23(1):92. doi:10.1186/s12943-024-01990-4
110. Stark MC, Joubert AM, Visagie MH. Molecular farming of pembrolizumab and nivolumab. Int J Mol Sci. 2023;24(12):10045. doi:10.3390/ 

ijms241210045
111. Bradley R, Braybrooke J, Gray R, et al. Trastuzumab for early-stage, HER2-positive breast cancer: a meta-analysis of 13 864 women in seven 

randomised trials. Lancet Oncol. 2021;22(8):1139–1150. doi:10.1016/S1470-2045(21)00288-6
112. Hunter FW, Barker HR, Lipert B, et al. Mechanisms of resistance to trastuzumab emtansine (T-DM1) in HER2-positive breast cancer. Br 

J Cancer. 2020;122(5):603–612. doi:10.1038/s41416-019-0635-y
113. Basu A, Albert GK, Awshah S, et al. Identification of immunogenic MHC Class II Human HER3 peptides that mediate anti-HER3 CD4(+) Th1 

responses and potential use as a cancer vaccine. Cancer Immunol Res. 2022;10(1):108–125. doi:10.1158/2326-6066.CIR-21-0454
114. Chew V, Toh HC, Abastado JP. Immune microenvironment in tumor progression: characteristics and challenges for therapy. J Oncol. 

2012;2012:608406. doi:10.1155/2012/608406
115. Hu D, Li Z, Zheng B, et al. Cancer-associated fibroblasts in breast cancer: challenges and opportunities. Cancer Commun. 2022;42(5):401–434. 

doi:10.1002/cac2.12291
116. Deng X, Xie J, Yang L, et al. Editorial: tumor microenvironment, immunotherapy, and drug resistance in breast and gastrointestinal cancer. 

Front Immunol. 2023;14:1265704. doi:10.3389/fimmu.2023.1265704
117. Wu J, Wang W, Gao L, et al. Cyclin-dependent kinase inhibitors enhance programmed cell death protein 1 immune checkpoint blockade 

efficacy in triple-negative breast cancer by affecting the immune microenvironment. Cancer. 2024;130(S8):1449–1463. doi:10.1002/cncr.35270

Breast Cancer: Targets and Therapy                                                                                           

Publish your work in this journal 
Breast Cancer - Targets and Therapy is an international, peer-reviewed open access journal focusing on breast cancer research, identification of 
therapeutic targets and the optimal use of preventative and integrated treatment interventions to achieve improved outcomes, enhanced survival 
and quality of life for the cancer patient. The manuscript management system is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/breast-cancer—targets-and-therapy-journal

Breast Cancer: Targets and Therapy 2025:17                                                                                           521

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/nrm3951
https://doi.org/10.1038/nrm3951
https://doi.org/10.1016/j.bioorg.2018.08.028
https://doi.org/10.1038/leu.2015.10
https://doi.org/10.1016/j.apsb.2020.01.003
https://doi.org/10.1016/j.apsb.2019.08.001
https://doi.org/10.3389/fonc.2024.1381251
https://doi.org/10.1039/D2CS00193D
https://doi.org/10.1039/C8CC09541H
https://doi.org/10.1007/s10555-020-09940-4
https://doi.org/10.1186/s12943-024-01990-4
https://doi.org/10.3390/ijms241210045
https://doi.org/10.3390/ijms241210045
https://doi.org/10.1016/S1470-2045(21)00288-6
https://doi.org/10.1038/s41416-019-0635-y
https://doi.org/10.1158/2326-6066.CIR-21-0454
https://doi.org/10.1155/2012/608406
https://doi.org/10.1002/cac2.12291
https://doi.org/10.3389/fimmu.2023.1265704
https://doi.org/10.1002/cncr.35270
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Background
	Mechanism of Action of PROTAC
	Ubiquitin and Its Mechanism of Action
	E3 Ubiquitin Ligase Ligands
	MDM2-PROTAC
	IAP-PROTAC
	VHL-PROTAC
	CRBN-PROTAC

	Linker Selection
	Mechanism of Action of PROTAC

	PROTAC Degradation of CDKs for Breast Cancer Treatment
	PROTAC Degradation of CDK1 for the Treatment of Breast Cancer
	PROTAC Degradation of CDK4/6 for the Treatment of Breast Cancer
	PROTAC Degradation of CDK9 for the Treatment of Breast Cancer
	PROTAC Degradation of CDK12/13 for the Treatment of Breast Cancer

	Conclusion and Outlook
	Funding
	Disclosure

