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Abstract

Aberrancy in cell cycle progression is one of the fundamental mechanisms underlying 

tumorigenesis, making regulators of the cell cycle machinery rational anti-cancer therapeutic 

targets. Growing body of evidence indicates that the cell cycle regulatory pathway integrates 

into other hallmarks of cancer, including metabolism remodeling and immune escaping. Thus, 

therapies against cell cycle machinery components can not only repress the division of cancer 

cells, but also reverse cancer metabolism and restore cancer immune surveillance. Apart from 

the ongoing effects on developing small molecule inhibitors (SMIs) of cell cycle machinery, 

PROTACs have recently been used for targeting these oncogenic proteins related to cell 

cycle progression. Here, we discuss the rationale of cell cycle targeting therapies, particularly 

PROTACs, to more efficiently retard tumorigenesis.
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Cell cycle machinery and its function in cancer

After the identification of first cell cycle regulator gene cdc28 (the analog of CDK1 in 

yeast) in early 1970s [1], the long history of cell cycle study reveals the mechanisms of how 

cell cycle functions as the fundamental event in cell biology [2,3]. Cell cycle represents a 

series of strictly-controlled events that lead to the faithful duplication of the genome DNA 

and the reproduction of two daughter cells [2,3]. Briefly, cell cycle could be divided into 

four major phases: gap 1 (G1), DNA synthesis (S), gap 2 (G2) and mitosis (M) (Figure 

1). The fidelity and integrity of DNA replication, and the timely and accurate separation 

of sister chromatids, are quality controlled by various cell cycle checkpoints, including the 

G1/S checkpoint which could be relieved by the sequential phosphorylation of Rb by Cyclin 
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D-CDK4/6 and Cyclin E-CDK2 to dissociate E2F [4,5]; the G2/M checkpoint where the 

Cyclin B-CDK1 kinase activity is precisely controlled by the Aurora A/PLK1/CDC25 and 

Chk1/WEE1 signaling [6]; and the spindle assembly checkpoint (SAC) where the mitotic 

checkpoint complex (MCC) inhibits APCCdc20 E3 ligase activity to disable the degradation 

of Cyclin B and Securin to halt the mitotic progression [7] (Figure 1). The fine-tuned and 

orderly progression of cell cycle is controlled by sequential destruction of Cyclins by the 

anaphase promoting complex/cyclosome (APC/C, also called APC) [8] and Skp1-Cullin 
1-F-box (SCF) E3 ligase complexes [9–12], and subsequent activation of the cell cycle 

machinery, including Cyclin D-CDK4/6 in G1 phase, Cyclin E-CDK2 at the end of G1 

phase, Cyclin A-CDK2 at the end of S phase, and Cyclin B-CDK1 at the end of G2 phase 

[13,14], respectively (Figure 1). A comprehensive map of human proteomics at the single 

cell level with precise annotation of individual cell in the cell cycle using the fluorescence 
ubiquitination cell cycle indicator (FUCCI) technology [15], further validate the timely 

regulation of most cycling proteins at the post-translational level, including phosphorylated 

by cell cycle-controlling kinases, and degradation by SCF or APC/C E3 ligases.

In keeping with the key role for the cell cycle machinery in determining the faithful 

duplication of the genome DNA, genetic variation or signaling transduction interruption 

of cell cycle regulators and/or cell cycle checkpoints cause improper re-entry into the 

cell cycle and aberrant cell divisions, which is a major hallmark for cancer [16,17]. 

For example, overexpression of Cyclin D/E, PLK1, Aurora A/B, Skp2, and Cdc20 have 

been frequently detected in various types of human cancers, and these oncoproteins serve 

as therapeutic targets in clinic with several inhibitors been approved, such as CDK4/6 

inhibitors (palbociclib [18], ribociclib [19] and abemaciclib), or in clinical trials, such 

as PLK1 inhibitors (rigosertib and volasertib, NCT01928537 or NCT01721876, phase III/

IV), Aurora A inhibitor (alisertib, NCT02530619, phase III) and WEE1 inhibitor [20] 

(MK-1775, phase II), Chk1/2 (LY2606368, NCT02203513, phase II). Growing body of 

evidence suggests that the cell cycle machinery integrates into other hallmarks of cancer, 

including metabolism remodeling and immune escaping. Therefore, therapies against the 

cell cycle regulatory proteins not only repress cancer cell division by blocking cell cycle 

progression, but also reverse cancer cell metabolism or restore cancer immune surveillance, 

thus providing tremendous effects for combating tumors in vivo. Recently, the emerging 

proteolysis targeting chimera (PROTAC) technology has been adopted to target the 

oncogenic component of the cell cycle machinery for ubiquitination-mediated proteasomal 

degradation, with advantages over traditional small molecule inhibitors (SMIs), which might 

be a promising approach for cell cycle-focused cancer therapy in future endeavors.

Cell cycle and cancer metabolism

Compared to most normal tissue cells, cancer cells are characterized with a distinct 

metabolic phenotype known as the Warburg effect, including aerobic glycolysis and 

reduced oxidative phosphorylation (OXPHOS), which provides biosynthetic intermediates 

to fuel cancer cell proliferation and division at elevated levels [21]. The cell cycle-coupled 

metabolism oscillation has been firstly observed in yeasts, where yeasts appear to prefer 

oxidative metabolism at the G1 cell cycle phase, and then shift to rely more on glycolysis 

at the reductive/building (R/B) phase [22]. DNA replication occurs exclusively at the R/B 
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phase, and the reductant NADPH at this phase ensures a low frequency of spontaneous 

DNA mutation rate [23]. However, it still remains largely elusive whether and how cell 

metabolism is regulated by the cell cycle machinery in mammalian cells. Moreover, the 

metabolic cycle in yeasts is based on the transcriptional profile for cells at different cell 

cycle phases in a bulk RNA sequencing analysis [22]. In mammalian cells, the cycling 

proteins whose expression levels fluctuate during cell cycle, are mainly regulated at the 

post-translational level rather than at the transcriptional level, based on a comprehensive 

proteomics mapping of human cells at the single cell level with precise annotation of cell 

cycle phases for individual cell [15]. Collectively, multiple metabolic enzymes and/or their 

upstream regulators are regulated by cell cycle machinery, either through CDKs-mediated 

phosphorylation [24–28], and/or through SCF [29,30] and APC/C [29,31–33] E3 ligase-

mediated ubiquitination and subsequent proteasomal degradation (Figure 2).

In G1 phase, Cyclin D-CDK4/6 plays a major role for the cell cycle progression and 

cell metabolism, and the protein level of Cyclin D is controlled by the CRL4AMBRA E3 

ubiquitin ligase [34–36]. On one hand, Cyclin D1 represses OXPHOS, either through 

direct phosphorylation of nuclear respiratory factor 1 (NRF-1) [24] and peroxisome 

proliferator-activated receptor-γ coactivator-1α (PGC1α) [25] by Cyclin D-CDK4, or 

through direct translocation onto the outer membrane of mitochondria to bind with voltage-

dependent anion channel (VDAC) [25] and HK2 [37] (Figure 2). Besides, Cyclin D1 

also represses fatty acid oxidation through inhibiting peroxisome proliferator-activated 

receptor α (PPARα)-mediated transcriptome in a CDK-independent manner [38] (Figure 

2). On the other hand, Cyclin D-CDK6 phosphorylates and inactivates two glycolytic 

enzymes, 6-phosphofructokinase (PFK1) and pyruvate kinase M2 (PKM2), thus rendering 

the tetramers form of these two enzymes to a less-active dimmer formation, which 

subsequently leads to the accumulation of glycolytic intermediates and rewiring of cancer 

cell metabolism towards more reliance to the pentose phosphate pathway (PPP) and serine 

pathway [26] (Figure 2). Furthermore, the enzyme 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase-3 (PFKFB3), which generates fructose-2,6-bisphosphate (F2,6P(2)) to 

activate the glycolytic enzyme PFK1 [39], is sequentially ubiquitinated by APCCdh1 in G1 

phase [29,31,32] and by SCFβ-TRCP in S phase [29] (Figure 2). Apart from the glycolytic 

enzyme, the first enzyme in glutaminolysis, Glutaminase 1 (GLS1) is also ubiquitinated 

and destructed by APCCdh1 in G1 phases [29,32], thus GLS1 is accumulated in S phase to 

enhance glutaminolysis and sustain DNA replication (Figure 2).

In late G1 and S phase, Cyclin E-CDK2 and Cyclin A-CDK2 phosphorylate IDH1/2, the 

rate-limiting enzyme in the tricarboxylic acid (TCA) cycle, to facilitate their ubiquitination 

by the SCFSkp2 E3 ligase in S phase and subsequent degradation by 26S proteasome, 

resulting in cancer cell metabolism shift from OXPHOS at G1 phase to glycolysis at 

S phase [30] (Figure 2). Different from IDH1/2, IDH3β, a regulatory subunit of IDH3 

hetero-tetramer enzyme, is ubiquitinated by the APCCdh1 E3 ligase in early G1 phase 

[33] (Figure 2). During the G2/M transition, the Cyclin B1-CDK1 kinase translocates into 

mitochondria to phosphorylate mitochondrial proteins, such as the electron transport chain 

(ETC) Complex I [27] and SIRT3 to impact cellular respiration [28] (Figure 2), suggesting 

that the physiological CDK1 inhibitor, such as DUX4 [40], might perturb cancer cell 
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metabolism. In addition to these enzymes, other master regulators of cancer metabolism, 

such as Akt, can also be regulated by the cell cycle machinery at the post-translational level 

[41,42]. Akt is a key mediator for the Warburg effect and a critical metabolism remodeling 

factor in cancer, by promoting the uptake of glucose and amino acid, fostering glycolysis, 

and rewiring glucose metabolism to lipid synthesis [43]. Akt itself is regulated in a cell 

cycle-dependent manner, including the phosphorylation by Cyclin A-CDK1 [41] and the 

ubiquitination by SCFSkp2 [42]. On the other way around, Skp2 can also be phosphorylated 

by Akt, which renders the cytosol translocation of Skp2 and also disturbs the degradation of 

Skp2 by APCCdh1 E3 ligase complex [44].

These cell cycle-dependent phosphorylation/inhibition and destruction of metabolic enzymes 

provide multiple-disciplinary regulatory mechanisms for the shift of metabolic preference 

and the oscillation of metabolic intermediates, which is essential for the appropriate 

syntheses of DNA and proteins for the duplicated daughter cells. Perturbation of these 

regulator pathway lead to oxidative stress, DNA mutation and metabolism remodeling that 

eventually elicit uncontrollable cell proliferation and tumorigenesis [26,30]. For instance, 

T-cell acute lymphoblastic leukemia (T-ALL) cells express the dominant Cyclin D3 isoform, 

and Cyclin D3-CDK6 over-activation represses glycolysis by inhibiting PFK1 and PKM2, 

thus pushing more flux to PPP and serine pathway to produce reductive NADPH and 

glutathione, which favors the proliferation and drug-resistance of T-ALL cells [26]. To this 

end, this metabolic remodeling caused by Cyclin D3-CDK6 could be efficiently reversed by 

CDK4/6 inhibitors, thus making T-ALL cells susceptible to oxidative stress and apoptosis 

[26]. Moreover, prostate cancer (PrCa) expresses relatively high level of Skp2, which is 

reversely correlated with IDH1 protein level [30]. This character renders PrCa cells to rely 

more on glycolysis that facilitates the accumulation of glycolysis and PPP intermediates for 

the synthesis of amino acid and nucleotide to feed the division of daughter cells [30]. In 

keeping with this notion, the glycolysis preference in PrCa cells presents as a vulnerability 

that could be reversed by the Skp2 inhibitor, SKPin C1, to efficiently repress prostatic 

tumorigenesis in vitro and in vivo [30].

Although the oncogenic traits of several metabolic enzymes have been well defined, there 

is still lack of efficient approach to target them to combat tumorigenesis. Hence, defining 

the upstream regulators, especially those related to cell cycle mechanism, can achieve the 

goal of killing two birds (cell cycle and cancer metabolism) with one stone. To this end, 

the revealing of regulatory mechanism(s) between cell cycle and cancer metabolism not 

only provide novel insights for understanding the pathogenesis of cancer, but also provide 

the rational to target the cell cycle machinery to reverse cancer cell metabolism for better 

treatment of cancer.

Cell cycle and cancer immune surveillance

The cancer immune surveillance theory is formulated about half a century ago by Burnet and 

Thomas, promoting the development of the most favorable therapeutic approach nowadays, 

namely cancer immunotherapy [45]. Transcriptome by bulk-RNA-seq [46] and scRNA-seq 

[47,48] about the immune checkpoint blockade (ICB)-response versus ICB-resistant 

tumors coherently show that cell-cycle related genes, including the key G2/M checkpoint 
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and E2F target genes are enriched in the ICB-resistant groups [47]. Furthermore, genetic 

amplifications of Cyclin D1 and CDK4 are reversely correlated with ICB response in 

human solid tumors [49], while a preference of deletions and mutations in Cdkn2a/b [50], 

upstream inhibitory regulator of CDK4/6 occurs in non-T cell-inflamed pancreatic cancers, 

compared with CD8+ T cell-inflamed cancers. The malfunction of the Rb tumor suppressor 

protein, which functions largely by repressing the transcriptional activity of E2F, is one 

of the most common features of most human cancer types. As such, CDK4/6 inhibitors 

have been applied for the treatment of cancers in part by restoring Rb tumor suppressive 

function through suppressing CDK4/6-mediated phosphorylation of Rb [18,19]. Later on, 

an unexpected cancer immunity regulatory effect has been observed during the preclinical 

investigation of these CDK4/6 inhibitors in breast cancer (BRCA), lung cancer, pancreatic 

cancer, and melanoma, in which multiple mechanisms have been defined [51–53] (Figure 3).

A major mechanism underlying the immunity boosting effect of CDK4/6 inhibitors is due 

to a transcriptional and post-translational regulation on the immune checkpoint protein 

PD-L1 [54,55]. On one hand, the immune checkpoint protein PD-L1 is ubiquitinated by 

CUL3SPOP E3 ligase, while the stability of the protein stability of SPOP is controlled by the 

Cyclin D-CDK4-mediated phosphorylation and APCCdh1 E3 ligase-mediated ubiquitination, 

resulting in a cell-cycle dependent fluctuation of PD-L1 protein, which peaked in M phase 

[54] (Figure 3). In keeping with this model, CDK4/6 inhibitor palbociclib causes the 

reduction in SPOP protein abundance and subsequent accumulation of PD-L1 protein, which 

subsequently enhances the effect of anti-PD-1 immunotherapy in syngeneic mouse models 

[54] (Table 1). On the other hand, CDK4/6 phosphorylates Rb on the S249/T252 residuals 

to trigger the binding between Rb and p65, thus repressing NFκB-mediated transcription of 

PD-L1 and causing immune escape of cancer cells, which could be efficiently reversed by 

CDK4/6 inhibitors [55] (Figure 3).

The other mechanism of CDK4/6 inhibitors’ immunity enhancing effect is owing to the 

improved tumor antigens present and immune cell infiltration [53]. For instance, CDK4/6 

inhibitor activates the expression of endogenous retroviral elements (ERVs) by repressing 

the transcription of DNA methyltransferase 1 (DNMT1), which triggers a transcriptome 

characterized by increasing interferon λ (IFN λ) and MHC class I/II antigens [53,56] 

(Figure 3). These tumor-derived antigens recruit more immune cell infiltration into tumor 

site to repress tumor growth and facilitate the clearance of tumor cells, thus improving the 

effect of ICB, such as PD-L1 antibody, in a MMTV-rtTA/tetO-HER2 BRCA mouse model 

[53] (Table 1). Likewise, CDK4/6 inhibitor, in combination with MEK inhibitor, suppresses 

the tumorigenesis of KRAS-driven lung cancer [57] and pancreatic ductal adenocarcinoma 

[58], in part through inducing tumor necrosis factor-α (TNFα) and intercellular adhesion 

molecule-1 (ICAM-1) to trigger an immunomodulatory senescence-associated secretory 

phenotype (SASP) (Figure 3). SASP-mediated endothelial cell activation prompts the 

infiltration of CD8+ T cells into tumors, thus sensitizing them to PD-1/PD-L1 blockades 

[58] (Table 1). Besides, CDK4/6 inhibitor-induced SASP further elicits natural killer (NK) 

cells-mediated immune surveillance program [57], and activates endothelial cell to favor the 

infiltration of CD8+ T cells into tumors [58], thus sensitizing tumors to ICB such as PD-1 

antibody treatment (Figure 3, Table 1). In keeping with these findings, CDK4/6 inhibition 

can antagonize the transcriptome associated with T cell exclusion and immune evasion, 
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which are frequently observed in ICB-resistant melanoma patients [48]. Besides, CDK4/6 

inhibitor also enhances T-cell activation and augments antitumor immunity through de-

repressing the activity of nuclear factor of activated T-cells (NFAT) [59]. Recently, CDK4/6 

inhibitor has also been reported to enhance the anti-tumor effect for chemotherapy/ICB 

combination regimen (oxaliplatin/5-FU together with PD-L1 antibody) in syngeneic mouse 

models [60] (Table 1). To be noted, in the clinical trial for trilaciclib in combination 

with etoposide/carboplatin for small cell lung cancer (SCLC, NCT02499770, phase Ib/IIa), 

trilaciclib can preserve peripheral lymphocyte and enhance T-cell activation, suggesting 

an effect of CDK4/6 inhibitor in improving antitumor immunity in SCLC patient during 

chemotherapy [60].

Although CDK4/6 inhibitors induce the infiltration of immune cells into tumor and the 

activation of CD8+ T cells, these inhibitors also display inhibitory effect on the proliferation 

of immune cells, including T-cell [59]. Hence, mechanistic dissection of the cell cycle 

regulatory effect and immunomodulatory effect of CDK4/6 might inspire the identification 

of novel therapeutic target(s) downstream of CDK4/6 to avoid unwanted toxicity to normal 

immune cells. During senescence, the ribosome biogenesis defects lead to the accumulation 

of ribosomal proteins RPS14 and RPL22 to inhibit CDK4/6 [13,61], which might modulate 

immune surveillance. Apart from CDK4/6, CDK7 inhibitor (YKL-5-124) also provokes 

a robust T cell-based immune surveillance program in SCLC through activating IFNγ 
pathway, thus enhances the anti-tumor effect of ICB [62] (Table 1). Furthermore, G2/M 

cell cycle arrest with CDK1 inhibitor RO-3306 can abolish irradiation-induced antitumor 

effect through suppressing micronuclei formation and DNA damage-induced inflammatory 

signaling [63]. These studies altogether indicate that therapeutic approaches targeting cell 

cycle regulators, especially CDK4/6, might achieve the goal of “one stone, two birds” 

in anti-cancer treatment by repressing cancer cell division and restoring cancer immune 

surveillance.

Targeting cell cycle regulators with PROTAC

Cell cycle machinery proteins represent a major type of cancer therapeutic targets, and 

several kinase inhibitor drugs are now in clinical use or in preclinical/clinical trials, 

including the inhibitors for CDKs, PLK, WEE1, Aurora A, and Chk1/2. Similar as other 

traditional SMIs, these inhibitors for cell cycle machinery have potential shortcomings, 

including: 1) off-target inhibitory effect on close family members of target protein, such 

as the inhibitory effect of CDK2i on CDK1 [64]; 2) acquired drug resistance due to 

mutants on target or upstream regulators, such as RB mutation [65], CDK6 amplification 

[66], and loss of PTEN [67] or FAT1 [68] during the establishment of CDK4/6 inhibitor 

resistance [69]; 3) minimal effect on kinase-independent role of CDK targets, such as for 

CDK6 [70–72]. These shortages of inhibitor could be overcome by the emerging PROTAC 

technology, which provide a new way to target those so-called undruggable targets, such as 

transcriptional factors and scaffold proteins [73]. PROTAC is a hetero-bifunctional molecule 

that recruits endogenous E3 ligase, such as cereblon (CRBN) and von Hippel-Lindau 

(VHL), to degrade disease-causing proteins of interest (POIs), including those oncogenic 

players in cell cycle machinery, such as CDKs [74–80], WEE1 [81], Aurora A [82] and 

Cdc20 [83] (Box 1).
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As an ultimate effecter of the G1/S checkpoint, E2F1 play an oncogenic role by governing 

the transcription of the downstream targets [84]. However, no SMI of E2F1 has been 

developed yet. Recently, a DNA oligomer-based PROTAC platform has been developed 

to degrade oncogenic transcriptional factors, including E2F1 [85] (Figure 4). CDK4/6 

kinases are upstream regulators for Rb/E2F1, and CDK4/6 inhibitors are conventionally 

used to block E2F1 transcriptional function. By linking CDK4/6 inhibitor palbociclib to 

pomalidomide to recruit the CRBN E3 ligase, CDK4/6 PROTACs have been developed to 

degrade either CDK4/6 (BSJ-02-162 [76], BSJ-03-204 [76], pal-pom [86]) or CDK4 only 

(BSJ-03-132) [76] (Figure 4). In addition, several CDK6 specific degraders (BSJ-03-123 

[77], CP-10 [78], YX-2-107 [72], Degrader 6 [87]) have also been developed based 

on abemaciclib or palbociclib, which are effective in inhibiting the proliferation of 

hematopoietic cancer cells [72,77,78] (Figure 4). Compared with SMIs, these CDK6 specific 

degraders have advantages in overcoming the resistance to CDK6 inhibitor [78] or in 

inhibiting the kinase-independent function of CDK6 [72].

Although many CDK inhibitors have been approved to be used in clinical practice or in 

clinical trial, a common shortage of these CDK inhibitors is an off-target inhibitory effect 

on the close family member of POI. For example, CDK2 controls the G1/S checkpoint 

and the entry of cell cycle S phase, making it a promising drug target for cancer [88], 

and CDK2 inhibitor, FN-1501 (NCT03690154, phase I) and PF-07104091 (NCT04553133, 

phase I/II), are now in clinical trials for AML and lung cancer, respectively [89]. However, 

it is extremely challenging to develop a specific inhibitor solely for CDK2, in part due 

to a similar ATP binding pocket is shared by CDK1 and CDK2, while inhibition of 

CDK1 might introduce unwanted toxicity [64]. To this end, several CDK2 degraders have 

been developed based on CDK2 inhibitors (FN-1501 and TMX-2039) to degrade CDK2 

only (CPS2 [90] and Compound A9 [74]), CDK2/9 (Compound F3 [74]), or CDK2/5, 

respectively (TMX-2172 [75]) (Figure 4). Compared with CDK2 inhibitors, these CDK2 

degraders have better anti-proliferative effects for PC3 PrCa cells [74], OVCAR8 ovarian 

cancer cells [75], AML cell lines and primary patient cells [90]. Usually, inhibitors cannot 

phenocopy the biological consequence of genetic knockdown or knockout, indicating a 

kinase-independent role of kinase [91], and PROTACs can overcome this shortcoming of 

inhibitor and mime the effects of genetic ablation [92]. For example, CDK2 inhibitor is not 

sufficient to drive AML cell differentiation as genetic ablation of CDK2 using short hairpin 

[93], and CDK2 PROTAC efficient promote AML cell differentiation in a CDK2-dependent 

manner [90].

In G2/M checkpoint, WEE1 phosphorylates CDK1 to prevent mitotic entry [6], making 

it a reasonable therapeutic target for cancer, and WEE1 inhibitor (adavosertib/AZD1775) 

shows promising result in the phase II clinical trial for uterine serous carcinoma [20]. By 

converting adavosertib into a PROTAC, the WEE1 degrader (ZNL-02-096) has roughly 

10-fold potency in blocking mitotic entry through a robust effect in degrading WEE1, 

and effectively inhibits the proliferation of ovarian cancer cells in vitro [81] (Figure 4). 

Additionally, Aurora-A kinase is essential for the rapid recruitment of G2/M checkpoint 

protein to kinetochores in early M phase, and Aurora-A is amplified or overexpressed 

in tumors [6]. Aurora-A PROTAC (JB170) has been developed based on the Aurora-A 

inhibitor alisertib, and it induces S-phase defect and apoptosis in MV4-11 cancer cells [82] 
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(Figure 4). Given the critical of Cdc20 in initiation of anaphase and exist from mitosis [7], 

Cdc20 plays a oncogenic role for tumorigenesis, which inspires the development of specific 

inhibitor, such as Apcin [94,95]. By conjugation of VHL ligand onto Apcin, a Cdc20 

degrader (CP5V) has been developed for the destruction of Cdc20, and it blocks the mitosis 

and represses the proliferation of MCF-7 BRCA cells, leading to tumor regression in a 4T1 

BRCA xenograft mouse model [83] (Figure 4). Likewise, CDK9 degraders (Compound 3 

[79] and Compound 11c [80]) have also been developed based on the CDK5/9 inhibitor 

aminopyrazole or the CDK9 inhibitor flavopiridol, to selectively degrade CDK9 and inhibit 

the proliferation of CDK9-overexpressed cancer cells.

Taken together, PROTACs against cell cycle machinery proteins and upstream regulators 

could provide the advantage of relatively more specificity, genetic ablation-mimic function 

which cannot be achieved by inhibitor, and the potential to overcome drug resistance due 

to mutations frequently observed in drug target proteins. Although no PROTAC for cell 

cycle machinery proteins has been proceeded into clinical trials yet, in part due to the 

potential weakness in permeability, oral availability and stability, PROTAC is still one of 

the most promising and attractive approaches to target the cell cycle machinery for cancer 

therapy. Nevertheless, the potential limits of PROTACs should be considered during the 

development of drugs for cell cycle machinery components and regulators. First, compared 

with canonical SMIs, PROTACs have relatively higher molecule weight (usually over 

600 Da) that possible compromises their permeability and oral bioavailability. Although 

several orally bioavailable PROTACs, such as AR PROTAC (ARV-110, NCT03888612, 

phase I/II), ER PROTAC (ARV-471, NCT04072952, phase I/II) and CDK2/4/6 PROTAC 

[96] have been developed for clinical and preclinical study, the in vivo efficiency is 

still under investigation. Recently, several molecule glues have been proved to recruit 

the CUL4-DDB1 E3 ligase onto the Cyclin K-CDK12 kinase complex, subsequently 

triggering the ubiquitination and proteasomal degradation of Cyclin K [97–99]. Thus, 

molecule glue likely represents a complementary way of targeted protein degradation 

(TPD), possibly with better pharmacodynamics and pharmacokinetics properties [97–99]. 

Second, most present PROTACs are developed based on well-defined inhibitors for the 

POI, thus rendering them easy to inherit potential off-target effect and drug resistance 

derived from the parental inhibitors. Last but not the least, due to its catalytic manner 

of action, PROTACs might possess stronger toxicity to normal cell/tissues, for which the 

recently-developed controllable [100,101] and targeted-delivery [102] PROTAC platforms 

may provide a solution.

Concluding Remarks

Aberrancies in cell cycle-regulatory proteins have been defined in virtually all types of 

human cancers, based on which multiple therapies have been developed either in clinical 

practice or in clinical trial at present. Growing evidence shows that these therapies not 

only restrict cancer cell division, but also trigger unexpected effects, including reversing 

cancer metabolism remodeling and restoring cancer immune surveillance. For example, 

CDK inhibitors, including CDK4/6 and CDK2, have potential metabolism regulatory effects, 

either by restoring the metabolism from PPP and serine pathway back to glycolysis [26], or 

by antagonizing the Warburg effect [30]. However, it warrants further investigation whether 
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the metabolic phenotypes observed after manipulation of the cell cycle machinery is a 

direct effect of change in specific metabolic enzyme(s) or an indirect effect caused by 

disruption of cell cycle progression due to the genetically or pharmaceutically ablation of 

cell cycle regulators (see Outstanding Questions). Moreover, directly perturbation of cellular 

metabolism disrupts cell cycle progression vice versa, thus making it complicate whether 

cellular metabolism remodeling is the cause or result of cell cycle disruption.

Nowadays, CDK4/6 inhibitors triggers rampant anti-tumor immunity by either promoting 

the presentation tumor antigen derived from the DMNT1/ERVs/ISGs axis [53], or recruiting 

the infiltration of immune cells into tumor and activation of T cells [56][57–60], or 

transcriptionally and post-translational regulation of immune checkpoint protein(s) [54,55]. 

Thus, the combination therapies of CDK4/6 inhibitors with ICBs show promising outcomes 

in several types of human cancer patients [53,54,56,58–60]. However, due to the potential 

toxicity of CDK4/6 inhibitors on the proliferation of normal immune cells, it is necessary to 

dissect the critical function of CDK4/6 in regulating cell cycle progression and anti-cancer 

immunity, thus allow us to further develop a targeted therapy to only trigger cancer immune 

surveillance without inhibition on the proliferation of normal immune cells. Moreover, it 

warrants further in-depth investigation on the possible function of other cell cycle regulatory 

protein(s), besides CDK4/6, on cell metabolism and/or immune surveillance. These new 

knowledge will provide more therapeutic targets for cell cycle-focused cancer treatments to 

better retard tumorigenesis.

Due to the presence of multiple close family members for CDKs and the high similarity 

of inhibitor binding pocket in these kinases, it is extremely challenging to develop specific 

inhibitors that spare other close family CDK members. The emerging PROTAC technology 

provides a viable option, and PRTOACs that uniquely degrade CDK2 [74,90], CDK4 

[76], or CDK6 [72,77,78,87] have been developed with low or no effect on other CDK 

family members. Likewise, PROTACs have superior effects in repressing the potential 

kinase-independent effect of CDKs [72] and in overcoming potential drug resistance [78], 

making it a promising way to dissect the biological functions of different CDKs, and 

to specifically target a unique protein along the cell cycle machinery to achieve novel 

anti-cancer therapeutic option. However, it awaits for further determination the effect of 

PROTACs against cell cycle machinery proteins in regressing tumor in vivo, and more 

effects are warranted to improve the permeability and bioavailability of PROTACs, as well 

as to develop PROTACs for those undruggable targets in the cell cycle machinery.
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Glossary box

Cell cycle checkpoints
a control mechanism that halt cell cycle progress to ensure the accurate replication of 

genomic DNA and faithful separation of the sister chromatids into daughter cells.
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PLK1
polo-like kinase 1, also known as serine/threonine-protein kinase 13 (STPK13).

SAC
spindle assembly checkpoint, also known as the mitotic checkpoint, is a cell cycle 

checkpoint during mitosis or meiosis that ensures the proper transition from metaphase 

to anaphase and accurate separation of the duplicated chromatids.

APC/C
anaphase promoting complex/cyclosome, a multisubunit E3 ubiquitin ligase complex that 

targets cell cycle regulatory proteins for degradation by the 26S proteasome during exit from 

the mitosis and in the G1 phase of the cell cycle. Among APC/C, the Cdh1 and Cdc20 

subunit determines the specificity of ubiquitination substrate.

SCF
Skp1-Cullin 1-F-box, a multiple protein E3 ubiquitin ligase complex that composes of the 

scarfold Cullin 1, the E2-recruiting subunit Rbx1, the adaptor protein Skp1 that binds to the 

F-box motif, and the substrate-binding F-box protein.

FUCCI
an technique for visualizing of cell cycle progression in living cells, in which G1 phase cells 

express RFP-Cdt1 with red fluorescence and S/G2/M phases cells with green GFP-geminin.

PROTAC
proteolysis targeting chimera, a hetero-bifunctional small molecule composed of a ligand 

to recruit E3 ubiquitin ligase, a moiety to recognize protein of interest (POI), and a linker 

region, which bridges the transfering of poly-ubiquitin chain from the E3 ubiquitin ligase 

onto POI for the ubiquitination and subsequent proteasomal degradation of POI.

OXPHOS
oxidative phosphorylation, a process taking place in mitochondria, which transfers electrons 

from the reductive NADH or FADH2 to oxygen by a series of electron carriers to produce 

ATP.

Warburg effect
a metabolism phenotype of cancer cells, which is characterized by favoring glycolysis rather 

than TCA cycle for the carbohydrate metabolism.

PPP
pentose phosphate pathway, also known as hexose monophosphate shunt, a metabolic 

pathway parallel to glycolysis that uses glucose-6-p to generate reductive DNAPDH and 

ribose-5-phosphate as a precursor for nucleotide synthesis.

Glutaminolysis
a metabolic process occurs in mitochondia, in which glutamine is lysed to glutamate to feed 

the TCA cycle.

TCA cycle
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tricarboxylic acid, also known as the Krebs cycle or the citric acid cycle, a metabolic process 

that occurs in mitochondia, through which Acetyl-CoA is lysed to CO2 in an enzymatic 

chain reaction, to produce ATP and NADH.

ICB
immune checkpoint blockade, also known as immune checkpoint inhibitor or ICI, which 

represents the antibodies bind with immune checkpoint proteins to prevent their interactions 

with the corresponding receptor/ligand. The representive ICBs include PD-1 monoclonal 

antibody (mAb), PD-L1 mAb or CTLA-4 mAb.
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Box 1.

PROTAC

Proteolysis targeting chimeras (PROTAC) is an emerging and promising approach to 

target disease-causing proteins for ubiquitination-mediated proteasomal degradation. By 

hijacking the endogenous E3 ubiquitin ligase for subsequent degradation by the 26S 

proteasome, PROTAC represents a major type of targeted protein degradation (TPD) 

techniques, which also includes lysosome targeting chimeras (LYTAC), autophagy 

targeting chimeras (AUTAC), and autophagosome tethering compound (ATTEC) [103].

PROTAC molecule consists of three functional moieties: a ligand for recruiting 

endogenous E3 ubiquitin ligase, a warhead for recognizing proteins of interest (POIs), 

and a linker region to achieve best efficiency and specificity. The E3 ligase cereblon 

(CRBN) and von Hippel-Lindau (VHL) are the best-defined E3 ligases for PROTAC 

design, with immunomodulatory imide drugs (IMiDs, such as pomalidomide and 

lenalidomide) and the chemical synthesized VHL ligands (such as VHL ligand-1 and 

VHL-032) as ligands, respectively. PROTAC recruits the close proximity between E3 

ligand and POI, facilitating the transfer of poly-ubiquitin chain onto POI by the multi-

subunit E3 ligases, CRL4CRBN or CRL2VHL E3 ligase. To date, two PROTACs, ARV-110 

and ARV-471 are in clinical trials for the treatment of metastatic castration resistant PrCa 

(mCRPC) and ER+/HER2− metastatic BRCA, respectively.
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Outstanding Questions Box

• Whether the metabolic phenotypes observed after manipulation of cell cycle 

machinery is a direct effect of specific protein target or indirect effect caused 

by disruption of cell cycle progression?

• Aberrant cell cycle leads to metabolism remodeling, and perturbation of cell 

metabolism also disrupts cell cycle progression vice versa. Which is the 

causing event and how does their interplay dictate the tumorigenesis process?

• Whether inhibition of other cell cycle machinery proteins also causes 

immuno-modulatory effect as CDK4/6 inhibitors do?

• How to dissect the immuno-modulatory effect and cell cycle regulatory effect 

of CDK4/6 inhibitors, which guides us to better define therapeutic target(s) 

for efficiently triggering anti-cancer immunity without adverse effect(s) on 

the proliferation of normal immune cells?

• Whether PROTACs against cell cycle machinery proteins are capable of 

retarding tumorigenesis in vivo, due to the fact that the efficacy of PROTACs 

is potentially limited by their cellular permeability, oral bioavailability and 

stability?

• Whether PROTACs against cell cycle machinery proteins will also face drug 

resistance, which can be likely derived from a complementary elevation of a 

close family member of the target protein with similar biological function?
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Highlights

• Cell cycle machinery regulates cancer metabolism primarily at the post-

translational level, either through phosphorylation of metabolic enzymes or 

upstream regulators by CDKs, or through ubiquitination of these proteins by 

APC/C or SCF E3 ligases.

• CDK inhibitors restore cancer immune surveillance, in part by triggering 

the tumor antigens presentation or stimulating the infiltration of immune 

cells into tumor, thus providing synergetic effects with immune checkpoint 

blockades (ICBs).

• PROTACs provide a new cancer therapeutic approach to target cell cycle 

machinery components with oncogenic roles for proteasomal degradation, 

which holds advantages over traditional small molecular inhibitors (SIMs) 

in many aspects includes distinguishing protein target with its close family 

member(s), overcoming potential drug resistance, or repressing the kinase-

independent function of protein targets.
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Figure 1. Cell cycle machinery and checkpoints.
The proceeding of the cell cycle depends on subsequential degradation of Cyclins and other 

key cell cycle regulators by the APC/C and SCF E3 ligase complexes, to ensure the faithful 

completion of DNA replication and orderly cell division. In G1 phase, Cyclin D-CDK4/6 

and Cyclin E-CDK2 phosphorylate Rb protein, leading to the relief from G1/S checkpoint 

by triggering E2F release from Rb and the repressive complex for the transcription of 

downstream targets, to prepare for the synthesis of protein and DNA. After the replication of 

genome DNA in S phase, cells in G2 phase pass through the G2/M checkpoint, where errors 

during DNA synthesis activate the DNA damage pathway to repress Cyclin B-CDK1 kinase 

activity through the ATR-Chk1-WEE1/CDC25C signaling axis. During mitosis, the spindle 

assembly checkpoint is governed by MCC-mediated repression of APCCdc20, which is 

responsible for the degradation of Securin to activate Separase and the degradation of Cyclin 

B to activate CDK1. Among these cell cycle controlling E3 ligases, APCCdh1 controls the 
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ubiquitination and protein stability of Cdc20 and Skp2, thus ensuring the ordered activation 

and inactivation of APC/C and SCF in different cell cycle phases.
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Figure 2. Regulation of cell metabolism by the cell cycle machinery at the post-translational 
level.
In G1 phase, Cyclin D-CDK4/6 phosphorylates and inactivates the glycolytic enzymes, PFK 

and PKM2, to rewire glycolysis into more reliance on the pentose phosphate pathway (PPP) 

and serine pathway, or phosphorylates and inactivates the master regulators of mitochondrial 

biogenesis, NRF1 and PGC1α, to repress oxidative phosphorylation (OXPHOS), or 

indirectly represses metabolic-related proteins, including VDAC/HK2 and PPARα On the 

other hand, APCCdh1 ubiquitinates and degrades multiple metabolic enzymes or regulators, 

such as PFKBP3, GLS1 and IDH3β, to repress glycolysis and glutaminolysis. In late G1 

and S phases, Cyclin E-CDK2 and Cyclin A-CDK2 phosphorylate the TCA cycle enzyme 

IDH1/2, which are further ubiquitinated by SCFSkp2 to render more glycolysis in S phase. In 

M phase, Cyclin B-CDK1 phosphorylates and inactivates various mitochondrial proteins to 

repress OXPHOS.

Liu et al. Page 21

Trends Cell Biol. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. CDK4/6 inhibitor at the crosstalk of cell cycle and immune surveillance.
An unexpected immune-regulatory function of CDK4/6 inhibitor has been observed in 

clinic and various underlying mechanisms have been revealed to contribute to this 

phenotype. First, Cyclin D-CDK4/6 kinase can phosphorylate and stabilize SPOP, thus 

facilitating CUL3SPOP E3 ligase-mediated ubiquitination and proteasomal degradation of 

PD-L1, which could be blocked by the CDK4/6 inhibitor. Second, Cyclin D-CDK4/6 

phosphorylates Rb, promotes its binding to NFκB/p65 and thus inactivates the transcription 

of PD-L1, while CDK4/6 inhibition triggers the transcription of PD-L1. Third, Cyclin D-

CDK4/6 phosphorylates Rb to active E2F-mediated transcription of DNMT1, an epigenetic 

transcription repressor of endogenous retroviral elements (ERVs). This process could be 

antagonized by CDK4/6 inhibitor to trigger the IFNλ/ISGs/MHC signaling axis and the 

presentation of tumor antigens. Lastly, inhibition of CDK4/6 stimulates ASAP and represses 

NFAT-mediated transcriptome, which eventually promotes the infiltration of CD8+ T cells 

and/or NK cells for the killing of cancer cells.
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Figure 4. PROTACs present new avenues to degrade oncogenic proteins in the cell cycle 
machinery.
PROTACs against cell cycle controlling kinases, including CDK2/4/6, WEE1, Aurora A, 

as well as E2F1 and Cdc20, have been developed recently as potent therapeutics to 

combat cancer. By targeting upstream regulators of the G2/M checkpoint, WEE1-PROTAC 

(ZNL-20-096), Aurora A-PROTAC (JB170) and Cdc20-PROTAC (CP5V) block the mitosis 

entry and progression. Based on the CDK4/6 inhibitors, PROTACs have been developed to 

either target CDK4/6 (BSJ-03-024, BSJ-02-162, and pal-pom), or CDK4 only (BSJ-03-132), 

or CDK6 only (BSJ-03-123, CP-10, YX-2-107, and Degrader 6), which elicit potent 

degradation efficiency and anti-proliferation effect in cancer cells. For the S-phase related 

CDK2, several PROTACs (Compd. A9, Compd. F3, TMC-2172, and CPS2) have been 

developed to specifically degrade CDK2, sparing its close analog CDK1 and other CDKs. 

Downstream of the G1/S checkpoint, the effecter transcription factor E2F1 can also be 

targeted by dE2F, a DNA-based PROTAC for E2F. Compared with SMIs, PROTACs have 
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several superior advantages, including the ability to distinguish close family members (such 

as CDK4 vs. CDK6, or CDK2 vs. CDK1), the capability of blocking the kinase activity-

independent function of CDKs, as well as the potential to overcome drug resistance to 

inhibitor.
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Table 1

Combination therapy of CDK inhibitors and immune checkpoint blockades (ICBs).

Combination 
therapy

Cancer type/
model

Outcomes Mechanisms

CDK4/6i 
(Trilaciclib/Palboci 
clib) + PD-1 mAb

Colon cancer 
(CT26 and 
MC38)

Palbociclib enhances tumor regression and 
improves overall survival rates in CT26 
(survivor: 8/12 in combination therapy group vs. 
3/14 in PD-1 mAb group) and MC38 (6/12 vs. 
3/15) syngeneic mouse models that treated with 
PD-1 mAb [54].
The combination therapy (Trilaciclib/Palbociclib 
+ PD-1 mAb) nearly eliminates tumors in CT26 
and MC38 syngeneic mouse models [59].

PD-L1 protein stability is controlled 
by CUL-3SPOP-mediated ubiquitination and 
subsequent proteasomal degradation [54].
Cyclin D-CDK4 phosphorylates SPOP, 
and protects it from APCCdh1-mediated 
ubiquitination and subsequent proteasomal 
degradation [54].
CDK4/6i enhances T cell activation, through 
the de-repression of Nuclear Factor of 
Activated T cell (NFAT) family proteins and 
their target genes [59].

CDK4/6i 
(Abemaciclib) + 
PD-L1 mAb

Breast cancer 
(MMTV-rtTA/
tetO-HER2); 
Colon cancer 
(CT26)

The combination therapy regresses to the 
growth of MMTV-rtTA/tetO-HER2 tumor (~70% 
reduction by day 13, no resume growth by day 
35) and CT26 mouse model (4/4 combination 
therapy group in vs 2/4 in PD-L1 mAb group) 
[53].
Continuous combination therapy leads to 
complete tumor rejection and immunological 
memory [56].

CDK4/6 inhibition increases endogenous 
retroviral elements (ERVs) expression by 
repressing DNMT1 transcription, thus 
increasing intracellular double-stranded RNA 
levels, which in turn stimulates IFNλ 
production and hence enhances tumor antigen 
presentation [53].
CDK4/6 inhibition suppresses the proliferation 
of Treg cells [53].
CDK4/6 inhibition increase NFAT, and 
synergizes with PD-L1 blockade to enhance 
adaptive and innate immune activation [56].

MEKi (Trametinib) 
+ CDK4/6i 
(Palbociclib) + 
PD-1 mAb

KRAS-driven 
Pancreas cancer 
(KPCflox 

GEMM and 
KPCmut 

transplant)

The combination therapy produces an over 5-fold 
increase in the median survival of the KPCflox 

GEMM and KPCmut organoid transplant tumors, 
compared to PD-1 alone treatment [58].

MEK and CDK4/6 inhibitors induce a 
senescence-associated secretory phenotype 
(SASP), which further stimulates the 
accumulation of CD8+ T cells into tumors, 
thus sensitizing tumors to PD-1 antibody [58].

CDK4/6i 
(Trilaciclib) + 5-
FU/Oxaliplatin + 
PD-L1 mAb

Colon cancer 
(CT26 and 
MC38)

CDK4/6i enhances anti-tumor response and 
overall survival compared with chemotherapy 
and ICI combinations alone [60].

CDK4/6i modulates the proliferation and 
composition of T-cell subsets in the tumor 
microenvironment and increases effector 
function [60].

CDK7i 
(YKL-5-124) + 
PD-1 mAb

Small cell lung 
cancer (SCLC)

The combination therapy offers significant 
survival benefit in 4 highly aggressive SCLC 
murine models (Rb1L/Lp53L/Lp130L/L (RPP) 
GEMM; RPP orthotopic, Rb1−/−p53−/− (RP); 
RPP-MYC orthotopic) [62].

CDK7 inhibition triggers immune response 
signaling and induces pro-inflammatory 
cytokines and chemokines production, thus 
provoking a robust immune surveillance 
program elicited by T cells [62].
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