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Abstract Synthetic lethality is a proven effective antitumor strategy that has attracted great attention.

Large-scale screening has revealed many synthetic lethal genetic phenotypes, and relevant small-

molecule drugs have also been implemented in clinical practice. Increasing evidence suggests that CDKs,

constituting a kinase family predominantly involved in cell cycle control, are synthetic lethal factors

when combined with certain oncogenes, such as MYC, TP53, and RAS, which facilitate numerous anti-

tumor treatment options based on CDK-related synthetic lethality. In this review, we focus on the syn-

thetic lethal phenotype and mechanism related to CDKs and summarize the preclinical and clinical

discoveries of CDK inhibitors to explore the prospect of CDK inhibitors as antitumor compounds for stra-

tegic synthesis lethality in the future.
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1. Introduction

Chemotherapy and target therapy can effectively reduce the
symptoms and prolong the survival time of advanced cancer pa-
tients1. However, traditional cytotoxic chemotherapeutic drugs are
limited by safety and specificity concerns, driving people to seek
other antitumor strategies. Since the creative antitumor strategy
proposed by Hartwell in 19972, synthetic lethality has gradually
entered the field of tumor treatment. The earliest concept of
synthetic lethality was proposed based on geneegene interactions
in drosophila3e5, and it is defined as the mutation of either gene A
or gene B is viable in cell while mutations of both gene A and B
are lethal6. The concept of synthetic lethality nowadays has been
expanded in a broad sense (Fig. 1). For instance, synthetic dosage
lethality is caused by gene overexpression combined with another
mutated gene7,8; and conditional synthetic lethality is based on
genetic mutations or loss of function under certain cellular
microenvironmental conditions (such as hypoxia) or genetic signal
pathway deregulation9,10. ‘Oncogene addiction’ is a relatively
common phenomenon, the tumor is driven by oncogenes and the
pathways relevant for its excessive activation and exacerbation,
making genotype-target chemotherapy feasible11,12. However,
some types of tumors still have no targetable oncogenes or are
generated from mutations in cancer suppressors, which are diffi-
cult to treat by oncogene-targeted chemotherapy. In these tumors,
synthetic lethality shows enormous therapeutic potential for
antitumor target identification and drug discovery12.

Poly(ADP-ribose) polymerase (PARP) is one of the widely
recognized synthetic lethal targets, for which the inhibitor olaparib
has received the approval of the FDA and become a treatment of
BRCA-mutated triple-negative breast cancer (TNBC) and ovarian
cancer13,14. In terms of mechanism, olaparib can inhibit the
function of PARPs and inhibit DNA single-strand break (SSB)
repair, which can subsequently accumulate DNA double-strand
breaks (DSBs) in cancer cells with BRCA1/2 mutations. When
BRCA1/2-defective cells cannot repair DSBs via homologous
recombination (HR), chromosome deletions, translocations, and
Figure 1 The principle of synthetic lethality. When single mutation occ

interference to two genes that will lead to cell death. From the broad sense,

also overexpression and condition stress.
death ultimately follow14. However, PARP inhibitors (PARPi) in
the treatment of breast cancer and ovarian cancer often are limited
by drug resistance caused by the upregulation of PDL1, and the
drug combination of a PARPi and an anti-PDL1 is undergoing
clinical trials and reported beneficial results15. In addition, PARPi
is a potential breast and ovarian cancer therapy in combination
with CDKs, PI3K and epigenetic inhibitors16,17. In addition, ATR,
a kinase that is a downstream molecule of replication protein A
(RPA), can protect cells from replication stress18. Inhibition of
ATR causes the accumulation of DNA damage, which requires the
ATM/CHK2/P53 signaling pathway to repair19. According to this
relation, ATR inhibitors are currently undergoing preclinical trials
for treatment of multiple malignancies with ATM/P53 defects20.
From this perspective, a synthetic lethal anticancer strategy shows
great potential for safety and effectiveness because of its speci-
ficity in multigene phenotypes.

Cyclin-dependent kinases (CDKs) constitute a crucial protein
family in cell cycle control and are closely associated with tumor
occurrence. To date, approximately 20 homologous members are
characterized as CDK proteins21, and they consist of several
conserved structures, including a catalytic core combined with
an activated T-loop motif, a PSTAIRE-like cyclin-binding
domain and an ATP-binding pocket, structures that determine the
functions of each CDK22. CDKs form protein complexes com-
bined with cyclin (CCN) to precisely regulate the progression of
the cell cycle and transcription. For example, the transition
through the G1/S phase is regulated by the CDK2eCCNE
complex23, and CDK1eCCNB is essential to the G2/M phase
transition24. Recently, CDK proteins such as CDK7/8/9/12/13
have also been found to play important roles in transcriptional
regulation. CDK7 is crucial in forming the RNA polymerase
complex to initiate transcription, which is followed by RNA
strand elongation driven by CDK9-cyclin T125. CDK12/13 can
phosphorylate the C-terminal domain (CTD) of RNA polymerase
II to regulate transcription26, which indicates that CDKs partic-
ipate in the DNA damage response by controlling relevant pro-
tein expression.
urs, the cell can survive as normal. Synthetic lethality results from the

the interference of genes comprises not only mutation or inhibition, but



2740 Kailin Li et al.
To date, many studies have indicated that the deregulation of
CDKs can lead to tumorigenesis in certain types of cancer. The
following examples will illustrate the point. CDK2 inhibits the
differentiation of myeloid cells by activating PRDX2, while in-
hibition of CDK2 drives differentiation in the five major subtypes
of acute myelocytic leukemia (AML)27. CDK4/6-retinoblastoma
(Rb) pathway regulates G1/S checkpoints in the cell cycle, and
it’s a general phenomenon that excessive activation in this
pathway leads to booming cell proliferation in various cancers28.
As for transcription related CDKs, CDK7 can drive oncogene
transcriptional addiction, and inhibiting CDK7 leads to genome
instability and activates antitumor immunity in cancer cells29,30.
CDK9 inhibition reduces the phosphorylation of BRG1, which
contributes to epigenetically silenced genes reactivation, leading
to tumor suppressor genes expression and tumor elimination31. To
prevent the overactivation of CDKs, CDK protein inhibitors
(CKIs), such as P16 and P21, are needed. As they are regarded as
tumor suppressor factors, mutations that cause functional CDK
inactivation can also promote tumor formation32,33. Therefore,
members of the CDK protein family may be promising targets for
tumor therapy, especially under conditions of kinase malfunction.

In this review, we summarize several interactive phenotypes
and mechanisms between some cancer-related synthetic lethal
targets and CDKs. By analyzing data from preclinical and clinical
trials of CDK inhibitors, MYC, TP53, RAS, and PARP are treated
as potential synthetic lethal partners of CDKs during the process
of DNA damage response, apoptosis signal transmission and so
on. We hope that the exploration of the strategic use of the po-
tential synthetic lethality of CDKs will offer new directions for the
application of CDK inhibitors, especially in tumor therapy.
2. Synthetic lethal pathway associated with CDKs

2.1. MYC and CDKs

MYC is a crucial transcription factor in cell proliferation, cell
differentiation, cell cycle control, and apoptosis34. MYC is cate-
gorized into three subtypes, C-MYC, N-MYC and L-MYC, and it
can promote tumorigenesis by transcriptional regulation. For
example, overexpression of MYC can stimulate the G1/S phase
transition and cause abnormal proliferation of lung cancer cells35.
In addition, N-MYC is an essential actuator for advanced paedi-
atric neuroblastomas, which are mediated by aberrant regulatory
elements such as focally amplified distal enhancers and chromo-
somal translocation due to enhancer hijacking36. However, MYC
is difficult to directly target by small-molecule drugs because of
the pattern of activation via the bromodomain37. Therefore, re-
searchers have attempted to make use of synthetic lethality to treat
tumors with MYC overexpression.

The CDK pan-inhibitor roscovitine inhibited the proliferation
of the IMR32 and SHEP-21N neuroblastoma cell lines with N-
MYC overexpression (with LC50 levels of 3.0 and 7.5 mmol/L,
respectively). Mechanistic studies have shown that P53 and its
target gene are involved in apoptosis signaling (TRAIL-R2,
FDXR) and are upregulated after CDK2 is inhibited38. The inhi-
bition of CDK1 in tumors overexpressing MYC is lethal. It has
been confirmed that roscovitine and purvalanol have better anti-
tumor effects in vivo, as both can inhibit CDK1, in the treatment of
MYC-dependent lymphomas and hepatoblastoma tumors39.

The synthetic lethality of MYC and CDK also has tremendous
therapeutic potential in breast cancer treatment. The CDK
inhibitor dinaciclib in an i.p. dose of 50 mg/kg induced 50% tumor
regression in triple-negative breast cancer (TNBC) with MYC
overexpression in a xenograft model40. Subsequently, it was
determined that only the inhibition of CDK1 could selectively
upregulate the pro-apoptotic protein BIM and subsequently cause
MYC-dependent synthetic lethality in triple-negative breast can-
cer cells41. Generally, MYC has played a significant role in
CDK1/2-inhibited antitumor treatment in preclinical trials, and
RNAi-mediated MYC silencing reduced the rate of CDK1/2
inhibition-dependent cell death from approximately 60%e20%40.
The process of inhibiting CDK1/2 in MYC-dependent tumor cells
usually involves the apoptosis-inducing signaling pathway, and
recently, research has shown that the interaction between CDK2
and MYC can prevent the apoptosis of cancer cells42. However,
the mechanism of CDK1 inhibitors in MYC-dependent tumor
cells remains ambiguous, and the correlation between MYC,
CDK, and apoptosis-inducing factors is worthy of further
exploration.

Additionally, transcriptional control by CDKs also has a MYC-
dependent synthetic lethal effect. CDK9 is an active kinase for
positive transcription elongation factor b (P-TEFb). C-MYC in-
creases P-TEFb transcription and elongation via the recruitment of
the CDK9/P-TEFb complex specifically to the promoter, which
enables the inhibition of CDK9 to suppress the proliferation of
B-cell lymphoma and liver cancer cells with MYC over-
expression43,44. This finding, showing the inhibition of MYC
expression by a CDK9 inhibitor, provides a strategy by which
other MYC-activated targets can be synergized with a CDK9
inhibitor.

2.2. P53 and CDKs

P53 is a tumor suppressor protein that regulates apoptosis, genome
stability, and angiogenesis45,46. Approximately 50% of solid tu-
mors carry mutated P53, and this high percentage has drawn
attention to P53-related synthetic lethal strategies47. An important
basic finding is that silencing or inhibiting CDK2 can disrupt the
apoptosis signal of immortalized epithelial cells (HaCaT) and
cause the death of P53-deficient HaCaT cells. On a deeper level,
when CDK2 is inhibited, a decrease in the phosphorylation at the
AKT Ser-473/474 site in the S/G2 phase is observed, which in-
dicates the downregulation of AKT/mTOR pathway activity. In
addition, BCL2-associated agonist of cell death (BAD) reduces
Ser-155 phosphorylation, which implies that BAD can effectively
form a dimer with BCL-xL and thus induce apoptosis. This dis-
covery reveals that CDK2 is correlated with the PI3K/AKT/
mTOR signaling pathway and shows additional potential for CDK
inhibitors in P53-independent apoptosis48. Furthermore, CDK1/2
and PI3K are a pair of powerful synthetic lethality targets in the
treatment of malignant glioma, and the cooperation of CDK1/2
and PI3K inhibitors leads to the depletion of the antiapoptotic
protein survivin and shows clinical therapeutic potential in glioma
xenografts49.

CDK inhibition is also lethal to P53-mutant cancer cells by
disrupting the DNA damage response (DDR). The administration
of the pan-CDK inhibitor roscovitine had a synthetic lethal effect
on P53-mutated TNBC cells before doxorubicin treatment.
Mechanistic research revealed that the inhibition of CDK1 exac-
erbated DNA double-strand breaks (DSBs) and suppressed the
recruitment of homologous recombination (HR) proteins to repair
TNBC cells, which arrested P53-mutant TNBC cells at the G2/M
checkpoint, resulting in increased sensitivity to cytotoxic



Table 1 Synthesis lethality research related to CDK.

CDK Synthetic lethality factor Synthetic lethality object Ref.

CDK1 MYC Lymphomas and hepatoblastoma 39

CDK1 MYC TNBC 40,41

CDK1 P53 mutation TNBC 50

CDK1 K-RAS mutation K-RAS mutated colorectal cancer cells 66

CDK1 PARPs TNBC 67,68

CDK2 N-MYC Neuroblastoma cell-line IMR32 and SHEP-21N 38

CDK2 P53-deficient HaCaT 48

CDK1/2 PI3K Glioma 49

CDK4/6 K-RASG12V mutation NSCLC 56

CDK4/6 MEK1 VHL-deficiency clear cell renal cell carcinomas 59

CDK4/6 MEK K-RAS mutant colorectal cancer cell 60

CDK4/6 MEK NSCLC with K-RAS expression 61

CDK4/6 mTOR Glioblastoma (GBM) 62

CDK4/6 RAF K-RAS, N-RAS or BRAF mutant tumor 63

CDK4/6 MEK1/2 N-RAS mutant melanoma 64

CDK4/6 H-RAS Anaplastic thyroid carcinomas (ATCs) 65

CDK7 P53 agonist Colorectal cancer cell HCT116 53

CDK9 C-MYC B-cell lymphoma and liver cancer cells 43,44

CDK12 PARPs EWS/FLI-mutations in Ewing sarcoma 69

CDK12 PARPs TNBC 70
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doxorubicin. This therapeutic regimen is more effective and less
toxic than the use of doxorubicin alone50.

However, in contrast to their synthetic lethality in P53-mutated
cells, CDK7 inhibitors usually depend on P53 to exert activity.
Cell death due to the inhibition of CDK7 can lead to P53 over-
expression and reduce the expression of anti-apoptotic genes such
asMCL-1, survivin, and XIAP in tumor cells and not arrest the cell
cycle directly51. In addition, increasing evidence has indicated that
CDK7 mainly functions via transcriptional regulation52. In the
P53-wild-type HCT116 colorectal cancer cell line, the inhibition
of CDK7 and activation of P53 were shown to cause synthetic
lethality. Pretreatment with P53 agonist (5-FU/nutlin-3) followed
by application of CDK7 inhibitor (THZ1 or YKL-1-116) can lead
to cell death, and 1 mmol/L 5-FU can change the IC50 of YKL-1-
116 from 0.8 to 0.1 mmol/L. Mechanistic studies have revealed
that CDK7 inhibition results in decreased expression of MDM2
and P21 proteins, while the DR5 (death receptor 5) and FAS
pathways are activated53. Thus, synthetic lethality strategies for
P53-dependent tumors can be based on CDK7 inhibitors, while
strategies for P53-defective tumors may be made more efficient
via CDK1/2 inhibition.

2.3. RAS and CDKs

The RAS protein is a molecular switch encoded by the RAS genes,
which is active when binding with guanosine triphosphate (GTP),
and becomes inactive when binding with guanosine diphosphate
(GDP)54. RAS mutations are common in human cancers, and tu-
mors generated from K-RAS mutation cause approximately one
million deaths worldwide each year, quantitatively similar as
malaria and tuberculosis quantitatively55. Therefore, the thera-
peutic regimen based on RAS mutation phenotype has elicited
extensive attention, and the application of synthetic lethal has
become a potential breakthrough for poor responsiveness. Ac-
cording to this therapeutic strategy, the proliferation of non-small
cell lung cancer (NSCLC) with K-RASG12V mutation can be
restrained forcefully by the CDK4 knockout or the CDK4/6 in-
hibitor palbociclib both in cell and xenograft models56. However,
the association between the K-RASG12V mutation and CDK4/6
has not been revealed. The K-RAS mutation can activate MEK/
ERK and PI3K/AKT signaling pathways57,58; therefore, it has
been proposed that the activation of these two signaling pathways
may upregulate the CDK4/6ecyclin D1 complex. Apart from K-
RAS, the loss of von Hippel-Lindau (VHL) in renal epithelial cells
can increase the expression of cyclin D1, and the functional in-
hibition of CDK6 and MEK1 in VHL-deficient cells can lead to
clear cell renal carcinoma cell death59. Therefore, it is reasonable
that K-RAS and CDK4/6 are connected by the MEK/ERK and
PI3K/AKT signaling pathways.

Although the mechanism is still ambiguous, the synthetic
lethality study of RAS and CDK4/6 has laid an important
foundation for the development of CDK4/6 inhibitors. To date,
CDK4/6 and RAS-related tumor treatments have been widely used
in melanoma, glioblastoma, NSCLC, colorectal, breast, and thy-
roid cancer60e65 (Table 138e41,43,44,48e50,53,56,59e70). Among these
cases, the interaction of CDK4/6-RAS/MAPK pathways and
CDK4/6-PI3K/AKT/mTOR pathways also provides a new
perspective on cancer therapy. In human hepatic carcinoma,
MAPK/ERK activity is positively related to cyclin D1 protein
expression, while the CDK4/6ecyclin D1 complex is the upstream
regulator of RB phosphorylation and promotes the cell cycle
process71,72, which indicates that cyclin D1 may be a key protein
that explains the synthetic lethality of CDK4/6 and RAS73. In
addition, CDK1, in combination with K-RAS, is also a target for
synthetic lethality. Knockdown of CDK1 can inhibit K-RAS-
mutated colorectal cancer cells, and subsequently, a strong
inhibitory effect has been obtained in 26 types of colorectal and
pancreatic tumor cell lines. This phenomenon may be attributed to
the reduction in Rb phosphorylation caused by CDK1 inhibition,
followed by cell cycle arrest in the G1/S phase66.

2.4. PARPs and CDKs

Poly(ADP-ribose) polymerase (PARP) is significant in DNA
replication and DNA damage repair74,75. When DNA single-strand
breaks (SSBs) occur, PARP1/2, as a constituent of the base
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excision repair (BER) complex, binds with DNA ligase III, DNA
polymerase beta, and XRCC1 to repair broken DNA single-
strands76. Excessive activation of PARPs is usually followed
by depletion of NADþ, alteration of mitochondrial
membrane permeability, release of AIF and cytochrome c, and
ultimately apoptosis77,78. PARP inhibitors have shown effects in
tumor therapy when applied alone or combined with cytotoxic
drugs79,80. However, PARP1/2 inhibitors usually aim at tumors
with BRCA1/2 mutations, which make homologous recombina-
tion (HR) deficient in repairing DNA double-strand breaks
(DSBs)81. Only when both SSB and DSB repair fail can synthetic
lethality be leveraged, and this requirement has prevented greater
widespread use of PARP inhibitors in tumor therapy.
Figure 2 The mechanism of CDK relevant synthetic lethality. a) The

induce the apoptosis pathway and lead to synthetic lethality. Meanwhile, th

as CDK7 inhibitors plus 5-FU/Nutlin-3 in P53-wildtype cells, and CDK1
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CDK1 is essential in many processes of HR repair; therefore,
inhibiting CDK1 can achieve the effect of BRCA1 mutation and
increase the sensitivity of TNBC cells to PARP inhibitors by more
than 100-fold67,68. The combination of the CDK pan-inhibitor
dinaciclib with the PARP1/2 inhibitor ABT-888 is useful for
treating melanoma (MM). Dinaciclib was been proven to decrease
the protein levels of RAD51 and impair the phosphorylation of
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has exhibited an excellent curative effect on Ewing’s sarcoma.
On the one hand, the occurrence of EWS/FLI mutations in
Ewing sarcoma results in DNA damage repair defects, leading to
sensitivity to the DNA damage response (DDR) inhibitor. On the
other hand, the CDK12 inhibitor THZ531 was confirmed to be
effective in impairing HR and preventing damaged DNA from
recruiting RAD5169. The CDK12 inhibitor SR-4835 can induce a
‘BRCAness’ phenotype that is similar as a BRCA mutation
phenotype. At the molecular level, the expression of ATR, ATM,
RAD51, and other cell cycle checkpoint proteins is decreased,
while at the cellular level, HR repair cannot be completed, and
TNBC is lethal when SR-4835 is used with olaparib70. However,
the mechanism of how homologous recombination repair defects
are caused by CDK inhibition needs to be further elucidated. The
latest research has revealed that CDK12 inhibits the premature
cleavage of poly A and affects the extension of long-chain
(>45 kb) mRNA, resulting in the abnormal expression of HR
repair-related genes83.

CDK1/12 inhibitors can be used in a potential strategy to
induce the ‘BRCAness’ phenotype, and combining CDK1/12
inhibitors and PARP inhibitors can be used in the treatment of
malignant tumors. However, the side effects of the ‘BRCAness’
phenotype induced by CDK12 inhibitors in vivo remain unclear,
and the tolerance of normal cells needs to be examined when
CDK1/12 inhibitors are combined with PARP inhibitors.
Although CDK12/13 inhibitors combined with PARP inhibitors
have great prospects for synthetic lethality, they have not yet
entered clinical trials. However, their subsequent development
deserves continuous attention (Table 1).

Fig. 2 illustrates the mechanism of CDK relevant synthetic
lethality.
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3. Clinical trials of CDK inhibitors

Considering that a large number of CDKs have indispensable
roles in tumor progression and that strategies based on synthetic
lethality induced by CDKs such as CDK4/6 and CDK1/2/5/9
have been clearly verified, clinical trials of CDK inhibitors have
been carried out on a large scale. CDK-related synthetic lethality
provides hints for possible clinical drug combinations. Here, we
summarize the remarkable completed and ongoing clinical trials.

3.1. CDK inhibitors with low specificity

Dinaciclib exerts effects on the treatment of blood cancer.
Dinaciclib is a novel selective inhibitor of CDK1/2/5/9
(IC50 < 5 nmol/L), and clinical trials show that dinaciclib is well
tolerated at a 50 mg/m2 intravenous (i.v.) dose, with adverse
events consisting of myelosuppression and gastrointestinal tox-
icities84. However, the significant antitumor activity of dinaciclib
was observed only in the treatment of chronic lymphocytic
leukaemia (CLL)85, and not in the treatment of NSCLC or breast
cancer84,86. It is inspiring that dinaciclib shows promising anti-
leukaemia activity, compared to ofatumumab, in relapsed/re-
fractory CLL. For patients receiving dinaciclib, the median PFS/
OS equals 13.7/21.2 months, respectively, which exceeds the
median PFS/OS of 5.9/16.7 months for patients receiving ofa-
tumumab, although the sample size in this study was limited to
only 44 patients87. Dinaciclib has been undergoing further
optimization through other drug delivery modes and synergistic
strategies88 (Table 2).
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Alvocidib, also known as flavopiridol, is a traditional CDK1/2/
4/9 inhibitor that shows limited antitumor activity when used
alone. Alvocidib in combination with cytarabine and mitoxantrone
is an emerging treatment for CLL and AML and shows encour-
aging effects in clinical trials99e101. In addition, a combination
scheme of alvocidib and BCL-2 inhibitors is undergoing phase I
clinical trials and may be a potential synthetic lethality strategy for
AML (Table 2). However, not all CDK inhibitors have yielded
ideal clinical results. Roscovitine, as an inhibitor of CDK1/2/5/7/
9, has an impact on the fertilization in mice and exhibits bone
marrow toxicity102, and roscovitine alone has not shown obvious
antitumor effects on NSCLC in clinical trials103, which suggests
that the indication for the use of roscovitine needs further
exploration.

We acknowledge that, while synthetic lethality is easy to
conceptually define, the clinical application of this strategy may
not have a very clear boundary, especially inhibitors with low
specificity. CDK inhibitors with low specificity may have many
potential inhibiting targets in theory104. As a result, they are
usually detrimental in vivo and not suitable for synthetic lethality
antitumor therapy in clinical practice unless the preclinical trial
has determined the specific synthetic lethality target. Recent
studies have made great efforts to improve the selectivity of CDK
inhibitors, and fortunately, some of the inhibitors with higher
selectivity and pan-inhibitors have been used in optimized drug
combination schemes. For creating inhibitors with higher selec-
tivity, switching the target to those with better targeting feasibility
and lower off-target probability is one of the solutions. The
alternative inhibitor targets, such as CDK7, CDK9, and CDK12/
13, are more closely related to transcriptional regulation and
DDR105e107, and these CDKs are the targets that generate less
impact on the normal cell cycle and show enormous potential in
antitumor chemotherapy and target therapy based on synthetic
lethality.

3.2. CDK inhibitors with high specificity

With regard to the optimization of drug combinations, mounting
efforts have led to great breakthroughs. As the CDK4/6 inhibitor
palbociclib has been approved by the FDA for TNBC treatment, a
synthetic lethal strategy based on palbociclib was tried in the
treatment of various types of cancer in clinical trials (as shown in
Table 2).

The selective CDK4/6 inhibitor palbociclib plus letrozole or
fulvestrant successfully became the first-line target therapy for
oestrogen receptor-positive (ERþ) breast cancer89,90. As shown in
previous research, the application of letrozole does not have a
strong therapeutic effect against advanced breast cancer and might
lead to poor cost-effectiveness ratios because of the drug resis-
tance resulting from involvement of the cyclin D1-RB signaling
pathway108,109. In addition, in a phase II study group of ERþ

breast cancer with amplification of cyclin D1, palbociclib plus
letrozole was a safe and efficient treatment, as the median
progression-free survival was 26.1 months, much higher than that
based on the use of letrozole alone (5.7 months)90. This finding
indicates that the development of CDK inhibitors has led to sig-
nificant progress. However, the CDK4/6 inhibitor resistance in
ERþ breast cancer has attracted researchers’ attention, and
therefore it might be resolved through combination therapy with
PI3K/AKT/mTOR signaling inhibitors and CDK4/6 inhibitors108.

Moreover, the CDK4/6 inhibitor palbociclib has also recently
been confirmed to induce the upregulation of PD-L1 in breast
cancer xenograft models. Mechanistic analysis showed that the
inhibition of the CDK4ecyclin D interaction reduces the
phosphorylation of SPOP and ubiquitin-dependent degradation of
PD-L1, resulting in the upregulation of PD-L1 and drug resistance
in breast cancer110. Therefore, a strategy of synthetic lethality with
CDK4 and PD-L1 inhibition can also be considered to address the
problem of drug resistance in breast cancer. In addition, because
compensatory enhancement of the cyclin D1-RB-E2F signaling
pathway results from the inhibition of EGFR and may lead to drug
resistance to EGFR inhibitors, the administration of CDK4/6 and
EGFR is synergistic111. To prove the therapeutic effect of this
strategy, Adkins et al.91 examined the combination of the CDK4/6
inhibitor palbociclib and the EGFR inhibitor cetuximab in the
treatment of platinum resistance in head and neck squamous-cell
carcinomas (HNSCCs) in phase I/II clinical trials. In one trial,
patients were categories into two groups: patients who were
resistant to platinum and were sensitive to cetuximab (group 1)
and patients who were resistant to cetuximab (group 2). The re-
sults indicated that the proportion of patients with objective
response was encouraging and higher than that of patients treated
with cetuximab. The adverse reactions were similar as those
caused by monotherapy and were generally tolerable, although the
reaction duration was short (group 1/2 equals 4.0/6.0 months),
remaining for further study91.

Apart from palbociclib, many other CDK inhibitors are com-
bined with PI3K/AKT/mTOR signaling inhibitors or PD-L1
monoclonal antibodies in clinical studies, and their synergistic
effects can also be explained from the perspective of synthetic
lethality. As described above, the inhibition of CDK1/2 and PI3K
in malignant glioma is lethal because of the pro-apoptotic effects
activated in malignant glioma49, which implies a relationship
between CDK and the PI3K/AKT/mTOR signaling pathway.
Using combination tumor immunotherapy, recent studies have
shown that C-MYC and CDK9 are interaction partners of BRD4
and PD-L1. C-MYC regulates the expression of PD-L1, and
CDK9 is one of the regulating factors of MYC112, which is the key
to the effects of a combination of CDK9 and a PD-L1 monoclonal
antibody. Hence, the interaction between CDK and PD-L1 pro-
vides a new direction for applications of synthetic lethality.

4. Conclusions and prospects

With the development of RNAi, CRISPR, statistical genetics, and
bioinformatics10,113, synthetic lethality has been exploited to
develop anticancer therapeutics, and CDK has been confirmed to
have synthetic lethal effects with many cancer-related genes, such
as MYC, TP53, RAS, and PARP. As a result, the status of CDK in
cancer treatment has been continuously enhanced, which has
attracted increasing attention for the development of CDK in-
hibitors. However, notably, many mechanisms of synthetic
lethality related to CDK have not been fully elucidated, and many
potential synthetic lethal targets related to CDK have not been
discovered, which requires further exploration and effort. In the
future, CDK antitumor strategy research based synthetic lethality
will mainly focus on aspects that include the exploration of targets
with potential synthesis lethality, CDK-related synthetic lethal
mechanism clarification, and strategic application of synthetic
lethality using more-selective CDK inhibitors.

Notably, traditional synthetic lethal discovery depends on
molecular biology methodology at the cellular level to screen
genes with cell viability and cell death indicators. Although the
association of synthetic lethal genes was readily established, the
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overall impact of the microenvironment on tumor tissue has been
ignored, which results in differences in screening outcomes of
components with synthetic lethality in vitro and clinical trials.
Moreover, it is difficult to determine the conditional synthetic
lethality caused by the tumor microenvironment or immune
response, which adds additional requirements for the selection of
the models and biomarkers of synthetic lethality. Recently, re-
searchers used chick embryo models to investigate the function of
the CDK inhibitors palbociclib and RO-3306 in regulating cell
differentiation, tumor progression, and metastasis in neuroblas-
toma. When SK-N-AS and BE(2)C cells were transplanted into
the chorioallantoic membrane of chick embryos and treated with
CDK inhibitors, tumor cell proliferation was reduced, and hypoxic
preconditioning-driven metastasis was reduced by 60%114.

As described above, CDK inhibitors have recently been
confirmed to show significant effects on the regulation of tumor
immunity. For instance, Goel et al.115 demonstrated that the se-
lective CDK4/6 inhibitor abemaciclib can promote the secretion of
IFN to enhance the antigen-presenting function of tumor cells and
inhibit the proliferation of immune-suppressive Treg cells to over-
come tumor immune escape. In addition, the inhibition of CDK4/6
promotes the activation of NFAT family histones and IL2 expres-
sion, which are two key factors that activate T cells and launch
tumor immunity116,117. The inhibition of CDK4-cyclin D decreases
ubiquitination-dependent degradation of PD-L1, which leads to
drug resistance of CDK4 inhibitors in tumor therapy110. These
findings provide a strong theoretical basis for expanding the
application of CDK to promote antitumor immunity, such as the
combination of CDK inhibitors and PD-L1 monoclonal antibody
drugs. In the future, we should explore synthetic lethality in the
field of tumor immunity and use biomarkers of immune cells and
tumor cells as indicators to screen for conditional synthetic lethality
factors related to tumor immunity, thereby overcoming the limita-
tions of traditional screening for synthetic lethality. Hence, it is
worth looking forward to the day when a strategy for the use of
CDK inhibitor synthetic lethality is applied to clinical practice.
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