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Abstract: Cyclin-dependent kinases (CDKs) are pivotal mediators and effectors of the DNA damage
response (DDR) that regulate both the pathway components and proteins involved in repair processes.
Synthetic lethality (SL) describes a situation in which two genes are linked in such a way that the lack
of functioning of just one maintains cell viability, while depletion of both triggers cell death. Synthetic
lethal interactions involving CDKs are now emerging, and this can be used to selectively target tumor
cells with DNA repair defects. In this review, SL interactions of CDKs with protooncogene products
MYC, poly (ADP-ribose) polymerase (PARP-1), and cellular tumor antigen p53 (TP53) are discussed.
The individual roles of each of the SL partners in DDR are described.

Keywords: cyclin-dependent kinase (CDK); DNA damage response (DDR); inhibitor; MYC oncogene;
poly (ADP-ribose) polymerase 1 (PARP-1); synthetic lethality

1. Introduction

Cyclin-dependent kinase (CDK) family members are essential components of nu-
merous signaling pathways that govern transcription and cell-cycle progression. CDKs
developed as a way to regulate the activity of cells in response to diverse cellular stimuli.
Their role in the regulation of signaling pathways ensures that each cell duplicates its DNA
precisely and that the DNA is evenly divided into two daughter cells. Moreover, CDKs
play a crucial role in the cell cycle arrest upon DNA damage. Cancer cells characterized by
uncontrolled proliferation show disturbances in cell cycle components, and a great deal of
effort has been given to the development of anti-CDK agents [1]. Recently the role of CDKs
in DNA damage response (DDR) has emerged, and many synthetic lethality partners of
CDKs were established, as discussed in this review.

The phenomenon of synthetic lethality (SL) was first observed in fruit flies
(Drosophila pseudoobscura) and was found to occur when two genes are linked in such
a way that the lack of functioning of just one maintains cell viability while depletion of both
genes causes cell death. In its simplest and most desired form, this would kill cancer cells
while leaving healthy ones unharmed [2,3]. Clinically, synthetic lethality has three primary
advantages: (a) treatment strategy might address most cancer mutations, (b) SL makes
it easier to identify patients who are responding to treatment because of its selective na-
ture, (c) it may be used to improve chemotherapeutic drug combination therapy allowing
reduction of drug dosages, at the same time lowering their side effects [3].
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2. CDK/MYC and DDR
2.1. MYC and DDR

The MYC oncoprotein’s remarkable history spans three decades of fast-paced scientific
research. Many types of human cancer are fueled by the MYC oncogene. MYC is a member
of a protein family consisting of C-MYC, N-MYC, and L-MYC, and its expression is tightly
controlled by several transcriptional regulatory elements located in the proximal promoter
regions of the MYC gene. MYC, together with MAX protein, forms a dimeric transcription
factor that binds to sophisticated DNA response elements (E-boxes) and governs the
transcription of many downstream genes associated with proliferation [4].

As a transcription factor, MYC’s capacity to stimulate cellular proliferation is due to
its ability to directly control the expression of a vast variety of cellular pathway compo-
nents that are involved in the advancement of the S-phase [5]. Furthermore, MYC can
localize to active DNA replication sites, implying that MYC plays a more direct role in
directing S-phase progression via activation or promotion of the formation of replication
complexes [6]. Strong proliferative responses by oncogenes are usually accompanied by
increased DDR activation. This link is strongest in the early phases of tumor growth,
supporting the concept that oncogene-induced DDR is a response with tumor-suppressive
properties [7]. However, while unconstrained, MYC activation can cause replication stress.
DNA replication encompasses generally two stages: licensing and initiation. Thousands
of replication origins are formed across the genome, ensuring just one replication per cell
cycle. The origin recognition complex (ORC) attaches to the replication origin site and
recruits DNA replication factor Cdt1 (CDT1) and cell division control protein 6 homolog
(CDC6), which help load the DNA replication licensing factor (MCM2-7) helicases to form
the pre-replicative complex (pre-RC). The pre-RC is phosphorylated by CDK2 and cell
division cycle 7-related protein kinase (CDC7), permitting recruitment of cell division
control protein 45 homolog (CDC45) and the DNA replication complex GINS, subsequently
activating the replicative helicase CMG (CDC45-MCM-GINS) complex (Figure 1).

Then, a replication bubble forms, and replication forks spread in both directions.
Normally, an excess of origins is licensed, and only a few are used, leaving the others as
backups [8]. Oncogene activation may disrupt normal replication, putting genomic areas
with DNA secondary structures in danger. Additionally, collisions between replication
and transcription machinery might generate DNA replication stress. A majority of these
conflicts occur in genomic regions encoding large genes that need more than one round
of replication. This results in an increase in the number of stalled replication forks and
the formation of double strand breaks (DSBs) [9]. MYC-induced replication stress causes
DNA damage and genomic instability during carcinogenesis. The topic of mechanisms of
replication stress induction by oncogenes has been recently described [8,9].

Overexpression of c-MYC alters cellular metabolism, leading to increased reactive
oxygen species (ROS) generation and oxidative DNA damage [10]. Additionally, activation
of MYC causes DNA damage via direct influence on DNA replication dynamics [11,12].
MYC-induced replication stress interferes with origin firing and licensing. During ori-
gin licensing, MYC physically interacts with replication machinery components such as
ORC, CDC6, CDT1, and MCMs. MYC also promotes ORI activation by boosting CDC45
chromatin binding that acts as a replication factor required for DNA replication initiation
(Figure 1) [6,13]. However, the specifics of the MYC-mediated replication stress mechanism
remain unknown. The MYC-induced replication stress indirectly activates the CDK2/cyclin
E complex. MYC enhances progression through the cell cycle and boosts CDK2/cyclin E
activity by inducing cyclin D2 expression, inactivating CDK inhibitor P27KIP1, or stim-
ulating the expression of genes controlled by E2F transcription factor [14]. The effects of
P27KIP1 in the suppression of the cell cycle are due to its ability to restrict the function
of CDK2/cyclin E complexes. Furthermore, ataxia telangiectasia mutated (ATM) kinase
phosphorylates P27KIP1 on serine 140 (Ser-140). This increases the stability of P27KIP1,
enabling it to trigger cell cycle arrest. Additionally, P27 promotes the accumulation of
RAD51 during double-strand break repair (DSBR), allowing efficient DNA repair [15].
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MYC protein can combat replication stress. Many genes responsible for the control of
proliferation and DNA replication are induced by the MYC transcription factor [16,17].
Enhancement of the purine and pyrimidine metabolism helps relieve replication stress
caused by high DNA synthesis rates when the major pathway of cell division pRB-E2F is
disrupted [18]. MYC protein also directly upregulates the expression of specific replication
enzymes, including the Werner syndrome ATP-dependent helicase (WRN) [19,20], which
resolves odd replication intermediates, or the MRN nuclease (MRE11/RAD50/NBS1) [21],
which repairs DSBs and restarts collapsed replication forks. WRN, a RECQ DNA helicase,
resolves topologically unfavorable DNA structures such as halted replication forks [22,23].

Figure 1. MYC’s role in (A) replication and (B,C) replication stress. (A) The origin recognition
complex (ORC) binds to the replication origin site and recruits the DNA replication factor Cdt1
(CDT1) and the cell division control protein 6 homolog (CDC6), which aid in the loading of the
DNA replication licensing factor (MCM2-7) helicases to form the pre-replicative complex (pre-RC).
The pre-RC is phosphorylated by CDK2 and protein DBF4 homolog A/B (DBF4/DRF1)-dependent
cell division cycle 7-related protein kinase (CDC7), permitting recruitment of cell division
control protein 45 homolog (CDC45) and the DNA replication complex GINS. During origin licensing,
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MYC physically interacts with pre-RC components such as ORC, CDC6, CDT1, and MCMs. MYC
also promotes ORI activation by boosting CDC45 chromatin binding, a replication factor required
for DNA replication initiation. (B) When the pRB-E2F pathway is disrupted, MYC protein can
alleviate replication stress by enhancing nucleotide biosynthesis pathways, increasing the purine
and pyrimidine pool, and relieving replication stress caused by high DNA synthesis rates. MYC
proteins also directly enhance the expression of specific replication proteins, including the WRN
helicase, which resolves odd replication intermediates, and the MRN nuclease. (C) Activation of
MYC causes DNA damage and genomic instability by impairing DNA replication dynamics, causing
collisions between replication and transcription machinery. The MYC-induced replication stress
indirectly activates the cyclin E/CDK2 complex by inducing CCND2 gene expression, inactivating the
CDK inhibitor P27KIP1, or stimulating E2F–mediated gene expression. Created with BioRender.com
(accessed on 1 February 2022).

It is noteworthy that, as a crucial transcription factor, MYC regulates the expres-
sion of a wide range of DNA damage repair proteins, including the genes RAD51, X-ray
repair cross-complementing protein 2/4 (XRCC2/4), breast cancer type 1 susceptibility
protein 1/2 (BRCA1/2), DNA-dependent protein kinase catalytic subunit (DNA-PKcs),
and X-ray repair cross-complementing protein 5 (KU70) [24]. MYC was shown to have
an opposing role in DDR signaling by two distinct pathways—ATM/CHK2 (obstacle for
malignant transformation) and ATR/CHK1 (tumor maintenance). Currently, the most
well-characterized component of MYC-induced tumor suppression involves the tumor
suppressor P19/ARF (ARF)/E3 ubiquitin-protein ligase MDM2 (MDM2)/TP53 pathway,
which leads to the activation of an apoptotic response that is dependent on the TP53 pro-
tein [25–27]. When oncogenic stress occurs, MYC increases the levels of ARF, which in
turn stabilizes and activates TP53 [28,29]. However, activated MYC can lead to genomic
and chromosomal instability [30]. Recent research has identified ATM [31–33], protein
phosphatase 1D (WIP1) [34], and histone acetyltransferase KAT5/TIP60 [35] as mediators
of MYC-induced DDR, with the established role of ATM as a suppressor of the response to
damage. In human malignancies, particularly B-cell lymphomas, MYC activation is linked
to ATM inactivation [36]. Loss of ATM reduces DDR and MYC-induced apoptosis while
increasing tumorigenesis. Of importance, ATM kinase may act on TP53 independently of
ARF [31,33]. TIP60, a histone acetyltransferase (HAT) involved in the regulation of DNA
repair and DDR via activation of ATM, showed similar results. NUA4-TIP60 complex is
attracted to sites of DNA damage, and its primary role is to acetylate histone H2AX and
H4, allowing changes in DNA architecture for efficient repair [37–39]. TIP60 appears to be
essential for the effective induction of DDR by the MYC oncogene [35]. Many commonly
used chemotherapeutic agents will not work on DDR-deficient tumors, as many of them
require a functional DDR response. However, cancers lacking DDR effector activities
may allow for pharmacological targeting of certain DDR branches that in normal cells are
compensated by other pathways without negative effects on cell survival [33].

2.2. MYC Synthetic Lethality Partners

MYC pathway-specific small molecule inhibitors are scarce partially due to nuclear
localization of the protein, as well as its vital physiological activities for the maintenance
of normal tissues. High-throughput synthetic lethal screens reveal more than a hundred
candidate genes that are potentially fatal to the cells showing disturbances in MYC func-
tion and expression [4,5,40]. These include regulators of MYC stability such as polo-like
kinase 1 (PLK1), serine/threonine-protein kinase pim-1 (PIM-1), and aurora kinases A
and B (AURKA and AURKB), cooperating transcriptional factors: MAX and zinc fin-
ger and BTB domain-containing protein 17 (MIZ1), DNA damage checkpoint regula-
tors: CHK1, DNA-PKcs, ATR, antiapoptotic protein-myeloid leukemia cell differentiation
protein (MCL1), regulators of mitochondrial translation for energy metabolism AMPK-
related protein kinase (ARK5), or inosine-5-monophosphate dehydrogenase (IMPDH2),
unfolded protein response (UPR) components including PRKR-like endoplasmic reticulum
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kinase (PERK), cyclic AMP-dependent transcription factor ATF4 (ATF4), serine/threonine-
protein kinase/endoribonuclease IRE (IRE1α) and X-box-binding protein 1 (XBP1), and
serine/threonine kinase mTOR-dependent protein synthesis pathway components [41–44].
MYC protein is strongly involved in the metabolic shift of cancer cells; thus, glycolysis
and glutaminolysis inhibitors have also proven to be effective in tackling cancer cells via
a conditional synthetic lethality approach. This matter was extensively discussed in the
recent paper of Hsieh and Dang [45]. Here, we provide just a summary of their work.
The idea that MYC increases gene expression is consistent with its ability to enhance the
expression of housekeeping genes implicated in the control of metabolism and ribosome
biosynthesis. Since practically all nucleated cells require these genes for proper function, ac-
cessibility for transcription factors is high. Moreover, genes encoding the proteins engaged
in cellular metabolism are equipped with conventional MYC E-boxes, suggesting their
control is dependent on MYC oncoprotein. MYC appears to trigger glycolytic enzyme gene
expression in early G1 and regulates enzymes involved in glycolysis, including hexokinase
2 (HK2) and other glycolysis-related genes. Furthermore, MYC-binding sites overlap with
hypoxia-inducible factor 1 (HIF-1) binding sites and promote anaerobic glycolysis as a
strategy to adapt and survive in oxygen- and nutrient-depleted conditions. Oncogenic
MYC overexpression results in changes in cell transcriptome that is distinct from that
typically observed in cells with physiological MYC levels. Studies in human fibroblasts
demonstrated that deletion of glucose metabolism genes encoding fructose-bisphosphate
aldolase A (ALDOA) and pyruvate dehydrogenase kinase isoform 1 (PDK1), nucleotide
metabolism proteins CTP synthase (CTPS), or nutrient transporters (neutral amino acid
transporter A (SLC1A4) and ADP/ATP translocase 3 (SLC25A6)) caused synthetic lethal-
ity when MYC was overexpressed. A screen for the expanded MYC transcription factor
network indicated that depletion of MLX-interacting protein (MONDOA) resulted in selec-
tive lethality of MYC-overexpressing cells. MONDOA was linked to glucose metabolism,
hence the synthetic lethal screen was broadened to metabolic genes. Glutamine/glutamate
transporters: neutral amino acid transporter B(0) (SLC1A5) and 4F2 cell-surface antigen
heavy chain (SLC3A2); purine metabolism enzymes: phosphoribosylformylglycinamidine
synthase (PFAS), cystathionine beta synthase (CBS), and mitochondrial transcription factor
A (TFAM); glycolysis enzyme: β-enolase (ENO3), and lipogenesis enzymes: fatty acid
synthase (FASN) and stearoyl-CoA desaturase (SCD) were identified as MYC synthetic
lethality partners in the screen [45].

In addition, several other proteins not related to the previous classes of enzymes were
identified. For example, lack of SUMO-activating enzyme subunit 1/2 (SAE1/2) resulted
in widespread loss of SUMOylation, G2/M cell accumulation, aberrant mitotic spindle
formation, and mitotic catastrophe. According to network analysis, SAE1 interacts with
two other MYC-SL partners, SUMO-conjugating enzyme UBC9 (UBE2I) and E3 ubiquitin-
protein ligase MDM2 (MDM2) involved in DDR through the TP53-MDM2 axis, which may
explain why SAE1/2 knockdown is lethal. On the other hand, PES1, the human homolog
of Pescadillo, involved in zebrafish embryonic development, may be a direct target of MYC
transcriptional control. PES1 has a BRCT domain, which seems pivotal for the function
of multiple DNA repair genes, including BRCA1. PES1’s BRCT domain may influence
large chromatin domain folding, and the protein may be involved in rRNA synthesis.
In neuroblastoma cells, its loss causes both cell death and differentiation. F-box/WD
repeat-containing protein 7 (FBWX7) regulates the ubiquitin-dependent degradation of
MYC. Deletion of FBW7 in cells with MYC overexpression may cause cell death [46].
A meta-analysis of primary neuroblastoma microarray data linked casein kinase I isoform
epsilon (CK1ε) expression to MYCN amplification and poor prognosis. It was also shown
that reduction of CK1ε expression diminishes the proliferation of neuroblastoma cell lines
with enhanced MYC expression [47]. Synthetic lethality partners of MYC are shown in
Figure 2.
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 Figure 2. MYC-dependent control of gene expression and synthetic lethality partners of MYC. In
response to mitogenic stimuli, the RAS-RAF-MEK-ERK pathway triggers MYC-dependent gene
expression of enzymes involved in the control of glycolysis, glutaminolysis, nucleotide metabolism,
unfolded protein response, general protein synthesis, and ribosomal protein synthesis, many of which
were identified as synthetic lethality partners of MYC (indicated as pink shadows). For example,
CDK9 and CDK12, which control the mRNA elongation by RNA polymerase II via phosphorylation
of the CTD domain of the enzyme, were identified as MYC-SL partners. Regulators of MYC stability
that prevent the proteasomal degradation of the protein, and four DDR components, namely ATR,
CHK1, CDK1, and DNA-PKcs, also constitute a pool of MYC-SL partners. Based on [41,45,46].
Created with BioRender.com (accessed on 1 February 2022).
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2.3. MYC and CDK Synthetic Lethality

Survival of cells overexpressing MYC necessitates the presence of the CDK1 target
protein baculoviral IAP repeat-containing protein 5 (BIRC5), which inhibits apoptosis.
Therefore, inhibition of CDK1 may be used to target human malignancies in which over-
expression of MYC occurs [48]. CDK1 inhibitors may be particularly effective against ag-
gressive breast cancers that express high levels of MYC, as the selective inhibition of CDK1
with purvalanol A triggers the apoptotic response in triple-negative tumor xenografts [49].
The inactivation of CDK1 significantly increases apoptosis and decreases the viability of
MYC-dependent cells. CDK1 inhibitors selectively increase apoptosis by upregulating
the pro-apoptotic protein Bcl-2-like protein 11 (BIM), without affecting TP53. However,
no such effects were observed with the use of CDK2 and CDK4/6 inhibitors [50]. This is
not surprising given that CDK1 is the only CDK necessary for the progression of the cell
cycle [51]. Moreover, CDK2 was identified as a synthetic lethality partner of N-MYC in neu-
roblastoma cells, as therapeutically feasible doses of roscovitine, a CDK inhibitor, caused
N-MYC-dependent cell death, supporting the notion of synthetic lethality between the
two proteins [52]. Cellular senescence and apoptosis are examples of tumor-suppressing
responses triggered by activated oncogenes. In vivo, loss of CDK2 makes pancreatic
cells and splenic B-cells more susceptible to MYC-induced senescence, which coincides
with a delayed beginning of lymphoma in the latter [53]. It was found that inhibitors of
bromodomain-containing protein 4 (BRD4) [54–56], CDK7 [57], and CDK9 [58,59] may
repress MYC expression. MYC also works as a binding partner for transcription elongation
factor (P-TEFb) encompassing CDK9 and recruits transcription complexes encompassing
RNA polymerase II (RNAP-II) for enhanced transcription of MYC-dependent genes [59].
CDK7 and/or CDK9 inhibition significantly lowers MYC expression, resulting in changes
in MYC-dependent gene expression profiles. Moreover, specific inhibitors of CDK7 and
CDK9 have enhanced anticancer effects in MYC-driven malignancies, supporting their syn-
thetic lethality relationship with MYC [57,60]. CDK9 inhibition by dinaciclib appears to be
particularly successful in promoting the regression of aggressive MYC-driven lymphomas
by selectively inhibiting key MYC targets such as MCL1 [59]. Moreover, CDK12 inhibition
may induce the synthetic lethality phenomenon in MYC-dependent cancers [47,61]. In
ovarian cancer cells, THZ1, a compound that inhibits CDK7, CDK12, and CDK13, dramati-
cally reduces the activity of MYC. Notably, inhibiting MYC expression requires suppressing
CDK7, CDK12, and CDK13 all at once rather than just targeting CDK7 [47,62].

3. CDK/TP53 and DDR

TP53 is a tumor suppressor protein engaged in many cellular processes, including
response to DNA damage and apoptosis. Estimates suggest that TP53 gene mutations are
responsible for around half of all solid cancers. The DNA damage-induced posttransla-
tional modifications of wild-type (wt) TP53 protein include phosphorylation of N-terminal
serines by numerous kinases, including ATM, ATR, and DNA-PKcs, and acetylation of its
core DNA binding region. Stabilized and activated wt TP53 triggers various pathways and
responses, including apoptosis and cellular senescence. TP53 activates the expression of ad-
ditional pro-apoptotic proteins such as BIM, apoptotic protease-activating factor 1 (APAF1),
tumor necrosis factor receptor superfamily member 6 (FAS/CD95), and tumor necrosis
factor receptor superfamily member 10 (TRAIL-R2/DR540). TP53 also interacts with the
antiapoptotic protein BCL-xL, preventing it from sequestering BAX or Bcl-2 homologous
antagonist/killer (BAK1) protein. TP53 is responsible for the regulation of ferroptosis
and autophagic cell death. Additionally, TP53 promotes ferroptosis by inhibiting the cys-
tine/glutamate transporter (SCL7A11) and controls the expression of the CDK inhibitor P21,
and thereby the induction of cell arrest in the G1/S and G2/M checkpoints. In base excision
repair (BER), DNA-(apurinic or apyrimidinic site) endonuclease (APE1) and TP53 inter-
play has been shown. The interaction of the tumor suppressor with the DNA POLβmay
enhance the aforementioned type of DNA repair. TP53 has both transcription-dependent
and independent roles in nucleotide excision repair (NER). TP53 interacts with DNA repair
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protein complementing XP-C cells (XPC), general transcription and DNA repair factor
IIH helicase subunit XPB (XPB), and Cockayne syndrome protein B (CSB) and inhibits
the general transcription and DNA repair factor IIH helicase subunit XPD (XPD/RAD3)
and XPB DNA helicase. TP53 is also involved in DSBR, where it interacts with replication
protein A (RPA), RAD54, BRCA1, BRCA2, bloom syndrome protein (BLM), and WRN.
Furthermore, non-homologous end joining (NHEJ) is also controlled by TP53, but its role is
unclear [63–66].

It was found that overexpression of CDK2 is critical for the G1/S checkpoint activation
in DDR. Knocking down CDK2 in the HCT116 cell line lowers TP53 phosphorylation
following incubation of cells with hydroxyurea [67]. The fact that CDK2 can alter the
apoptotic signaling in immortalized epithelial cells (HaCaT) and lead to apoptosis of
TP53-deficient HaCaT cells indicates the SL interaction between these two proteins. Fur-
thermore, the inhibition of CDK2 cause a decrease in the phosphorylation at the RAC-alpha
serine/threonine-protein kinase (AKT) on Ser-473/474 in the S/G2 phase [68]. Of note,
CDK1/2 and phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K) are a pair of synthetic
lethality partners and may provide new targets for anticancer drug discovery, especially in
malignant gliomas [69]. Targeting of CDKs also can be useful in the therapy of aggressive
triple-negative breast cancers (TNBC) with high metastatic capabilities. The G1 checkpoint
is bypassed by most TNBC cells harboring TP53 mutations, allowing them to proceed
through the cell cycle despite DNA damage. In the G2-M cell-cycle phase, roscovitine
treatment halts TNBC cells, making them vulnerable to DNA damage. When compared
to doxorubicin alone, combination therapy with a CDK inhibitor increases the frequency
of DSBs while decreasing the recruitment of proteins involved in homologous recom-
bination (HR). The combination of drugs decreases tumor burden and improves overall
survival in xenograft studies compared to single drugs or concurrent treatments. To achieve
combination-induced cytotoxicity, the TP53 pathway must be shut down, which makes
TP53 a potential biomarker for treatment response in TNBC [70]. In the TP53-proficient
HCT116 cell line, both activation and inhibition of TP53 and CDK7 exhibit SL properties.
Apoptotic cell death can be induced by pretreatment of cells with 5-FU or nutlin-3, and then
treatment with the CDK7 inhibitor (THZ1 or YKL-1-116). The TP53 transcriptional target-
death receptor (DR5) is required for the induction of apoptosis. A concurrent decrease in
expression of MDM2 and P21 is observed [71].

4. CDK/PARP and DDR

Poly PARPs are a family of related nuclear enzymes that transfer ADP-ribose to various
target proteins. PAPR-1 is involved in the addition of branched poly(ADP-ribose) polymers
(PAR) to DNA targets, histones, and DNA repair proteins. Histone modification opens
the chromatin structure, allowing repair enzymes access to the damaged DNA regions.
The PARP-1-DNA interface is only transient due to electrostatic interactions. PARG and
ARH3 inhibit PARylation by the digestion of the PAR polymers of PARP-1 targets [72].
Many scientists have previously evaluated the role of PARP in genomic integrity, DNA
repair, and PARP inhibition in cancer, and their findings are summarized elsewhere [73,74].

Clinically approved PARP inhibitors include olaparib, rucaparib, and talazoparib.
New PARP inhibitors with more DNA trapping potential, superior safety profiles, or en-
hanced combination therapies could be introduced to the clinical setting in the future [75].
Synthetic lethal anticancer treatments including PARP inhibitors can target tumor cells
with specific HR defects. This approach is supported by single-agent antitumor efficacy
and the wide therapeutic index of PARP inhibitors in BRCA1 and BRCA2 mutation car-
riers with advanced malignancies. Investigations have shown that BRCA1 and BRCA2
mutant cells can become resistant to PARP inhibitors by accumulating secondary muta-
tions that restore a partially functioning gene. This may limit the treatment efficiency [76].
New evidence suggests that PARP inhibitors may be useful in sporadic malignancies with
HR abnormalities, indicating a much broader utility for PARP inhibitors [73,77].
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It has been demonstrated that depletion of CDK1 or pharmacological inhibition of
CDK1 increases the susceptibility of BRCA-positive breast cancer to PARP inhibitors. CDK1
is required for the HR repair pathway; therefore, blocking it can mimic BRCA1 mutation
and boost TNBC cell sensitivity to PARP inhibitors by 100-fold [78,79]. Multiple myeloma
cells exhibit chromosomal instability and widespread DNA damage, implying faulty DNA
repair. Malignant melanoma cells also display dysregulation in CDK activities. Dinaciclib
was shown to inhibit HR repair and sensitize cells to the PARP1/2 inhibitor ABT-888.
Dinaciclib reduces the formation of ABT-888-induced BRCA1 and RAD51 foci while at the
same time increasing γH2AX foci formation [80]. Dinaciclib, in addition to its capacity to
inhibit CDK1 and CDK2, also exhibits anti-CDK12 activity and reduces the expression of
BRCA1, BRCA2, and RAD51, making BRCA-wild type triple-negative breast cancer more
sensitive to PARP inhibition [81]. Ro-3306 works as a CDK1-specific inhibitor that causes
cancer cells to enter apoptosis by arresting the cell cycle at the G2 to M transition. It has
been demonstrated to disrupt HR repair and to make BRCA-positive breast cancer more
sensitive to PARP inhibitors [78]. Recent studies reveal that CDK12 suppresses premature
poly-A cleavage and impacts long-chain (>45 kb) mRNA extension, causing aberrant HR
repair gene expression [82].

5. Conclusions

Despite continuous progress in anticancer drug development, there is still no effective
anti-cancer treatment. This may be attributed to the side effects exhibited by non-selective
agents in normal cells. Combining more than one agent can help to alleviate these obstacles.
In recent years, advances in precision medicine and progress in the field of DNA damage
response (DDR) and DNA repair have allowed the identification of many proteins with
pivotal functions for cell survival. Given the important roles of MYC, PARP1, and TP53 in
the DDR pathways, these enzymes have attracted considerable attention. More recently,
a more sophisticated role of CDKs in DDR has emerged [83]. CDK inhibitors have been
extensively examined in clinical trials [84,85]. Inhibition of CDK offers many advantages
but also implies several limitations, as described in Figure 3.

Intimate influences of CDK7, CDK9, and CDK12/13 on transcriptional regulation and
DDR have recently been established. This suggests new therapeutic approaches to cancer
treatment based on synthetic lethality incorporating CDK-directed inhibitors [86–89]. In
terms of opportunities for rapid clinical application of CDK inhibitors, the revelation that
CDKs can stimulate anti-tumor immunity is particularly important. For example, palboci-
clib or abemaciclib increases interferon and major histocompatibility complex (MHC) ex-
pression, enhancing the antigen-presenting ability of tumor cells [85]. Cancer immunother-
apy has shown promising outcomes in recent years, and this is expected to continue in
the upcoming years [90]. Potential inherent and acquired resistance mechanisms have
been extensively studied in recent years to extend the benefit of CDK inhibitors [85]. The
effect of CDK inhibitors on normal cells and the tumor microenvironment is a critical issue
considering their clinical utility. In normal cells, targeting CDKs may disrupt upstream cell
cycle genes such as sirtuins, leading to cellular senescence and premature aging [91].

Many common chemotherapy methods will not work on DDR-deficient tumors, as
many of them require a functional DDR response. However, in malignancies that lack DDR
effector functions, pharmaceutical targeting of specific DDR branches that are sometimes
complemented in healthy cells may effectively lead to their death. The synthetic lethality
approach with the lowered potential of resistance development and diminished toxic
effects on normal cells is now an emerging trend in cancer treatment, and new synthetic
lethality screens will allow the identification of novel synthetic lethality partners of CDKs.
Beyond the simple synthetic lethal interactions involving one or even two pathways, more
complex synthetic lethal interactions involving CDK synthetic lethality partners that span
multitude pathways can be discovered in the future [92]. This area of research may lead to
the development of new therapies for the effective treatment of cancer.
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Figure 3. Advantages, limitations and remaining questions regarding use of cyclin-dependent kinase
(CDK) inhibitors. Created with BioRender.com (accessed on 1 February 2022).
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APAF1 Apoptotic protease-activating factor 1
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ARF Tumor suppressor ARF
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ARK5 AMPK-related protein kinase
ATF4 Cyclic AMP-dependent transcription factor ATF4
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AURKA/AURKB Aurora kinases A and B
BAK1 Bcl-2 homologous antagonist/killer
BAX Pro-apoptotic protein BAX
BER Base excision repair
BIM Bcl-2-like protein 11
BIRC5 Baculoviral IAP repeat-containing protein 5
BLM Bloom syndrome protein
BRCA1/2 Breast cancer type 1 susceptibility protein 1

2
BRD4 Bromodomain-containing protein 4
CBS Cystathionine beta synthase
CDC45 Cell division control protein 45 homolog
CDC6 Cell division control protein 6 homolog
CDC7 Cell division cycle 7-related protein kinase
CDK Cyclin-dependent kinase
CDKi Cyclin-dependent kinase inhibitors
CDT1 DNA replication factor Cdt1
CHK1/2 Checkpoint kinase 1

2
CK1ε Casein kinase I isoform epsilon
CMG Replicative helicase CMG
CSB Cockayne syndrome protein B
CTPS CTP synthase 1
DDR DNA damage response
DNA-PKcs DNA-dependent protein kinase catalytic subunit
DSBR Double-strand break repair
DSBs Double-strand breaks
ENO3 β-enolase
FAS/CD95 Tumor necrosis factor receptor superfamily member 6
FASN Fatty acid synthase
FBXW7 F-box/WD repeat-containing protein 7
HAT Histone acetyltransferase
HIF-1 Hypoxia-inducible factor 1
HK2 Hexokinase 2
HR Homologous recombination
IMPDH2 Inosine-5-monophosphate dehydrogenase
IRE1α Serine/threonine-protein kinase/endoribonuclease IRE
KAT5/TIP60 Histone acetyltransferase KAT5/TIP60
KU70/80 X-ray repair cross-complementing protein 5/6
MAPK Mitogen-activated protein kinases
MCL1 Myeloid leukemia cell differentiation protein
MCM2-7 DNA replication licensing factor MCM2-7
MDM2 E3 ubiquitin-protein ligase MDM2
MHC Major histocompatibility complex
MIZ1 Zinc finger and BTB domain-containing protein 17
MONDOA MLX-interacting protein
MRE11 Double-strand break repair protein MRE11
NAD Nicotinamide adenine dinucleotide
NBS1 Nibrin
NER Nucleotide excision repair
NHEJ Non-homologous end-joining
ORC Origin recognition complex
P27KIP1 Cyclin-dependent kinase inhibitor 1B
PAR Poly (ADP-ribose) polymers
PARG Poly (ADP-ribose) glycohydrolase
PARPs Poly [ADP-ribose] polymerases
PD-1 Programmed cell death protein 1
PDK1 Pyruvate dehydrogenase kinase isoform 1
PERK PRKR-like endoplasmic reticulum kinase
PES1 Pescadillo homolog
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PFAS Phosphoribosylformylglycinamidine synthase
PI3K Phosphatidylinositol 4,5-bisphosphate 3-kinase
PIM-1 Serine/threonine-protein kinase pim-1
PLK1 Polo-like kinase 1
pRB Retinoblastoma protein
Pre-RC Pre-replicative complex
PTEF-b Transcription elongation factor
RAD51 DNA repair protein RAD51 homolog
RNAP-II RNA polymerase II
ROS Reactive oxygen species
RPA Replication protein A
SAE1/2 SUMO-activating enzyme subunit 1

2
SCD Stearoyl-CoA desaturase
SCL7A11 Cystine/glutamate transporter
SLC1A4 Neutral amino acid transporter A
SLC1A5 Neutral amino acid transporter B(0)
SLC25A6 ADP/ATP translocase 3
SLC3A2 4F2 cell-surface antigen heavy chain
SSBR Single-strand break repair
SSBs Single-strand breaks
SsDNA Single-stranded DNA
TFAM Mitochondrial transcription factor A
TNBC Triple-negative breast cancer
TP53 Cellular tumor antigen p53
TRAIL R2/DR540 Tumor necrosis factor receptor superfamily member 10
UBE2I SUMO-conjugating enzyme UBC9
UPR Unfolded protein response
WIP1 Protein phosphatase 1D
WRN Werner syndrome ATP-dependent helicase
XBP1 X-box-binding protein 1
XPB General transcription and DNA repair factor IIH helicase subunit XPB
XPC DNA repair protein complementing XP-C
XPD General transcription and DNA repair factor IIH helicase subunit XPD
XRCC4 X-ray repair cross-complementing protein 4
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7. Bartkova, J.; Hořejší, Z.; Koed, K.; Krämer, A.; Tort, F.; Zieger, K.; Guldberg, P.; Sehested, M.; Nesland, J.M.; Lukas, C.; et al.

DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis. Nature 2005, 434, 864–870. [CrossRef]
8. Kotsantis, P.; Petermann, E.; Boulton, S.J. Mechanisms of Oncogene-Induced Replication Stress: Jigsaw Falling into Place.

Cancer Discov. 2018, 8, 537–555. [CrossRef]
9. Primo, L.M.F.; Teixeira, L.K. DNA replication stress: Oncogenes in the spotlight. Genet. Mol. Biol. 2020, 43, e20190138. [CrossRef]
10. Vafa, O.; Wade, M.; Kern, S.; Beeche, M.; Pandita, T.K.; Hampton, G.M.; Wahl, G.M. c-Myc Can Induce DNA Damage, Increase

Reactive Oxygen Species, and Mitigate p53 Function: A Mechanism for Oncogene-Induced Genetic Instability. Mol. Cell 2002,
9, 1031–1044. [CrossRef]

11. Karlsson, A.; Deb-Basu, D.; Cherry, A.; Turner, S.; Ford, J.; Felsher, D.W. Defective double-strand DNA break repair and
chromosomal translocations by MYC overexpression. Proc. Natl. Acad. Sci. USA 2003, 100, 9974–9979. [CrossRef] [PubMed]

http://doi.org/10.1007/s12094-021-02688-5
http://www.ncbi.nlm.nih.gov/pubmed/34363593
http://doi.org/10.1021/acs.jmedchem.0c00766
http://www.ncbi.nlm.nih.gov/pubmed/33135887
http://doi.org/10.1186/s13045-020-00956-5
http://www.ncbi.nlm.nih.gov/pubmed/32883316
http://doi.org/10.1016/j.cell.2012.03.003
http://doi.org/10.1158/2159-8290.cd-15-0507
http://doi.org/10.1038/nature05953
http://doi.org/10.1038/nature03482
http://doi.org/10.1158/2159-8290.cd-17-1461
http://doi.org/10.1590/1678-4685-gmb-2019-0138
http://doi.org/10.1016/s1097-2765(02)00520-8
http://doi.org/10.1073/pnas.1732638100
http://www.ncbi.nlm.nih.gov/pubmed/12909717


Int. J. Mol. Sci. 2022, 23, 3555 13 of 16

12. Ray, S.; Atkuri, K.R.; Deb-Basu, D.; Adler, A.; Chang, H.Y.; Herzenberg, L.A.; Felsher, D.W. MYC Can Induce DNA Breaks in vivo
and in vitro Independent of Reactive Oxygen Species. Cancer Res. 2006, 66, 6598–6605. [CrossRef] [PubMed]

13. Srinivasan, S.V.; Dominguez-Sola, D.; Wang, L.C.; Hyrien, O.; Gautier, J. Cdc45 Is a Critical Effector of Myc-Dependent DNA
Replication Stress. Cell Rep. 2013, 3, 1629–1639. [CrossRef] [PubMed]

14. Bretones, G.; Delgado, M.D.; León, J. Myc and cell cycle control. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2015,
1849, 506–516. [CrossRef]

15. Amani, J.; Gorjizadeh, N.; Younesi, S.; Najafi, M.; Ashrafi, A.M.; Irian, S.; Gorjizadeh, N.; Azizian, K. Cyclin-dependent
kinase inhibitors (CDKIs) and the DNA damage response: The link between signaling pathways and cancer. DNA Repair 2021,
102, 103103. [CrossRef] [PubMed]

16. Liu, Y.-C.; Li, F.; Handler, J.; Huang, C.R.L.; Xiang, Y.; Neretti, N.; Sedivy, J.M.; Zeller, K.I.; Dang, C.V. Global Regulation of
Nucleotide Biosynthetic Genes by c-Myc. PLoS ONE 2008, 3, e2722. [CrossRef]

17. Mannava, S.; Grachtchouk, V.; Wheeler, L.J.; Im, M.; Zhuang, D.; Slavina, E.G.; Mathews, C.K.; Shewach, D.S.; Nikiforov, M.A.
Direct role of nucleotide metabolism in C-MYC-dependent proliferation of melanoma cells. Cell Cycle 2008, 7, 2392–2400.
[CrossRef]

18. Bester, A.C.; Roniger, M.; Oren, Y.S.; Im, M.M.; Sarni, D.; Chaoat, M.; Bensimon, A.; Zamir, G.; Shewach, D.S.; Kerem, B.
Nucleotide Deficiency Promotes Genomic Instability in Early Stages of Cancer Development. Cell 2011, 145, 435–446. [CrossRef]

19. Grandori, C.; Wu, K.-J.; Fernandez, P.; Ngouenet, C.; Grim, J.; Clurman, B.E.; Moser, M.J.; Oshima, J.; Russell, D.W.;
Swisshelm, K.; et al. Werner syndrome protein limits MYC-induced cellular senescence. Genes Dev. 2003, 17, 1569–1574.
[CrossRef]

20. Robinson, K.; Asawachaicharn, N.; Galloway, D.A.; Grandori, C. c-Myc Accelerates S-Phase and Requires WRN to Avoid
Replication Stress. PLoS ONE 2009, 4, e5951. [CrossRef]

21. Petroni, M.; Sardina, F.; Heil, C.; Sahún-Roncero, M.; Colicchia, V.; Veschi, V.; Albini, S.; Fruci, D.; Ricci, B.; Soriani, A.; et al.
The MRN complex is transcriptionally regulated by MYCN during neural cell proliferation to control replication stress. Cell Death
Differ. 2015, 23, 197–206. [CrossRef] [PubMed]

22. Pichierri, P.; Ammazzalorso, F.; Bignami, M.; Franchitto, A. The Werner syndrome protein: Linking the replication checkpoint
response to genome stability. Aging 2011, 3, 311–318. [CrossRef] [PubMed]

23. Franchitto, A.; Pirzio, L.M.; Prosperi, E.; Sapora, O.; Bignami, M.; Pichierri, P. Replication fork stalling in WRN-deficient cells is
overcome by prompt activation of a MUS81-dependent pathway. J. Cell Biol. 2008, 183, 241–252. [CrossRef] [PubMed]

24. Luoto, K.R.; Meng, A.X.; Wasylishen, A.; Zhao, H.; Coackley, C.L.; Penn, L.; Bristow, R. Tumor Cell Kill by c-MYC Depletion:
Role of MYC-Regulated Genes that Control DNA Double-Strand Break Repair. Cancer Res. 2010, 70, 8748–8759. [CrossRef]
[PubMed]

25. Eischen, C.M.; Weber, J.; Roussel, M.F.; Sherr, C.J.; Cleveland, J.L. Disruption of the ARF-Mdm2-p53 tumor suppressor pathway
in Myc-induced lymphomagenesis. Genes Dev. 1999, 13, 2658–2669. [CrossRef]

26. Zindy, F.; Eischen, C.M.; Randle, D.H.; Kamijo, T.; Cleveland, J.L.; Sherr, C.J.; Roussel, M.F. Myc signaling via the ARF tumor
suppressor regulates p53-dependent apoptosis and immortalization. Genes Dev. 1998, 12, 2424–2433. [CrossRef]

27. Lowe, S.W.; Cepero, E.; Evan, G. Intrinsic tumour suppression. Nature 2004, 432, 307–315. [CrossRef]
28. Hemann, M.T.; Bric, A.; Teruya-Feldstein, J.; Herbst, A.; Nilsson, J.A.; Cordon-Cardo, C.; Cleveland, J.L.; Tansey, W.P.; Lowe, S.W.

Evasion of the p53 tumour surveillance network by tumour-derived MYC mutants. Nature 2005, 436, 807–811. [CrossRef]
29. Schmitt, C.A.; Fridman, J.S.; Yang, M.; Baranov, E.; Hoffman, R.M.; Lowe, S.W. Dissecting p53 tumor suppressor functions in vivo.

Cancer Cell 2002, 1, 289–298. [CrossRef]
30. Felsher, D.W.; Bishop, J.M. Transient excess of MYC activity can elicit genomic instability and tumorigenesis. Proc. Natl. Acad. Sci.

USA 1999, 96, 3940–3944. [CrossRef]
31. MacLean, K.H.; Kastan, M.B.; Cleveland, J.L. Atm Deficiency Affects Both Apoptosis and Proliferation to Augment Myc-Induced

Lymphomagenesis. Mol. Cancer Res. 2007, 5, 705–711. [CrossRef] [PubMed]
32. Pusapati, R.V.; Rounbehler, R.J.; Hong, S.; Powers, J.T.; Yan, M.; Kiguchi, K.; McArthur, M.J.; Wong, P.K.; Johnson, D.G.

ATM promotes apoptosis and suppresses tumorigenesis in response to Myc. Proc. Natl. Acad. Sci. USA 2006, 103, 1446–1451.
[CrossRef] [PubMed]

33. Reimann, M.; Loddenkemper, C.; Rudolph, C.; Schildhauer, I.; Teichmann, B.; Stein, H.; Schlegelberger, B.; Dörken, B.;
Schmitt, C.A. The Myc-evoked DNA damage response accounts for treatment resistance in primary lymphomas in vivo. Blood
2007, 110, 2996–3004. [CrossRef] [PubMed]

34. Shreeram, S.; Hee, W.K.; Demidov, O.N.; Kek, C.; Yamaguchi, H.; Fornace, A.J.; Anderson, C.W.; Appella, E.; Bulavin, D.V.
Regulation of ATM/p53-dependent suppression of myc-induced lymphomas by Wip1 phosphatase. J. Exp. Med. 2006,
203, 2793–2799. [CrossRef] [PubMed]

35. Gorrini, C.; Squatrito, M.; Luise, C.; Syed, N.; Perna, D.; Wark, L.; Martinato, F.; Sardella, D.; Verrecchia, A.; Bennett, S.; et al.
Tip60 is a haplo-insufficient tumour suppressor required for an oncogene-induced DNA damage response. Nature 2007,
448, 1063–1067. [CrossRef]

36. Korz, C.; Pscherer, A.; Benner, A.; Mertens, D.; Schaffner, C.; Leupolt, E.; Döhner, H.; Stilgenbauer, S.; Lichter, P. Evidence for
distinct pathomechanisms in B-cell chronic lymphocytic leukemia and mantle cell lymphoma by quantitative expression analysis
of cell cycle and apoptosis-associated genes. Blood 2002, 99, 4554–4561. [CrossRef]

http://doi.org/10.1158/0008-5472.can-05-3115
http://www.ncbi.nlm.nih.gov/pubmed/16818632
http://doi.org/10.1016/j.celrep.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23643534
http://doi.org/10.1016/j.bbagrm.2014.03.013
http://doi.org/10.1016/j.dnarep.2021.103103
http://www.ncbi.nlm.nih.gov/pubmed/33812232
http://doi.org/10.1371/journal.pone.0002722
http://doi.org/10.4161/cc.6390
http://doi.org/10.1016/j.cell.2011.03.044
http://doi.org/10.1101/gad.1100303
http://doi.org/10.1371/journal.pone.0005951
http://doi.org/10.1038/cdd.2015.81
http://www.ncbi.nlm.nih.gov/pubmed/26068589
http://doi.org/10.18632/aging.100293
http://www.ncbi.nlm.nih.gov/pubmed/21389352
http://doi.org/10.1083/jcb.200803173
http://www.ncbi.nlm.nih.gov/pubmed/18852298
http://doi.org/10.1158/0008-5472.can-10-0944
http://www.ncbi.nlm.nih.gov/pubmed/20940401
http://doi.org/10.1101/gad.13.20.2658
http://doi.org/10.1101/gad.12.15.2424
http://doi.org/10.1038/nature03098
http://doi.org/10.1038/nature03845
http://doi.org/10.1016/s1535-6108(02)00047-8
http://doi.org/10.1073/pnas.96.7.3940
http://doi.org/10.1158/1541-7786.mcr-07-0058
http://www.ncbi.nlm.nih.gov/pubmed/17634425
http://doi.org/10.1073/pnas.0507367103
http://www.ncbi.nlm.nih.gov/pubmed/16432227
http://doi.org/10.1182/blood-2007-02-075614
http://www.ncbi.nlm.nih.gov/pubmed/17562874
http://doi.org/10.1084/jem.20061563
http://www.ncbi.nlm.nih.gov/pubmed/17158963
http://doi.org/10.1038/nature06055
http://doi.org/10.1182/blood.v99.12.4554


Int. J. Mol. Sci. 2022, 23, 3555 14 of 16

37. van Attikum, H.; Gasser, S.M. Crosstalk between histone modifications during the DNA damage response. Trends Cell Biol. 2009,
19, 207–217. [CrossRef]

38. Squatrito, M.; Gorrini, C.; Amati, B. Tip60 in DNA damage response and growth control: Many tricks in one HAT. Trends Cell Biol.
2006, 16, 433–442. [CrossRef]

39. Kusch, T.; Florens, L.; MacDonald, W.H.; Swanson, S.K.; Glaser, R.L.; Yates, J.R., III; Abmayr, S.M.; Washburn, M.P.; Workman, J.L.
Acetylation by Tip60 Is Required for Selective Histone Variant Exchange at DNA Lesions. Science 2004, 306, 2084–2087. [CrossRef]

40. Wang, C.; Fang, H.; Zhang, J.; Gu, Y. Targeting “undruggable” c-Myc protein by synthetic lethality. Front. Med. 2021, 15, 541–550.
[CrossRef]

41. Thng, D.K.H.; Toh, T.B.; Chow, E.K.-H. Capitalizing on Synthetic Lethality of MYC to Treat Cancer in the Digital Age.
Trends Pharmacol. Sci. 2021, 42, 166–182. [CrossRef] [PubMed]

42. Zhang, T.; Li, N.; Sun, C.; Jin, Y.; Sheng, X. MYC and the unfolded protein response in cancer: Synthetic lethal partners in crime?
EMBO Mol. Med. 2020, 12, e11845. [CrossRef] [PubMed]

43. Pourdehnad, M.; Truitt, M.L.; Siddiqi, I.N.; Ducker, G.S.; Shokat, K.M.; Ruggero, D. Myc and mTOR converge on a common
node in protein synthesis control that confers synthetic lethality in Myc-driven cancers. Proc. Natl. Acad. Sci. USA 2013,
110, 11988–11993. [CrossRef] [PubMed]

44. Haikala, H.M.; Anttila, J.; Klefström, J. MYC and AMPK–Save Energy or Die! Front. Cell Dev. Biol. 2017, 5, 38. [CrossRef]
[PubMed]

45. Hsieh, A.L.; Dang, C.V. MYC, Metabolic Synthetic Lethality, and Cancer. Recent Results Cancer Res. 2016, 207, 73–91. [CrossRef]
46. Cermelli, S.; Jang, I.S.; Bernard, B.; Grandori, C. Synthetic Lethal Screens as a Means to Understand and Treat MYC-Driven

Cancers. Cold Spring Harb. Perspect. Med. 2014, 4, a014209. [CrossRef]
47. Toyoshima, M.; Howie, H.L.; Imakura, M.; Walsh, R.M.; Annis, J.E.; Chang, A.N.; Frazier, J.; Chau, B.N.; Loboda, A.;

Linsley, P.S.; et al. Functional genomics identifies therapeutic targets for MYC-driven cancer. Proc. Natl. Acad. Sci. USA 2012,
109, 9545–9550. [CrossRef]

48. Goga, A.; Yang, D.; Tward, A.D.; Morgan, D.O.; Bishop, J.M. Inhibition of CDK1 as a potential therapy for tumors over-expressing
MYC. Nat. Med. 2007, 13, 820–827. [CrossRef]

49. Horiuchi, D.; Kusdra, L.; Huskey, N.E.; Chandriani, S.; Lenburg, M.E.; Gonzalez-Angulo, A.M.; Creasman, K.J.; Bazarov, A.V.;
Smyth, J.W.; Davis, S.E.; et al. MYC pathway activation in triple-negative breast cancer is synthetic lethal with CDK inhibition.
J. Exp. Med. 2012, 209, 679–696. [CrossRef]

50. Kang, J.; Sergio, C.M.; Sutherland, R.L.; Musgrove, E.A. Targeting cyclin-dependent kinase 1 (CDK1) but not CDK4/6 or CDK2 is
selectively lethal to MYC-dependent human breast cancer cells. BMC Cancer 2014, 14, 32. [CrossRef]

51. Santamaría, D.; Barrière, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Caceres, J.; Dubus, P.; Malumbres, M.; Barbacid, M.
Cdk1 is sufficient to drive the mammalian cell cycle. Nature 2007, 448, 811–815. [CrossRef] [PubMed]

52. Molenaar, J.J.; Ebus, M.E.; Geerts, D.; Koster, J.; Lamers, F.; Valentijn, L.J.; Westerhout, E.M.; Versteeg, R.; Caron, H.N. Inactivation
of CDK2 is synthetically lethal to MYCN over-expressing cancer cells. Proc. Natl. Acad. Sci. USA 2009, 106, 12968–12973.
[CrossRef] [PubMed]

53. Campaner, S.; Doni, M.; Hydbring, P.; Verrecchia, A.; Bianchi, L.; Sardella, D.; Schleker, T.; Perna, D.; Tronnersjö, S.;
Murga, M.; et al. Cdk2 suppresses cellular senescence induced by the c-myc oncogene. Nat. Cell Biol. 2009, 12, 54–59. [CrossRef]

54. Delmore, J.E.; Issa, G.C.; Lemieux, M.E.; Rahl, P.B.; Shi, J.; Jacobs, H.M.; Kastritis, E.; Gilpatrick, T.; Paranal, R.M.; Qi, J.; et al.
BET Bromodomain Inhibition as a Therapeutic Strategy to Target c-Myc. Cell 2011, 146, 904–917. [CrossRef]

55. Mertz, J.A.; Conery, A.R.; Bryant, B.M.; Sandy, P.; Balasubramanian, S.; Mele, D.A.; Bergeron, L.; Sims, R.J., 3rd. Targeting MYC
dependence in cancer by inhibiting BET bromodomains. Proc. Natl. Acad. Sci. USA 2011, 108, 16669–16674. [CrossRef] [PubMed]

56. Puissant, A.; Frumm, S.M.; Alexe, G.; Bassil, C.F.; Qi, J.; Chanthery, Y.H.; Nekritz, E.A.; Zeid, R.; Gustafson, W.C.; Greninger, P.; et al.
Targeting MYCN in neuroblastoma by BET bromodomain inhibition. Cancer Discov. 2013, 3, 308–323. [CrossRef]

57. Chipumuro, E.; Marco, E.; Christensen, C.L.; Kwiatkowski, N.; Zhang, T.; Hatheway, C.M.; Abraham, B.J.; Sharma, B.; Yeung, C.;
Altabef, A.; et al. CDK7 Inhibition Suppresses Super-Enhancer-Linked Oncogenic Transcription in MYCN-Driven Cancer. Cell
2014, 159, 1126–1139. [CrossRef]

58. Hashiguchi, T.; Bruss, N.; Best, S.; Lam, V.; Danilova, O.; Paiva, C.J.; Wolf, J.; Gilbert, E.W.; Okada, C.Y.; Kaur, P.; et al.
Cyclin-Dependent Kinase-9 Is a Therapeutic Target in MYC-Expressing Diffuse Large B-Cell Lymphoma. Mol. Cancer Ther. 2019,
18, 1520–1532. [CrossRef]

59. Gregory, G.; Hogg, S.; Kats, L.; Vidacs, E.; Baker, A.J.; Gilan, O.; Lefebure, M.; Martin, B.P.; Dawson, M.A.; Johnstone, R.; 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 2014, 29, 1437–1441. [CrossRef]

60. Chen, H.; Liu, H.; Qing, G. Targeting oncogenic Myc as a strategy for cancer treatment. Signal Transduct. Target. Ther. 2018, 3, 5.
[CrossRef]

61. Lui, G.; Grandori, C.; Kemp, C.J. CDK12: An emerging therapeutic target for cancer. J. Clin. Pathol. 2018, 71, 957–962. [CrossRef]
[PubMed]

62. Li, B.-B.; Wang, B.; Zhu, C.-M.; Tang, D.; Pang, J.; Zhao, J.; Sun, C.-H.; Qiu, M.-J.; Qian, Z.-R. Cyclin-dependent kinase 7 inhibitor
THZ1 in cancer therapy. Chronic Dis. Transl. Med. 2019, 5, 155–169. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tcb.2009.03.001
http://doi.org/10.1016/j.tcb.2006.07.007
http://doi.org/10.1126/science.1103455
http://doi.org/10.1007/s11684-020-0780-y
http://doi.org/10.1016/j.tips.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33422376
http://doi.org/10.15252/emmm.201911845
http://www.ncbi.nlm.nih.gov/pubmed/32310340
http://doi.org/10.1073/pnas.1310230110
http://www.ncbi.nlm.nih.gov/pubmed/23803853
http://doi.org/10.3389/fcell.2017.00038
http://www.ncbi.nlm.nih.gov/pubmed/28443281
http://doi.org/10.1007/978-3-319-42118-6_4
http://doi.org/10.1101/cshperspect.a014209
http://doi.org/10.1073/pnas.1121119109
http://doi.org/10.1038/nm1606
http://doi.org/10.1084/jem.20111512
http://doi.org/10.1186/1471-2407-14-32
http://doi.org/10.1038/nature06046
http://www.ncbi.nlm.nih.gov/pubmed/17700700
http://doi.org/10.1073/pnas.0901418106
http://www.ncbi.nlm.nih.gov/pubmed/19525400
http://doi.org/10.1038/ncb2004
http://doi.org/10.1016/j.cell.2011.08.017
http://doi.org/10.1073/pnas.1108190108
http://www.ncbi.nlm.nih.gov/pubmed/21949397
http://doi.org/10.1158/2159-8290.cd-12-0418
http://doi.org/10.1016/j.cell.2014.10.024
http://doi.org/10.1158/1535-7163.mct-18-1023
http://doi.org/10.1038/leu.2015.10
http://doi.org/10.1038/s41392-018-0008-7
http://doi.org/10.1136/jclinpath-2018-205356
http://www.ncbi.nlm.nih.gov/pubmed/30104286
http://doi.org/10.1016/j.cdtm.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31891127


Int. J. Mol. Sci. 2022, 23, 3555 15 of 16

63. Vodicka, P.; Andera, L.; Opattova, A.; Vodickova, L. The Interactions of DNA Repair, Telomere Homeostasis, and p53 Mutational
Status in Solid Cancers: Risk, Prognosis, and Prediction. Cancers 2021, 13, 479. [CrossRef]

64. Zhang, Y.-X.; Pan, W.-Y.; Chen, J. p53 and its isoforms in DNA double-stranded break repair. J. Zhejiang Univ. Sci. B 2019,
20, 457–466. [CrossRef]

65. Williams, A.B.; Schumacher, B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb. Perspect. Med. 2016, 6, a026070.
[CrossRef]

66. Smith, M.L.; Seo, Y.R. p53 regulation of DNA excision repair pathways. Mutagenesis 2002, 17, 149–156. [CrossRef] [PubMed]
67. Bacevic, K.; Lossaint, G.; Achour, T.N.; Georget, V.; Fisher, D.; Dulić, V. Cdk2 strengthens the intra-S checkpoint and counteracts
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