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ABSTRACT

ARTICLE HISTORY

Disruption of cell cycle checkpoints has been well established as a hallmark of cancer. In
particular, the G1-S transition mediated by the cyclin D-cyclin-dependent kinase 4/6 (CDK4/6)
pathway is dysregulated in more than 90% of melanoma cases. Therefore, tumor cells mainly rely
on the G2-M checkpoint to halt the cell cycle in order to repair DNA damage. Here, we review the
promising method of cell cycle-mediated synthetic lethality for melanoma treatment, which
entails exploiting somatically acquired mutations in the G1-S transition with inhibitors of the
G2-M transition in order to specifically kill melanoma cells. The idea stems from the theory that
melanoma cells lacking G1-S checkpoints are particularly vulnerable to mitotic catastrophe when
presented with G2-M checkpoint inhibition in addition to DNA damage, whereas normal cells with
intact G1-S checkpoints should theoretically be spared. This review explores the link between cell
cycle dysregulation and synthetic lethality in melanoma cells and discusses potential future
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applications for this treatment.

Melanoma incidence is rising rapidly throughout
the world and the five-year survival rate for newly
diagnosed metastatic melanoma is under 25% [1].
Melanoma is usually a result of exposure to UV
radiation, which causes a high mutational burden
in melanocytes in the skin resulting in tumori-
genesis. B-rapidly accelerated fibrosarcoma
(BRAF) is a serine/threonine kinase that is
mutated in more than 60% of malignant melano-
mas and causes over-proliferation of melanoma
cells [2]. For this reason, BRAF inhibitors, along
with surgery, radiation, and immunotherapy, are
first-line treatments for metastatic melanoma [3].
However, despite remarkable initial response rates
to BRAF inhibitors, acquired resistance is almost
inevitable by way of mutation/upregulation of the
mutant protein, reactivation of downstream fac-
tors in the pathway, or hyperactivation of alter-
native pathways [4]. Because of the increase in
melanoma incidence, poor prognosis, and
acquired resistance, there is a need for the devel-
opment of novel treatments that suppress mela-
noma growth and counter BRAF inhibitor
acquired resistance.

One approach to novel treatments is to establish
synthetic lethality. The concept of synthetic leth-
ality entails deficiencies in two or more genes
leading to targeted cell death, whereas loss of one
gene is innocuous [5]. These deficiencies can be
caused by mutations, epigenetic alterations, or
inhibitions (both natural and synthetic). In order
for the cell to remain viable, deficiencies in one
gene/pathway must be compensated for by
another gene/pathway, leading to increased reli-
ance on this other gene/pathway. The theory of
synthetic lethality predicts that induced inhibition
of the protein that these cells depend upon will
preferentially kill them while sparing normal cells
that have one or both genes unimpaired [6].
Synthetic lethality, therefore, is an attractive meth-
odology for killing cancer cells that typically have
a high mutational load, while non-mutated cells
typically survive.

Synthetic lethality was first shown to be effective
in treating breast cancer type 1 and 2 susceptibility
protein (BRCA1/2)-deficient breast cancer. In
individuals with this condition, base excision
repair (BER) compensates for the loss of BRCA1/
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2-mediated homologous recombination repair
(HRR) through poly (ADP-ribose) polymerase
(PARP). Inhibiting BER using PARP inhibitors
results in selective cytotoxicity of the BRCA1/
2-deficient cancer cells, while BRCA1/2-proficient
cells are protected due to the intact BRCA1/
2-mediated HRR [7]. This synthetic lethality
approach has also been approved for BRCAI/
2-mutant ovarian cancers and breast cancers [8].
Although first described in breast and ovarian
cancer, synthetic lethality may have its most pro-
found impacts in melanoma, due to the excessive
mutational burden in melanomas as a result of UV
radiation [9]. In fact, PARP inhibitors have already
been shown to be an effective strategy for achiev-
ing synthetic lethality in LIG4-deficient melano-
mas, which are deficient in non-homologous end
joining (NHEJ) [10].

In addition to targeting NHE] deficiencies in
melanoma, another pathway to target in mela-
noma via synthetic lethality is cell cycle check-
points. The GI1-S transition mediated by the
cyclin D-CDK4 pathway is dysregulated in more
than 90% of melanoma cases [11]. The loss of cell
cycle regulation leads to increased proliferation
rates for the cancer cell, but also predisposes the
cell to increased deleterious mutations [12]. These
mutations also lead to increased dependence on
the G2-M checkpoint to induce cell cycle arrest
when exposed to DNA damage that requires repair
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[13]. This presents a unique opportunity to target
and inhibit proteins responsible for maintaining
the G2-M checkpoint in order to impede the abil-
ity of tumor cells to assess and repair DNA
damage. Bypassing the G2-M checkpoint leads to
aberrant mitosis and mitotic catastrophe due to
the accumulation of DNA damage, ending in
apoptosis [14,15]. Therefore, a simple approach
presents itself: maximize DNA damage that is
repaired by non-cancerous cells, prevent cell
cycle arrest and DNA damage repair in melanoma
cells by bypassing the G2-M checkpoint, and
ensure the damage is taken through into mitosis
where the effects, mainly apoptosis, will manifest
(Figure 1).

CHK1 inhibition

Checkpoint kinase 1 (CHK1) is a serine/threonine-
specific protein kinase that coordinates the DNA
damage response (DDR) and cell cycle checkpoint
response at several cellular stages. In the presence
of DNA damage, CHKI1 accumulates at the cen-
tromere and phosphorylates M-phase inducer
phosphatase 1 (CDC25A) and M-phase inducer
phosphatase 2 (CDC25B), indirectly leading to
their degradation by cellular proteasomes [16]. In
normal cells, CDC25A and CDC25B are responsi-
ble for the activation of cyclin-dependent kinase 1
(CDK1), a necessary enzyme for the cell to enter
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Figure 1. Achieving synthetic lethality by abrogating the G2-M checkpoint in G1-S checkpoint-deficient melanoma cells. (A) G2-M
cell cycle transition is mediated by CHK1, MK2, WEE1, and HDACs in a normal cell. (B) G1-S checkpoint-defective melanoma cells can
be targeted by several potential avenues for therapeutic inhibition (dashed inhibition lines). These cells progress uninhibited
through the cell cycle and experience mitotic catastrophe. Thickness of arrows and inhibition lines represents relative pathway
activity.



mitosis. Therefore, their indirect destruction via
CHK1 causes cell cycle arrest at the G2-M transi-
tion [17].

Interestingly, high levels of CHK1 are correlated
with worse prognosis of melanoma [18]. This may
be advantageous for tumors as they are able to
tolerate a higher level of DNA damage and possi-
bly increase resistance to chemotherapy.
Additionally, most melanoma cells are deficient
in the G1-S checkpoint, thus relying on CHKI1 to
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inhibit G2-M cell cycle progression to repair DNA
damage [19]. For these reasons, CHK1 inhibitors
are an intriguing option for achieving synthetic
lethality in melanoma.

CHKI1 inhibition has long been a field of inter-
est for cancer therapy, particularly in combination
with chemotherapeutics. In 1996, 7-hydroxy-
staurosporine (UCN-01; Figure 2) was shown to
abrogate the G2-M checkpoint and enhance cis-
platin-induced cytotoxicity by 60-fold in Chinese
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Figure 2. Chemical structures of G2-M checkpoint inhibitors. 2D structures available from PubChem (https://pubchem.ncbi.nim.nih.
gov) are provided for CHK1 inhibitors, UCN-01 (CID 72271), PF-00477736 (CID 135565545), AZD7762 (CID 11152667), MK-8776 (CID
16224745), GDC-0575 (CID 46917793), prexasertib (CID 46700756); WEET inhibitors, PD0166285 (CID 5311382) and adavosertib (CID
24856436); p38 MAPK inhibitor ralimetinib (CID 11539025); and HDAC inhibitor azelaic bishydroxamic acid (CID 65268). All CHK1,
WEET, and p38 MAPK inhibitors function as ATP competitive small-molecule inhibitors.



https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov

1044 N. BARNABA AND J. R. LAROCQUE

hamster ovary cell lines [20]. That same vyear,
UCN-01 was shown to enhance susceptibility of
p53-deficient lymphoma and colon carcinoma
cells to radiation [21]. It was not until 2000 that
UCN-01 was shown to exert its cytotoxic effects by
inhibiting CHKI1 [22]. From then on, CHK1 inhi-
bition was the primary method for achieving syn-
thetic lethality by abrogating the G2-M
checkpoint.

In 2006, researchers found that normally poor
inducers of apoptosis such as excess thymidine,
hydroxyurea, and camptothecin significantly
increased lethality of a colon cancer cell line with
concurrent treatment of siRNA-mediated deple-
tion of CHK1 [23]. In 2008, two CHK1 inhibitors
(PF-00477736 and AZD7762; Figure 2) were
shown to abrogate cell cycle arrest and induce
apoptosis in HT-29 colorectal adenocarcinoma
cells when combined with the cytotoxic agent
gemcitabine, selectively sparing healthy cells
[24,25]. AZD7762 was also shown to impede
Rad51 foci formation and subsequently HRR
repair when combined with gemcitabine and IR
in pancreatic cancer cell lines [26]. Specifically, the
inability to stop at the G2-M checkpoint in the
presence of induced DNA damage led to aberrant
mitosis and apoptosis. These researchers con-
cluded that CHK1 inhibitors require an exogenous
source of DNA damage, and radiation treatment
sensitized the cells to CHK1 inhibition [26].
Indeed, the CHK1 inhibitor MK-8776 has been
shown to radiosensitize triple-negative breast can-
cer by enhancing DNA damage and inhibiting
autophagy, suggesting an adjunctive role for
CHKTI inhibition [27].

CHK1 inhibitors have also been extensively
researched in combination with several different
pharmaceutical therapies in order to maximize its
efficacy against melanoma. For example, a study
showed that treatment with either CHK1 inhibitor
GDC-0575 or GNE-323 (Figure 2) in combination
with gemcitabine drastically reduced proliferation
of healthy cells as well as melanoma cells, whereas
combination with subclinical hydroxyurea prefer-
entially killed melanoma cells while retaining the
proliferative capacity of healthy cells [28]. In addi-
tion, CHKI1 inhibitors have been tested as an alter-
nate therapy for BRAF inhibitor-resistant
melanomas. Interestingly, PF-00477736 has been

shown to re-sensitize melanomas to BRAF inhibi-
tors and act synergistically in tumor suppression
[18]. The authors propose that melanoma cells use
a feedback loop between BRAF and CHKI1 to
manage replication stress, minimize DNA damage,
and sustain cell proliferation. Inhibition of both of
these proteins leads to impeded cell cycle arrest,
aberrant mitosis, and apoptosis [18]. This study
suggests the possibility of combination treatment
of CHK1 and BRAF inhibitors in melanoma.
Although it is evident that optimization of adjunc-
tive treatments is not yet known, these studies
suggest the intriguing potential for CHK1 inhibi-
tors to act synergistically or additively with other
small-molecule inhibitors and/or chemotherapy in
melanoma patients.

However, some researchers have suggested that
CHKI inhibitors AR323 and AR678 can function,
although with less potency, as single-agent thera-
pies specifically targeting melanomas with high
levels of endogenous DNA damage [29]. These
researchers theorized that melanomas with
extreme replicative stress are more dependent on
the G2-M transition to repair DNA damage, and
thus are more susceptible to CHK1 inhibition [29].
In addition, it has been shown that CHK1 inhibi-
tion requires hypoxic conditions to suppress mel-
anoma tumor growth, which may explain why
initial research indicated that CHKI1 inhibition
alone was not a sufficient therapy in vitro, but
in vivo results supported CHKI1 inhibition as
a viable stand-alone treatment option [30]. The
requirement for hypoxic conditions may enable
CHK1 inhibitors to be even more selective in
their targeting of melanoma cells, as oxygen depri-
vation is common in tumor environments. Recent
evidence supports this theory, as AZD7762 paired
with the anti-angiogenic drug bevacizumab yielded
synergistic repression of melanoma growth [30].

While CHK1 inhibitors may be a potential ther-
apy in the future of melanoma treatment, CHK1
inhibition does not come without its drawbacks.
One study reported that the status of p53 does not
predict the efficacy of CHK1 inhibitors in combi-
nation with chemotherapy in inducing aberrant
mitosis and apoptosis [31]. This would suggest
that CHK1 inhibitors do not, in fact, preferentially
target tumor cells that are deficient in p53.
However, most other studies have reported



CHKI1 inhibitors sparing healthy cells in vivo.
Dietlein et al. also proposed the potential for
acquired resistance to CHKI inhibition through
overactivation of MK2 [32]. If this avenue is easily
achieved by melanoma cells, CHK1 inhibitors may
not be an adequate long-term treatment for
melanoma.

Clinical trials combining CHK1 inhibition with
other forms of chemotherapy in other cancers
have yielded mixed results. After positive results
in a phase I clinical trial, MK-8776 in combination
with cytosine arabinoside offered no significant
benefit in the treatment of acute myelogenous
leukemia in a randomized phase II clinical trial
[33] (Figure 2). Another selective CHK1 inhibitor
known as prexasertib (LY2606368; Figure 2) has
the unique capability of not only inhibiting CHK,
but also inducing double-stranded DNA breaks,
leading to rapid mitotic catastrophe and xeno-
grafted lung adenocarcinoma cell death [34].
Prexasertib has also exhibited synergism with cis-
platin and talazoparib, a PARP inhibitor, in redu-
cing viability of pediatric osteosarcoma cell lines
[35]. It has since displayed modest clinical activity
and tolerability in increasing progression-free sur-
vival in both high-grade serous ovarian carcinoma
and advanced triple-negative breast cancer [36,37].
However, a phase II clinical trial involving prexa-
sertib in combination with cisplatin and peme-
trexed in the treatment of non-small cell lung
cancer was halted prematurely due to an increased
incidence of thromboembolic events in the experi-
mental group [38]. Although there are several
ongoing clinical trials involving CHKI1 inhibition
with positive preliminary results [39], there are
currently none looking into treatment for
melanoma.

WEE1 inhibition

WEEIL is a nuclear serine/threonine protein kinase
that directly phosphorylates tyrosine residues on
CDKI, thereby inactivating it and effectively indu-
cing cell cycle arrest at the G2-M transition [40].
Similar to CHKI, this protein is essential for
tumor cells to induce cell cycle arrest when pre-
sented with DNA damage. In addition, high WEE1
expression increases with melanoma tumor pro-
gression and is associated with a shorter relapse-
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free period [41]. WEEI expression is also linked to
a positive correlation with thicker primary tumors,
ulceration, and poor disease-free survival in
patients with melanoma [41]. For these reasons,
WEEL inhibitors are actively being researched as
synthetic lethal drugs in melanoma therapy.

Inhibition of WEEL has been shown to reduce
melanoma cell viability by promoting DNA
damage and apoptosis [41]. This is likely due to
the accumulation of endogenous DNA damage
manifesting in aberrant mitosis, as WEE1 inhibi-
tion prevents cell cycle arrest and DNA damage
repair. Indeed, administration of WEE1-targeted
miRNA (miR-195) in combination with the che-
motherapy doxorubicin significantly reduced
stress-induced G2-M cell cycle arrest, which was
restored by stable overexpression of WEE1 [42]. In
addition, a selective WEE1 inhibitor pyridopyrimi-
dine molecule known as PD0166285 (Figure 2)
was shown to abrogate the G2-M checkpoint, lead-
ing to p53-dependent radiosensitization in ovarian
and colon cancer cell lines, as well as melanoma
cell death in a murine model [43,44].

Another small molecular inhibitor of WEE1
known as adavosertib (MK-1775, AZD-1775;
Figure 2) has been shown to selectively sensitize
p53-deficient lung, breast, and prostate cancer cell
lines to several DNA-damaging agents and radia-
tion therapy and work synergistically with these
agents in suppressing tumor growth in vivo while
sparing p53-proficient cells [45,46]. Accordingly,
a phase I clinical trial reported the safety and
tolerability of adavosertib in monotherapy and as
an adjunct to chemotherapy in patients with
refractory solid tumors, including melanomas
[47]. A recent clinical trial has also shown the
increased efficacy of adavosertib in combination
with gemcitabine and radiation in newly diag-
nosed, advanced pancreatic cancer when com-
pared to gemcitabine and radiation alone [48]. In
addition, several clinical trials are currently
recruiting patients for combination treatment of
a WEEL inhibitor with different chemotherapies in
various cancers, but it has not yet been tested in
the treatment of melanoma.

Despite the potential strengths of this form of
therapy, attempts to achieve synthetic lethality
through WEE1 inhibition have yielded controver-
sial results. It has also been reported that miR-195
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administration increased melanoma proliferation
[42]. In addition, preclinical data have suggested
that WEEL is downregulated in melanoma metas-
tases as compared with primary melanoma [19].
Correspondingly, miR-195 overexpression also
enhanced migration and invasiveness of mela-
noma cells [42]. This may indicate that WEEI
may have secondary effects outside of impeding
the G2-M transition, including inhibiting propa-
gative and/or migratory signaling. These studies
could also be the result of inadequate administra-
tion of exogenous DNA damage, which would lead
to unrestricted proliferation without a need to
repair DNA damage and induce cell cycle arrest.
Regardless, more research is needed to delineate
the positive and negative effects of WEE1 inhibi-
tion alone and in combination with other cyto-
toxic agents in vivo.

Combination of CHK1 and WEE1 inhibition

Recently, WEE1 inhibitors have been utilized in
combination with CHKI1 inhibitors to combat
tumor growth. AR458323, a CHK1 inhibitor
(Figure 2), was utilized in a combination siRNA
screen of 195 different genes involved in the cell
cycle and DNA repair to determine any synergistic
anti-cancer effects in prostate and lung cancer
lines. The most prominent synergistic effect was
the combination of the CHKI inhibitor and
a WEEl siRNA [49]. Combined treatment of
CHK1 and WEELI inhibitors have since yielded
synergistic antitumor effects in head and neck
cancer, ovarian cancer, mantle cell lymphoma,
and neuroblastoma [50-53]. Low dose CHK1 inhi-
bition and gemcitabine combined with hhigh-dose
WEELI inhibition have also been shown to syner-
gistically suppress pancreatic adenocarcinoma
growth while maintaining tolerability by limiting
toxic adverse effects [54].

The synergistic effect of combined CHK1 and
WEE] inhibition was also seen in vitro in malig-
nant melanoma cells with the small-molecule inhi-
bitors AZD7762 and adavosertib. Concurrent
treatment decreased cellular viability and increased
apoptosis as a result of the accumulation of DNA
damage and premature mitosis of S-phase cells
[55]. In addition, combined treatment reduced
spheroid growth and led to greater tumor growth

inhibition in melanoma xenografts compared to
either inhibitor used as single agents [55].
Importantly, combination treatment of these two
inhibitors was found to be equally effective in
BRAF-inhibitor  sensitive, naturally ~BRAF-
inhibitor resistant, and treatment-induced BRAF-
inhibitor resistant melanoma cell lines [56]. This
combined treatment did not require an external
source of DNA damage and very modestly affected
normal fibroblast and melanocyte cell lines, and
therefore suggests a low risk of adverse effects
in vivo. The absence of a requirement for adjunc-
tive chemotherapy and restriction of off-target
effects bodes well for the future development of
this combination therapy in the treatment of
malignant melanoma, for which there are very
few effective treatments.

More research must be done to elucidate the
synergistic effects and potential adverse events of
combination CHK1 and WEEI inhibition in mel-
anoma therapy. For example, although many stu-
dies have shown that CHK1 and WEEI inhibitors
each induce selective p53-deficient cell death due
to abrogation of the G2-M checkpoint, other stu-
dies have shown that combination therapy of dual
CHK1 and WEELI inhibition exerted their cyto-
toxic effects independently of p53 status [51,53].
This could mean that combined CHK1 and WEE1
inhibition could exert detrimental off-target effects
in healthy cells. Future studies should look into the
safety and tolerability of combined CHKI1 and
WEE1 inhibition, although no clinical trials are
currently researching this promising dual therapy
in any cancer type.

MK2 inhibition

MAP kinase-activated protein kinase 2 (MK2) is
a serine/threonine kinase activated by p38 MAPK
that is involved in several cellular processes
including inflammatory response and cellular pro-
liferation. It has also been shown that the G2-M
transition is directly mediated by MK2 inhibition
of CDC25B in the context of DNA damage or
stress, similarly to CHK1 [57]. However, MK2
activation in response to low-dose chemotherapy
was independent of CHKI activation (and vice-
versa), suggesting that targeting the p38 MAPK/
MK?2 pathway may add to the synergistic lethality



of CHKI1 inhibition [58]. Indeed, CHK1 inhibition
has been shown to work synergistically with inhi-
bition of MK2, as combination therapy in BRAF-
mutant lung adenocarcinoma and KRAS-mutant
pancreatic adenocarcinoma cell lines leads to
mitotic catastrophe and massive apoptosis,
whereas single-agent treatment did not result in
any significant cytotoxicity [32]. MK2 inhibition
has also been shown to selectively target p53-
deficient mouse embryonic fibroblasts (MEFs) in
combination with low-dose chemotherapy and
spare p53-proficient cells, suggesting that this ther-
apy may have very little adverse effects [58]. This
study also showed that the known CHK1 inhibitor
UCN-01 also potently inhibits MK2, suggesting
that its efficacy is due to the dual inhibition of
both pathways [58].

Clinical trials have focused largely on the inhi-
bition of p38 MAPK in order to reduce down-
stream activation of MK2. A recent phase 1b/2
clinical trial of the p38 MAPK inhibitor ralimeti-
nib (LY2228820; Figure 2) in combination with
gemcitabine and carboplatin in patients with ovar-
ian cancer showed a modest improvement in pro-
gression-free survival [59]. The CHK1 and MK2
dual inhibitor UCN-01, although well tolerated,
did not show any clinical benefit in the treatment
of metastatic melanoma in a phase II clinical trial
[60]. More research will need to be done regarding
MK?2 inhibition with adjunctive therapies in order
to determine if this therapy could be utilized to
achieve synthetic lethality in melanoma.

HDAC inhibition

Histone deacetylases (HDACs) remove acetyl
groups from lysine residues of exposed histone
tails. This process alters chromatin structure,
thereby changing the transcription levels of nearby
genes and contributing to the downregulation of
several cell cycle regulators and tumor suppres-
sors. HDACs also reverse the deactivation of non-
histone substrates, such as heat shock protein 90
(HSP90) and nuclear factor kappa B (NF-kB), both
of which have prominent tumor-promoting effects
[61]. Correspondingly, HDACs are overexpressed
in malignant melanomas and confer enhanced
resistance to typical therapies [62]. Indeed, siRNA-
mediated knockdown of HDACI led to cell cycle
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arrest in G1, mitotic catastrophe, and apoptosis in
human osteosarcoma cell lines [63]. Therefore,
research has recently focused on histone deacety-
lase inhibitors (HDACIs), such as valproic acid
and trichostatin A, as potential anti-tumor
therapies.

In addition to increasing the transcription of
vital tumor suppressor genes such as p2I and
pl6, HDAC inhibition through treatment of aze-
laic bishydroxamic acid (ABHA; Figure 2) has
been shown to induce the loss of the G2-M transi-
tion in tumor cells, whereas healthy cells exhibit
cell cycle arrest [64]. Loss of this G2-M checkpoint
results in aberrant mitosis, fractured multinuclei
and micronuclei, and eventually cell death in mel-
anoma cells, while sparing normal neonatal fore-
skin fibroblasts [64]. The researchers confirmed
that the killing of the tumor cells was specifically
due to HDAC inhibitor-induced uninterrupted
progression through the G2-M checkpoint by
pharmacologically inducing the G2-M checkpoint,
thereby saving the tumor cells [64]. These results
were also reproduced with several other HDAC
inhibitors with similar results, as tumor cells
experienced failure of chromosomal pairing before
mitosis, leading to incorrect segregation of chro-
mosomes and apoptosis [65]. One of the main
benefits of HDAC inhibitor treatment is the obvia-
tion of an external stressor, such as chemotherapy
or radiation, as cell death is caused by endogenous
stresses [66].

HDAC inhibitors have been proposed as a novel
anti-cancer drug, but there are drawbacks with the
institution of this therapy in a clinical setting.
HDACs have a wide range of downstream effec-
tors, and therefore HDAC inhibition may have
unintended consequences outside of tumor growth
repression. Indeed, the most common HDAC
inhibitors under preclinical and clinical evaluation
are broad-spectrum and nonselective [61]. Normal
cells also require a balance of histone acetylation
and deacetylation for properly functioning cellular
processes, and disturbances of this balance may be
detrimental to the overall health of the patient. In
addition, HDAC inhibitors have not yet been
demonstrated to work in vivo against melanoma,
which is notoriously resistant to most cancer
therapies. Combination therapy is likely a future
direction for research of HDAC inhibitors, but
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interactions with other ssmall-molecule inhibitors
and cytotoxic agents have not yet been fully
elucidated.

Conclusion and future directions

The G2-M transition is a promising target for
synthetic lethality in melanoma (Figure 1).
However, there are some drawbacks with this
form of treatment. The requirement for p53-
deficiency for lethality allows for selective targeting
of tumor cells, but also offers no therapeutic ben-
efits for melanomas that have not lost G1-S check-
point functionality. This requires tumor genome
sequencing and institutionalization of personalized
medicine, which can be cost-ineffective. In addi-
tion, off-target effects and toxicity associated with
combination therapies using cell cycle inhibitors
must be more thoroughly researched during devel-
opment of novel therapies in order to determine
whether they can be used in a clinical setting.
Furthermore, “modulator” drugs, such as CHKI
and WEE1 inhibitors, that only function by
enhancing or synergizing with chemotherapy or
other treatments are typically overlooked in drug
development as funding is not sufficient [67].

Because of the G1-S checkpoint loss in many
melanomas, achieving synthetic lethality in mela-
noma may be best accomplished by targeting the
G2-M checkpoint. Importantly, this form of ther-
apy provides selective targeting of p53-deficient
cells, thus sparing healthy cells and leaving mini-
mal detrimental side effects in patients. In addi-
tion, ssmall-molecule inhibitors of the G2-M
checkpoint have been shown to function in coor-
dination, and sometimes synergistically, with stan-
dard treatments of chemotherapy, radiation, and
BRAF inhibitors. This treatment may also be
a viable alternative to BRAF inhibition in mela-
noma after acquiring resistance to the drug, an
important feature considering most melanomas
eventually develop resistance at some point.

Still, there is still much research to be done
regarding manipulation of the G2-M checkpoint
to achieve synthetic lethality in melanoma.
Inhibition of the G2-M checkpoint may be
a sound strategy, but results may not be as pro-
mising in a clinical setting. For this reason,
determining the most effective and lowest risk

combination therapy of ssmall-molecule inhibi-
tors and DNA-damaging agents may very well be
the next step in this field. In addition, because
the loss of the G1-S transition via deregulation of
p53 is characteristic of most cancers, the strate-
gies of synthetic lethality demonstrated in this
review may also apply to other cancers. More
research is required to fully understand the
breadth of effectiveness of facilitating the G2-M
transition in tumor cells. Synthetic lethality is
a quickly growing field in cancer biology, and
targeting the G2-M transition may be another
tool in the arsenal of melanoma repression.
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