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Recently, the focus of enhancing tumor radiosensitivity has shifted from chemotherapeutics to targeted therapies. Cyclin-
dependent kinase 4 and 6 (CDK4/6) inhibitors are a novel class of selective cell cycle therapeutics that target the cyclin D-
CDK4/6 complex and induce G1 phase arrest. These agents have demonstrated favorable effects when used as
monotherapy or combined with endocrine therapy and targeted inhibitors, stimulating further explorations of other
combination strategies. Multiple preclinical studies have indicated that CDK4/6 inhibitors exhibit a synergistic effect with
radiotherapy both in vitro and in vivo. The principal mechanisms of radiosensitization effects include inhibition of DNA
damage repair, enhancement of apoptosis, and blockade of cell cycle progression, which provide the rationale for clinical
use. CDK4/6 inhibitors also induce cellular senescence and promote anti-tumor immunity, which might represent
potential mechanisms for radiosensitization. Several small sample clinical studies have preliminarily indicated that the
combination of CDK4/6 inhibitors and radiotherapy exhibited well-tolerated toxicity and promising efficacy. However,
most clinical trials in combined therapy remain in the recruitment stage. Further work is required to seek optimal
radiotherapy-drug combinations. In this review, we describe the effects and underlying mechanisms of CDK4/6 inhibitors
as a radiosensitizer and discuss previous clinical studies to evaluate the prospects and challenges of this combination.

Background

Radiotherapy is one of the most important local control
methods of malignant tumors. Approximately 50% of can-
cer patients receive radiotherapy during the treatment
process [1]. However, the radioresistance of tumor cells
limits the ability to reach a curative dose of radiation,
which reduces radiotherapy efficacy and is more likely to
cause local failures [1, 2]. Substantial efforts have been
made to improve the radiosensitivity via various types of
radiation modulators. The early-stage radiosensitizers are
mostly chemotherapeutic agents, such as cisplatin and 5-
fluorouracil, which have been demonstrated to enhance
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radiosensitivity in head and neck squamous cell carcinoma
(HNSCC), nasopharyngeal carcinoma (NPC), and gastro-
intestinal cancers [3]. These chemotherapeutics exhibit
radiosensitization effects by increasing radiation damage
and inhibiting DNA repair process [4, 5]. However, due to
the non-specific effects of chemotherapeutics, chemoradi-
ation therapy increases the radiation toxicity of normal tis-
sues as well [1]. Given the rapid development of targeted
therapies, numerous studies of specific radiosensitizers are
underway. CDK4/6 inhibitors are a novel class of selective
cell cycle therapeutics that target the cyclin D-CDK4/6
complex and suppress activation of the downstream RB-
E2F pathway, thereby blocking cell cycle progression and
inhibiting the tumor cell proliferation [6—8]. Multiple pre-
clinical studies have demonstrated the radiosensitization
effects of CDK4/6 inhibitors in various cancer types. In
this review, we focus on the molecular basis and the
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underlying mechanisms regarding the efficacy of CDK4/6
inhibitors with radiotherapy to provide a strong rationale
for clinical utilization of the combined therapy.

Overview of CDK4/6 inhibitors

Role of CDK4/6 in G4-S transition

CDK4/6 plays a critical role in the G;-S checkpoint, which
governs genome replication in the cell cycle [9, 10] (Fig. 1).
From the classical view, the retinoblastoma (RB) protein, as
a negative cell cycle regulator, binds to the transcription
factor E2F to repress the transcriptional activity in the early
G; phase [9, 11]. Mitogenic stimuli induce increased ex-
pression levels of D-type cyclins, which form complexes
with CDK4/6 to phosphorylate RB [9]. Hypophosphory-
lated RB partially relieves the inhibitory control of the E2F
transcription factor family; promotes the expression of E2F
target genes, such as cyclin E; and facilitates the G; phase
progression [9, 11, 12]. In the late G, phase, CDK2 is acti-
vated as cyclin E levels increase. The continuous formation
of the cyclin E-CDK2 complex hyperphosphorylates and
inactivates RB proteins, which results in the release of E2F
transcription factors, initiation of transcription, and
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increased expression of S phase genes [9, 12]. Thereby, the
cell cycle proceeds from the late G; to S phase normally.
During the G;-S transition, CDK4/6 activity is regulated by
Cip/Kip (p21°P*, p27%!, and p57"%%) family and Ink4
family (p16™*2, p15™ ", p18™* and p19™“%) proteins.
The Cip/Kip family broadly inhibits the cyclin-CDK com-
plex activity, also known as pan-CDK inhibitors [10, 12].
Conversely, Ink4 family proteins specifically bind to
CDK4/6 to inactivate the kinase, thus inducing the inhib-
ition of RB phosphorylation and blockade of cell cycle pro-
gression [8, 9, 13]. CDK4/6 inhibitors exert similar tumor-
suppressing functions as Ink4 family members [12]. All
three CDK4/6 inhibitors bind to the ATP domain of
CDK4/6, but their targets are slightly different [14] (Fig. 2).

Therapeutic applications of CDK4/6 inhibitors

The cyclin D-CDK4/6-RB pathway is frequently dysregu-
lated in many cancers [12]. Moreover, increased levels of
D-type cyclins and CDK4 are commonly observed [15-17],
which makes inhibitors targeting the cyclin D-CDK4/6-RB
pathway ideal candidates for cancer therapeutics. When
used as monotherapy, CDK4/6 inhibitors exhibit certain
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Fig. 1 Physiological functions and regulation of the cyclin D-CDK4/6 complex. Cyclin D-CDK4/6 complex facilitates G;-S transition. In the early G,
phase, mitogenic signals stimulate the accumulation of D-type cyclins and induce the formation of the cyclin D-CDK4/6 complex, which
phosphorylates RB. Once hypophosphorylated, RB is prepared for hyperphosphorylation by the increased levels of the cyclin E-CDK2 complex.
The transcription factor E2F is released from the RB-E2F complex due to the lack of the inhibitory effects of RB, enabling cells to proceed into S
phase. Cyclin D-CDK4/6 activity is also regulated by mTORC1 and Ink4 family proteins. The PI3K and RAS pathway phosphorylate TSC2 to enhance
mTORCI1 activity, thus increasing cyclin D1 levels. Conversely, Ink4 family proteins inactivate the kinase to block cell cycle progression
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Fig. 2 Specific targets of CDK4/6 inhibitors. CDK4/6 inhibitors specifically bind to CDK4/6, thus inducing G; phase arrest. Although these
inhibitors perform the same function in cell cycle progression, their targets are slightly different. Palbociclib inhibits cyclin D1-CDK4, cyclin D2-
CDK6, and cyclin D3-CDK4. Ribociclib targets cyclin D1-CDK4 and cyclin D3-CDK6é. Abemaciclib targets cyclin D1-CDK4/6
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efficacy in solid tumors, such as non-small cell lung cancer
(NSCLC) [18, 19] and mature teratoma [20]. Moreover,
CDK4/6 inhibitors in combined therapies displayed better
prospects. Palbociclib, ribociclib, and abemaciclib have been
approved by the Food and Drug Administration for
advanced hormone receptor-positive (HR+) breast cancer
patients when combined with letrozole or fulvestrant [12,
13]. The combinatorial strategy presented a substantial im-
provement in progression-free survival with a well-tolerated
toxicity profile in multiple clinical trials [21-26]. The com-
bination of CDK4/6 inhibitors and other targeted drugs also
shows promising prospects. PI3K-AKT-mTOR and RAS-
RAF-MEK-ERK pathway inhibitors both exhibit synergistic
tumor suppression effects with CDK4/6 inhibitors in many
preclinical models [27-32]. An important mechanism is
that activation of oncogenic PI3K and RAS pathways is
correlated with the cyclin D-CDK4/6 complex [8, 33]. RAS
pathway drives CCND1 mRNA transcription and enhances
cyclin D-CDK4/6 activity [34]. Hence, PI3K and RAS
pathway inhibitors in combination with CDK4/6 inhibitors
produce a double-hit on cyclin D-CDK4/6 activity [9].
Moreover, CDK4/6, PI3K, and RAS pathways intersect via
tuberous sclerosis complex 2 (TSC2)(Fig. 1), which is a
negative regulator of mammalian target of rapamycin com-
plex 1 (mTORC]1) [9, 33]. The PI3K and RAS pathway acti-
vate mTOR signaling through phosphorylating TSC2, and
CDK4/6 can directly bind to and phosphorylate TSC2 [33,

35]. Therefore, co-inhibition of the PI3K or RAS pathway
with the CDK4/6 pathway leads to a synergistic suppression
of TSC2 phosphorylation and thus decreases mTORC1 ac-
tivity [36]. This action might represent another critical
mechanism for the synergy of CDK4/6 inhibitors with PI3K
or RAS pathway inhibitors.

Although CDK4/6 inhibitors have achieved some clin-
ical success, the lack of predictive biomarkers is a major
obstacle preventing CDK4/6 inhibitors from better effi-
cacy. Currently, a majority of research focuses on the
potential biomarkers of breast cancer, and the HR-
positive status remains the only clinically used bio-
marker. However, HR expression levels as a biomarker
showed no clear survival advantage in the phase III
PALOMA-3 trial [13, 25]. Several potential biomarkers,
such as CCND1, CDKN2A, and RB1, exhibit an associ-
ation with the sensitivity of CDK4/6 inhibitors in pre-
clinical studies [12, 13, 37]. The most reliable of these
biomarkers is RB1 since amplification of CCND1 and
loss of CDKN2A showed no difference in benefit in the
phase II PALOMA-1/TRIO-18 study [38]. Loss of RB1
appears to induce resistance of CDK4/6 inhibitors in
many in vitro studies, but this finding has yet to be con-
firmed clinically [12, 37]. Nevertheless, the lack of RB1
expression is rare in ER-positive breast cancer patients,
leaving no appropriate biomarkers other than the HR
status [39]. However, there are a few ongoing clinical
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trials specifically targeting the molecular drivers of tu-
mors, such as Lung-MAP (NCT02154490) and SIGN
ATURE (NCTO02187783) trials, in which patients are be-
ing allocated based on CCND, CDKN2A, or CDK4 aber-
rations. More data regarding the verification of various
biomarkers will be available after the completion of
these ongoing clinical trials.

Preclinical studies of CDK4/6 inhibitors as
radiosensitizers

In addition to intersecting with ER, PI3K, and RAS path-
ways, the cyclin D-CDK4/6-RB pathway is also involved
in DNA damage repair (DDR) [40], which makes CDK4/
6 inhibitors perfect candidates for tumor radiosensitiza-
tion. Numerous in vitro and in vivo data have validated
the radiosensitization effects of CDK4/6 inhibitors.

In vitro experimental data

CDK4/6 inhibitors enhance the radiosensitivity in multiple
cell lines. The combination therapy significantly inhibits
single-cell colony formation with a sensitizer enhancement

Table 1 In vitro experimental data of radiosensitization effects
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ratio (SER) of 1.1-2.3 (Table 1). The radiosensitization ef-
fect is quite outstanding in malignant brain cancer cell
lines. Two medulloblastoma cell lines, Daoy and ONS-76,
were administered different doses of radiation following 48
h of treatment with palbociclib. The enhancement ratio
ranged from 1.6 to 2.3 at 10% survival [41]. Moreover, the
combination not only decreases colony numbers but also
reduces the tumor sphere formation ability [45]. The tumor
sphere formation ability is associated with cancer stem cell
properties, which includes increased radiation resistance
[50, 51]. Huang et al. [45] reported that the combination of
6 Gy radiation and 5 uM palbociclib dramatically reduced
tumor sphere formation in Huh7 (hepatocellular carcin-
oma, HCC) cells compared to ionizing radiation (IR) alone.
The combined therapy significantly inhibited radiation-
induced cell growth and reduced radiation resistance.
Additionally, although palbociclib, ribociclib, and abe-
maciclib resemble each other structurally, the three drugs
exhibit different radiosensitization effects. Naz et al. [44]
demonstrated that palbociclib and ribociclib failed to pro-
mote radiation sensitivity in H460 (NSCLC) cells when

Human cell line Efficacy with radiotherapy

Authors CDK4/6 inhibitor
Whiteway et al. [41] Palbociclib
Hashizume et al. [42] Palbociclib
Whittaker et al. [43] Palbociclib

Naz et al. [44] Abemaciclib

Tao et al. [30] Palbociclib and Trametinib

Huang et al. [45] Palbociclib
Xie et al. [46] Palbociclib
Gottgens et al. [47] Palbociclib
Tai et al. [48] Ribociclib

Ferndndez-Aroca et al. [49] Palbociclib

Li et al. [50] Ribociclib and CA3

Medulloblastoma SF,

(Daoy) SERyo ° 1.6, SERgo € 1.5
(ONS-76) SERy 2.3, SERsp 2.3
Intracranial ATRT ¢

(BT12) DEF € 1.16-1.60
(BT16) DEF 1.18-1.70
Glioblastoma Colony numbers drop to zero
(GBM-L1, HW1, RN1, BAHT1)

NSCLC DMF 1.30-1.71
(A549, H460, H820, H1975)

NSCLC Cell survival fraction |

(A549, H460)

HCC (Hep3B, Huh?)
CCA 9 (HuCCT)

NPC
(CNE-1)
(CNE-2)

HNSCC
(UT-SCC-24A)

HNSCC
(OML1, OML1-R)

Breast cancer (MCF-7)
Lung cancer (A549)
Colorectal cancer (HCT116)

EAC P
(Flo-1 XTR)

Apoptosis 1

Tumor sphere numbers |
Colony numbers |

Sk
SER 1.118-1475
SER 1.10-1.20

SER 1.36-1.60
Colony numbers |

Cell viability |

Cell survival fraction |

Colony numbers |

@ SF,, survival fraction at 2 Gy

b SER, o, sensitizer enhancement ratio at 10% survival
€ SERs, sensitizer enhancement ratio at 50% survival
@ ATRT, atypical teratoid rhabdoid tumor

€ DEF, radiation dose enhancement factor

f DMF, radiation dose modifying factor

9 CCA, cholangiocarcinoma

" EAC, esophageal adenocarcinoma
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added either pre- or post-IR treatment. In contrast, abe-
maciclib exhibited enhancement of radiosensitivity in the
majority of NSCLC cell lines when added post-IR, includ-
ing H460. CDK4/6 inhibitors probably have different
radiosensitization effects, and the underlying mechanisms
should be assessed in further investigations.

In vivo experimental data

In vivo preclinical studies have further verified the radio-
sensitization effects of CDK4/6 inhibitors, including
prolonging the median survival time, reducing tumor vol-
ume, and delaying tumor regeneration (Table 2). Several
in vivo studies demonstrated that palbociclib in combin-
ation with IR increased the median survival time by 1.2- to
3.3-fold in mice with brain malignancy xenografts [42, 43,
52]. The combined therapy also dramatically reduced the
tumor weight and volume without no obvious systemic tox-
icity as assessed by mouse body weight [30, 45, 50]. The Ki-
67 staining in xenografts was drastically reduced, revealing
the reduction of tumor proliferation [30, 44, 50].

Mechanisms of CDK4/6 inhibitors as
radiosensitizers

Inhibition of DNA damage repair

The impairment of DDR is an essential determinant of
CDK4/6 inhibitor-associated radiosensitization in human
cell lines. IR produces cytotoxic effects on DNA, which
mainly results in DNA single-strand breaks (SSBs) and
double-strand breaks (DSBs) [53]. Unrepaired and
inaccurate-repaired DNA DSBs are the main cause of
radiation-induced cell death [54]. Multiple preclinical
studies have demonstrated that IR increases y-H2AX
and 53BP1 levels in a dose dependent manner and

Table 2 In vivo experimental data of radiosensitization effects
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increases DNA DSBs [30, 42, 44-47]. y-H2AX is one of
the earliest events of DDR with the induction of DSB
[55]. The abundance of y-H2AX foci reaches a peak at
30 min after IR and returns to baseline levels approxi-
mately 24h post-IR [37]. In addition, 53BP1 plays a
similar role to y-H2AX in most cases [45], which is also
a crucial hallmark of IR-induced DSBs [56]. Naz et al.
[44] investigated y-H2AX foci in H460 and H1299
(NSCLC) cells following 7.5 Gy irradiation. The y-H2AX
level rapidly increased in H460 (7.9-fold) and H1299
(6.7-fold) cells 0.5 h after IR compared to untreated con-
trol. Additional studies also demonstrated that various
post-irradiated cell lines showed substantial increases in
y-H2AX and (or) 53BP1 foci, which eventually led to in-
creased DSBs [37, 42, 4547, 49].

y-H2AX and 53BP1 levels decrease over time, reflect-
ing the dynamic process of DDR. The combination of IR
and CDK4/6 inhibitors causes marked retention of y-
H2AX and (or) 53BP1 levels, thus delaying DSB repair
to enhance radiotherapy efficacy [42, 44—47]. With 7.5
Gy and 10pM abemaciclib, y-H2AX levels were in-
creased 3.92-fold at 24 h in H460 cells. However, the
levels were only 0.97-fold in H1299 cells (radiation-re-
sistant), which was basically equivalent to the level be-
fore irradiation [44]. Huang et al. [45] reported similar
findings in HuCCT1 (CCA), Huh7, and Hep3B (HCC)
cells. These post-IR cells treated with 5pM palbociclib
sustained higher levels of y-H2AX and 53BP1 at 24 h
compared with DMSO-treated cells. Several other stud-
ies also supported this view that CDK4/6 inhibitors ex-
hibited cellular radiosensitivity by increasing unrepaired
DSBs and inducing the delayed repair kinetics of DSBs
[42, 46, 47].

Efficacy with radiotherapy

Authors CDK4/6 inhibitor Xenograft
Hashizume et al.  Palbociclib Intracranial ATRT
[42] (BT12)
(BT16)
Glioblastoma
(GBM43)
Whittaker et al. Palbociclib Glioblastoma
[43] (RNT)
Naz et al. [44] Abemaciclib NSCLC
(H460)
Tao et al. [30] Palbociclib and NSCLC
Trametinib (A549)
Huang et al. [45]  Palbociclib HCC
(Huh?)
Li et al. [50] Ribociclib and CA3 EAC
(Flo-1 XTR)
Barton et al. [52]  Palbociclib Ink4a-ARF- deficient BSG * mouse

model

Median survival time increased by 24 to 26 days (1.4-fold)
Median survival time increased by 31.5 to 34.5 days (3.3-fold)
Median survival time increased by 10 to 13.5 days (1.6-fold)

Median survival time increased by 8 days

Tumor regrowth delay 8 and 9 days, inhibit IR-induced tumor
vasculogenesis

Tumor volume |
Proliferation |
Apoptosis 1

Tumor volume |
Tumor weight |

Tumor volume |
Tumor weight |

Median survival time increased by 10 days (19%)

@ BSG, brainstem glioma
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The combination of CDK4/6 inhibitors and IR not
only increases DSBs and delays the DSB repair but also
causes homologous recombination (HR) deficiency by
decreasing the expression of Rad51 and ataxia telangi-
ectasia mutated (ATM) kinase [57]. HR and non-
homologous end joining (NHE]) are the two principal
pathways in DSB repair, and the latter plays a dominant
role in IR-induced DDR [55, 58]. The DNA recombinase
Rad51 is a pivotal component of the HR pathway, and
the fraction of Rad51 foci increases during the HR
process [47]. ATM kinase, the upstream regulator of
Rad51, is activated to enhance HR in response to DSBs
[55, 57]. In UT-SCC-24A (HNSCC) cells, palbociclib
combined with IR reduced the expression of Rad51 ap-
proximately 3.5-fold [47]. Palbociclib also impaired
ATM kinase activation by reducing phosphorylation of
ATM kinase and its downstream targets with 10 Gy ir-
radiation in both HCC and CCA cells [45]. However,
impairment of the HR pathway appeared to be
dependent on a functional p53 or RB status. Abemaciclib
and IR decreased the formation of Rad51 foci markedly
in H460 (p53-proficient) cells. Nevertheless, no signifi-
cant changes were observed in H1299 (p53-deficient)
cells [44]. A possible explanation was that p53 is a key
effector in IR-induced cellular response and the lack of
p53 was associated with increased radioresistance [59].
This hypothesis was confirmed by Fernandez-Aroca
et al. [49], who reported that p53 was a critical deter-
minant of palbociclib-associated radiosensitivity. Dean
et al. [37] shared similar findings in breast cancer given
that the response of Rad51 to palbociclib with IR pre-
sented in an RB-dependent manner. Palbociclib pretreat-
ment led to complete inhibition of Rad51 foci
accumulation in MDA-MB-231 and Hs578t (RB-profi-
cient) cells but not in MDA-MB-468 (RB-deficient) cells.
Furthermore, 500 nM palbociclib caused an approxi-
mately 60% decrease in HR-mediated DSB repair and
2.5-fold increase in relative NHE] activity, indicating
that CDK4/6 inhibition augmented NHE] efficiency
[37]. However, current data are not available to dem-
onstrate that CDK4/6 inhibitors with IR enhance
NHE] activity while weakening the HR efficiency.
More studies are currently underway to elucidate this
relationship.

Enhancement of apoptosis

As mentioned above, radiotherapy induces massive
DSBs. As the intracellular stimulus, IR-induced DNA
damage mediates most radiosensitivity-associated pro-
apoptotic effects [60]. Several preclinical studies investi-
gated apoptotic changes in combined therapy. Huang
et al. [45] showed that 8 Gy irradiation plus 20 pM pal-
bociclib resulted in remarkably increased DNA fragmen-
tations (a hallmark of apoptosis) in HCC and CCA cells
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compared with monotherapy. Another study also
reached similar conclusions in NPC cells, demonstrating
that palbociclib treatment after irradiation prominently
elevated the proportion of apoptotic cells in comparison
with IR alone (CNE-1, 19.6% versus 10.685%; CNE-2,
21.655% versus 12.635%). Mechanistically, they demon-
strated that the combination augmented the mitochon-
drial reactive oxygen species (ROS) level, which is
regarded as an apoptosis mediator in radiotherapy or
chemotherapy, thus enhancing apoptosis [46]. Interest-
ingly, Hagen et al. [61] reported that palbociclib induced
anti-apoptosis effects in irradiated MCF10A (normal hu-
man mammary epithelial celll and MDA-MB-231
(triple-negative breast cancer, TNBC) cells by reducing
cleaved PARP levels. The reason why the investigators
reached the opposite conclusion remains unclear, but
the radiotherapy-drug combination strategy and the p53
status of different cell lines could be an explanation.

Blockade of cell cycle progression

Another critical determinant of radiosensitivity is cell
cycle arrest since CDK4/6 inhibitors induce significant
G;-S arrest [11]. Meanwhile, G,-M phase cells are the
most sensitive to radiation [4]. Tai et al. [48] found that 4
Gy irradiation in combination with ribociclib caused evi-
dent G;-S arrest in HNSCC cells as the ratio of OML1
cells in the G; phase increased from 48.6 to 69.4% after
treatment and similar effects were observed in radioresis-
tant OMLI1-R cells. Xie et al. [46] demonstrated that con-
current palbociclib with IR and radiotherapy followed by
palbociclib in NPC cells conspicuously increased the G,-
M cell proportion and decreased radioresistant G; cells,
suggesting that the combination therapy also caused G-
M arrest. Furthermore, the combined regimens not only
blocked G;-S and G,-M checkpoint but also suppressed
mitosis. Gottgens et al. [47] investigated the changes in
phosphorylated histone 3 (p-H3) at Serl0 in UT-SCC-
24A (HNSCC) cells in response to IR and palbociclib.
Phospho-H3 (Ser10) is associated with chromosome con-
densation, which is a major event during mitosis [62].
After IR alone, p-H3 (Serl10) levels dropped rapidly and
returned to normal at 24 h. In contrast, p-H3 (Ser10) de-
pleted quickly without rebound after combing palbociclib
and IR, indicating a decreased number of mitotic cells and
inhibition of mitosis. Intriguingly, Hagen et al. [61] re-
ported that knockdown of CDK4 did not affect cell cycle
as no marked changes in cell cycle distribution were ob-
served after IR in shCDK4 cells. A possible explanation is
that silencing CDK4 and CDK4/6 inhibitors display differ-
ent outcomes in terms of cell cycle progression. In gen-
eral, CDK4/6 inhibitors in combination with IR provide a
strong blockade of cell cycle progression, which is a crit-
ical mechanism of radiosensitivity.
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Other potential mechanisms

In addition to the classic radiosensitization mechanisms
mentioned above, CDK4/6 inhibitors also induce other bio-
logical phenotypes, providing mechanistic foundations for
the combination of CDK4/6 inhibitors and radiotherapy.

First, long-term exposure to CDK4/6 inhibitors in-
duces the cellular senescence phenotype in many cancer
cell lines, such as breast cancer [63], neuroblastoma [64],
and melanoma [65]. It is not surprising as CDK4/6 in-
hibitors play a similar role to p16™?, and the p16™*-
RB pathway is one of the most important mechanisms of
cellular senescence [66, 67]. Persistent CDK4/6 inhib-
ition suppresses RB phosphorylation and downstream
transcription activities to induce an irreversible arrest of
cell proliferation, which is also known as cellular senes-
cence [68, 69]. After 8 days exposure of palbociclib, the
fraction of senescence-associated -galactosidase (SA-f-
gal)-positive cells was significantly increased in 1205Lu
(melanoma) cells [65]. Ribociclib also yielded similar re-
sults in neuroblastoma cell lines [64]. On the other
hand, radiotherapy triggers premature senescence in
solid tumor cell lines [70]. This finding is attributed to
the fact that IR causes massive lesions in DNA, therefore
activates the ATM-Chk2-p53-p21 axis (senescence-asso-
ciated DDR pathway), leading to persistent cell cycle ar-
rest and cellular senescence [68]. In addition, 8 or 10 Gy
irradiation accelerated cellular senescence in TP53 wild-
type tumor cell lines based on increased SA-B-gal posi-
tivity [70, 71]. Accordingly, radiotherapy and CDK4/6
inhibitors may synergistically induce tumor cell senes-
cence and further inhibit tumor progression.

Senescent cells secrete inflammatory cytokines, che-
mokines, and growth factors, which collectively comprise
the the senescence-associated secretory phenotype
(SASP) [67, 68]. After treatment with palbociclib for 8
days, SASP components, such as interleukin-6 (IL-6),
interleukin-8 (IL-8), and chemokine (C-X-C motif) lig-
and 1 (CXCL1), secreted by 1205Lu cells substantially
increased [65]. Furthermore, radiation triggers the re-
lease of cytoplasmic DNA and activates the cyclic GMP-
AMP synthase (cGAS)-stimulator of interferon genes
(STING) pathway, which plays a pivotal role in SASP
production [72, 73]. Thus, the combination of CDK4/6
inhibitors and radiation could theoretically induce SASP,
which affects the immune response [72]. On one hand,
SASP recruits immune cells to stimulate the adaptive
immune response and eliminate senescent tumor cells.
On the other hand, SASP also attracts immunosuppres-
sive cells and creates a protumorigenic environment
[72]. Although SASP is usually regarded as a “double-
edged sword”, it still provides a novel perspective for
radiosensitization mechanisms. Thus, the combination
of CDK4/6 inhibitors and radiotherapy may exert radio-
sensitization effects through immunomodulation.
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Indeed, several investigators have demonstrated that
CDK4/6 inhibitors exhibited direct immunostimulatory
effects in both tumor and immune cells [74]. In tumor
cells, CDK4/6 inhibitors suppressed the RB-E2F-
DNMT1 axis, which activated endogenous retroviral ele-
ments and increased double-stranded RNA levels. This
action subsequently induced a type III interferon re-
sponse and upregulated tumor antigen presentation [75].
On the other hand, radiotherapy enhances MHC class I
expression by activating the mTOR pathway [76]. More-
over, radiation elicits activation of dendritic cells (DCs)
and enhances cross-presentation of tumor antigens [73,
76]. Gupta et al. [77] reported that the expression of
CD70 and CD86 (co-stimulatory molecules) on DCs was
significantly increased after 10 Gy irradiation. In immune
cells, CDK4/6 inhibitors promoted T cell activation via
enhancing nuclear factor of activated T cells (NFAT)
transcriptional activity and interleukin-2 (IL-2) produc-
tion [78, 79]. On the other hand, radiation-induced T
cell activation has been demonstrated in several preclin-
ical studies, which is mediated by the induction of viral
mimicry and activation of the cGAS-STING pathway
[80-82]. Although IR recruits regulatory T cells (Treg)
and other immunosuppressive cells to the tumor micro-
environment, CDK4/6 inhibitors markedly reduce the
proliferation of Tregs [75]. Collectively, CDK4/6 inhibi-
tors and radiotherapy may synergistically exert an anti-
tumor immune response by enhancing antigen presenta-
tion capacity and T cell activation. These potential
mechanisms offer new perspectives for future explor-
ation. The combination of CDK4/6 inhibitors and radi-
ation may not only improve local tumor control but also
enhance systemic disease control, providing the possibil-
ity for the triplet combination of CDK4/6 inhibitors,
radiotherapy and immunotherapy.

Clinical studies of CDK4/6 inhibitors in
combination with radiotherapy

Multiple preclinical data suggest a potential synergistic ef-
fect when CDK4/6 inhibitors and radiotherapy are admin-
istered concurrently. However, safety and efficacy still
require further investigations. Currently, there are six on-
going clinical trials (Table 3) as well as several small sam-
ple clinical studies (Table 4), which mostly target HR+/
HER2- metastatic breast cancer (MBC) patients. The pre-
liminary results [83—86] propose that no significantly in-
creased toxicity is observed, indicating that the combined
therapy is promising as a novel strategy. Ippolito et al. [84]
reported that hematological toxicity neutropenia is most
common among all adverse events. In total, 60% of pa-
tients experienced grade 3 or greater neutropenia before
combination treatment, suggesting that we should care-
fully evaluate previous toxicity to prevent reoccurrence.
Figura et al. [85] retrospectively analyzed 42 lesions in 15
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Table 3 Clinical trials with CDK4/6 inhibitors in combination with IR

Cancer Type Phase Arm n Status NCT

HGG 2, DIPG®, bithalamic HGG I/l Ribociclib + IR 24 Active, not recruiting NCT02607124
Glioma (HGG, DIPG et al) | Ribociclib + Everolimus + IR 24 Recruiting NCT03355794
Locally advanced HNSCC /1l Palbociclib + Cetuximab + IMRT © 33 Recruiting NCT03024489
HPV-unrelated HNSCC Il Palbociclib + Cetuximab or Cisplatin + IMRT 29 Recruiting NCT03389477
Bone metastatic breast cancer Il Palbociclib + Hormone therapy + IR 42 Recruiting NCT03691493
(HR+/HER2-)

Metastatic breast cancer (HR+/HER2-) Il Palbociclib + Letrozole + SBRT ¢ 204 Not yet recruiting NCT04220476

? HGG, high-grade glioma

b DIPG, diffuse intrinsic pontine glioma

€ IMRT, intensity-modulated radiation therapy
9 SBRT, stereotactic body radiation therapy

brain MBC patients. Two lesions (5%) developed radiation
necrosis, and both of them underwent four previous RT
courses before the occurrence of radionecrosis, indicating
the significance of cautious assessment of the treatment
plan margins. Chowdhary et al. [86] reported that con-
comitant treatment with palbociclib and RT resulted in
grade 1 or 2 toxicity and notably relieved pain. Also, no
local failure was noted in evaluable follow-up patients.
Given these results, the combined treatment seems well-
tolerated, whereas severe adverse effects may be a concern.
A breast cancer patient with supraclavicular lymph node
metastasis was reported to develop grade 3 radiation
esophagitis and dermatitis after receiving palbociclib with
40 Gy in 20 fractions to the left neck [87]. Another case
was a breast cancer patient with bone metastases at the left
iliac bone and first sacral vertebrae. This patient experi-
enced radiation-induced grade 3 enterocolitis after admin-
istration of palbociclib and 30 Gy in 10 fractions to pelvic
bones, which might be related to the over-sensitization
after palbociclib administration [88]. Hence, combination
therapy should be used cautiously until more data are
available. In addition, the patient’s condition should be

thoroughly evaluated and treated individually before the
utilization of combination regimens.

Conclusions

CDK4/6 inhibitors have greatly changed the treatment
landscape of HR-positive breast cancer patients, stimu-
lating further explorations of combination therapy.
Significant preclinical data have demonstrated the radio-
sensitization effects of CDK4/6 inhibitors via inhibiting
DDR, enhancing apoptosis, and blocking cell cycle pro-
gression. CDK4/6 inhibitors also induce cellular senes-
cence and promote anti-tumor immunity, which might
be potential mechanisms for clinical radiosensitization.
Although several clinical studies have presented well-
tolerated toxicity and promising efficacy for combination
therapy, safety remains a major concern. Radiotherapy is
currently used as palliative treatment in clinical trials,
and most patients have already received irradiation in
previous treatment processes. Therefore, re-irradiation is
likely to cause cumulative toxicity and severe adverse
events. In addition to palliative treatment, radiotherapy
can also be used as a postoperative adjuvant treatment

Table 4 Case reports and clinical studies with CDK4/6 inhibitors in combination with IR

Authors Patients Arm Toxicity Efficacy
Hans et al. Metastatic breast  Palbociclib + Fulvestrant  Digestive toxicity: mucositis (grade 1 =20%, grade 2 =20%) Symptom control and
[83] cancer + palliative IR Hematological toxicity: grade 3 neutropenia = 40%, grade  pain relief (100%)
(HR+/HER2-) 3 anemia = 20%, grade 3 thrombopenia =40%
n=5 No skin toxicity
Ippolito et al.  Metastatic breast  Palbociclib or Ribociclib Hematological toxicity: neutropenia (grade 2 = 12.5%, Absent
[84] cancer + palliative IR grade 3 =25%, grade 4 = 6.3%)
(HR+)
n=16
Figura et al. ~ Brain metastatic Palbociclib or Abemaciclib Radionecrosis (2 lesions, 5%) Median OS 36.7 months
[85] breast cancer + SBRT No neurologic toxicity or scalp toxicity Six-month local control
(HR+) (88%)
n=15 Six-month distant brain
lesions =42 control (61%)
Chowd-hary  Metastatic breast  Palbociclib + Fulvestrant ~ Hematological toxicity: grade 1=87.5%, grade 2=12.5% Local control and pain
et al. [86] cancer or Letrozole + palliative IR No grade 2 or higher cutaneous, neurologic, or relief (100%)

(HR+/HER2-)
n=16

gastrointestinal toxicity
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in combination with CDK4/6 inhibitors. Several studies
demonstrated that CDK4/6 inhibitors were not only effi-
cacious for advanced or metastatic breast cancer patients
but also showed promise for early breast cancer patients
[89, 90]. Thus, combination therapy still exhibits promis-
ing application prospects despite the risks of severe ad-
verse events. In summary, our data provide a strong
rationale for the clinical application of CDK4/6 inhibi-
tors as radiation modifiers. However, more work remains
to be done to achieve optimal clinical impacts.
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