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Abstract

Background Greater than half of cancer patients experience radiation therapy, for both radical and palliative objectives. It is
well known that researches on radiation response mechanisms are conducive to improve the efficacy of cancer radiotherapy.
p21 was initially identified as a widespread inhibitor of cyclin-dependent kinases, transcriptionally modulated by p53 and
a marker of cellular senescence. It was once considered that p21 acts as a tumour suppressor mainly to restrain cell cycle
progression, thereby resulting in growth suppression. With the deepening researches on p21, p21 has been found to regu-
late radiation responses via participating in multiple cellular processes, including cell cycle arrest, apoptosis, DNA repair,
senescence and autophagy. Hence, a comprehensive summary of the p21’s functions in radiation response will provide a
new perspective for radiotherapy against cancer.

Methods We summarize the recent pertinent literature from various electronic databases, including PubMed and analyzed
several datasets from Gene Expression Omnibus database. This review discusses how p21 influences the effect of cancer
radiotherapy via involving in multiple signaling pathways and expounds the feasibility, barrier and risks of using p21 as a
biomarker as well as a therapeutic target of radiotherapy.

Conclusion p21’s complicated and important functions in cancer radiotherapy make it a promising therapeutic target. Besides,

more thorough insights of p21 are needed to make it a safe therapeutic target.
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can be employed alone or together with any other treatment
strategies, including surgery and chemotherapy (De Ruyss-
cher et al. 2019). However, many cellular and molecular
mechanisms responding to ionizing radiations exert an influ-
ence on the radiotherapy efficacy. Especially some radia-
tion response mechanisms endowing with radioresistance to
tumour cells result in the failure of radiotherapy. Therefore,
it is absolutely necessary to explore the mechanisms further
and provide a better understanding of radiotherapy.

p21, a low-molecular-weight molecule (21 kDa) tran-
scribed from CDKN1A gene, was first identified as a cyclin-
dependent kinase (CDK) regulator, which plays a signifi-
cant role in controlling cell cycle progression (Harper et al.
1993). p21 stagnates cell cycle progression during G1 and
S phases via binding to and inhibiting cyclin-CDK1,2,4,6
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complexes (Bertoli et al. 2013; Georgakilas et al. 2017). If
be elevated, p21 causes cell growth arrest at the G2 phase
(Niculescu et al. 1998) and is necessary for maintaining G2
arrest following DNA damage in a p53-dependent pathway
(Bunz et al. 1998). In line with this, in early days, p21 was
deemed to be a tumour suppressor in brain, lung, and colon
cancer cells and a target gene mediated by p53 (el-Deiry
et al. 1993). However, as research continues, contrasting
findings of p21 function emerged. The first discrepancy
appeared in 1997. It was detected that low concentrations
of p21 resulted in an augment in the recruitment of Cdk4/6
and cyclin D complexes (Cheng et al. 1999; LaBaer et al.
1997) indicating that p21 is needed for G1 — S phase pro-
gression and facilitates cell proliferation. What’s more, the
expression and function of p21 varies in different tumour
cells. Diminished expression of p21 was observed in non-
small cell lung (Teramen et al. 2011) and prostate (Bott et al.
2005) cancer cells, high grade breast cancer (Askari et al.
2013) and acute lymphoblastic leukemia correlated with
poor prognosis (Roman-Gomez et al. 2002), while its high
expression level causing its oncogenic activity was discov-
ered in various human cancers such as renal cell carcinoma,
testicular cancer, breast cancer, hepatocellular carcinoma,
gliomas, prostate cancer, multiple myeloma, cervical car-
cinoma, acute myeloid cancer, esophageal squamous cell
carcinoma, ovarian cancer, and soft tissue sarcomas (Abbas
and Dutta 2009; Liu et al. 2013). p21 acts either as a tumour
suppressor or as an oncogene primarily depending on the
cellular type, cellular context, its subcellular localization
and post-translational modifications (Kreis et al. 2019). The
“antagonistic duality” of p21 (Gartel and Tyner 2002) was
also found in cancer cells in response to radiotherapy and
p21 modulates these responses via miscellaneous cellular
processes including cell cycle arrest, apoptosis, metabolism,
DNA repair and autophagy. There is a growing body of evi-
dence to indicate that p21 is closely linked to radiotherapy,
but the results of these studies are somewhat perplexing
and contradictory. In the present review, we summarize the
mechanisms and functions of p21 participating in radiother-
apy. Finally, given its dual role in response to radiotherapy,
we highlight the feasibility, risks and prospect of using p21
as a biomarker as well as a radiotherapeutic target.

Function of p21 in cancer radiotherapy

p21in response to radiation

Common view considers ionizing radiation can directly
or indirectly cause DNA damage. In this process, various
aspects of the signal pathways are activated in response to

radiation such as p53, ATM, MAPK, mTOR and NF-xB
affecting miscellaneous cellular processes including
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proliferation, cell cycle arrest, apoptosis, autophagy, senes-
cence, DNA repair, differentiation, cellular transformation
and endoplasmic reticulum stress.

Participation in the response to radiation is the foundation
of modulating cancer cell responses to ionizing radiation.
Since the discovery of p21 in 1993, there is an abundance
of literature documenting the change level of p21 in normal
and cancer cells after irradiation, listed in Table 1. Down-
regulation of p21 after irradiation was detected in various
cancer cell types (nasopharyngeal, lung, breast, prostrate,
cervix, colon, glioma and squamous cancers) (Biswas et al.
2017; Soria et al. 2006; Tian et al. 2000; Wang et al. 1999a;
Wu et al. 2020) and most of these down-regulations were
caused by UV irradiation (Wang et al. 1999a). However,
more studies have reported that p21 was able to be attracted
by radiation via the p53-dependent or p53-independent path-
way. Supporting this positive regulation in normal cells,
p21 is radiation-elevated in brain (Liu et al. 2020), cardiac
microvascular endothelial (Zeng et al. 2020), liver Kupffer
cells (Soysa et al. 2019), lymphocytes (Nguyen et al. 2020)
various fibroblasts (Al-Khalaf et al. 2012; Cao et al. 2014;
Crochemore et al. 2019; Fournier et al. 2004; Poon et al.
1996; Wu and Levine 1997), astrocytes and mesenchymal
stem cells (Bylicky et al. 2019). Of note, the augment of
p21 level was observed after irradiation with X-rays in some
cancer types mentioned above, including cervix (Furusawa
et al. 2012; Niibe et al. 1999), breast (Nenoi et al. 2006)
cancer and glioma (Shu et al. 1998). In Table 1, most studies
detected the elevation of p21 after irradiation with differ-
ent radiation types. The specific molecular mechanism has
been reported that p53 is the main transcriptional modula-
tor of p21. p21 contains two conserved p53 responsive ele-
ments (p53RE) in its promoter. DNA damage up-regulates
the p53 activity and subsequently results in p21 expression
(Jung et al. 2010). In addition, the regulatory elements of
p21 at—1.1 kb, — 1.4 kb, and — 1.8 kb involved in the aug-
ment of p21 in response to radiation and Oct-1 binds con-
stitutively to the elements at— 1.1 kb and — 1.8 kb facilitat-
ing the transcription of p21 (Nenoi et al. 2009). Besides,
NF-kB also promotes the transcription of p21 after radiation
(Szoltysek et al. 2018). Therefore, the mutation status of
p53 might impact partial functions of p21. Apart from these
findings, another study showed that p21 mRNA splice vari-
ant 4 is preferentially translated following radiation-induced
elF2a-P by a mechanism mediated in part by upstream open
reading frames situated in the 5'-leader of p21 mRNA (Col-
lier et al. 2018). In light of these findings, we may con-
clude that p21’s over-expression post-irradiation is regulated
mainly at the transcriptional level, including transcriptional
activation and alternative splicing. Certainly, it is not dif-
ficult to find that there are some conflicting results in the
literature even for the same type of cancer and irradiation
mode (Tian et al. 2000; Wendt et al. 2006). At this point, the
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Table 1 p21 in different biological materials in response to radiation

Experimental material

Treatment

p21 status after irradiation

Study

Lung cancer cell lines A549, H1299,
and H460

Human colon carcinoma cells
(HCT116/p217*)

Human nasopharyngeal carcinoma
cell lines

Nasopharyngeal carcinoma cell line

Cancer cell lines

Parental H1299 human lung epithelial
carcinoma cells (p53 null), HCT116
and RKO human colorectal cancer
cell lines expressing wild-type p53
and WI38 human fibroblasts

Brain cell PC12

Primary human fibroblasts
Squamous carcinoma cells
MCEF-7 and HCT116 cell lines
HCT116 cell line
CCR6+Th17 lymphocytes

Primary normal human skin fibroblast
HFSNI1 cells

Normal female human foetal lung
IMR-90 fibroblasts

Normal human foreskin AG1523
diploid fibroblasts

Fibroblast

Rat embryo fibroblasts (REF) and
mouse embryo fibroblasts (MEF)

Normal volunteers
N-TERT keratinocytes

GBM cell lines

Cardiac microvascular endothelial
cells

Human oral cancer cell lines

Normal human foreskin fibroblasts

HelLa cells

Human breast adenocarcinoma
cell line MCF-7

Human breast adenocarcinoma cell
line MCF-7

Human osteosarcoma U2-OS cells

Human uveal melanoma 92-1 cells

Normal human astrocytes and human
mesenchymal stem cells

Human epidermoid carcinoma cells
A431

Human pancreatic cancer cell lines
Capan-1 and Panc-1

Ionizing radiation
y-Irradiation from a '*’Cs source
X-ray

X-ray

UV irradiation

UV irradiation

®Co and UVA

Chronic y-Irradiation
y-Irradiation from a %°Co source
y-Irradiation

y-Irradiation

y-Trradiation from a *’Cs source
UV irradiation

UV irradiation
UV irradiation

UVC irradiation

UV irradiation

UV irradiation
UVB irradiation

X-ray
X-ray

X-ray

X-rays and low-energy heavy ions

X-ray
X-ray

X-ray
X-ray
X-ray and Fe ions
X-ray

Photodynamic therapy

Proton beam

Down-regulation
Down-regulation
Down-regulation

Down-regulation

Down-regulation in various cancer
cell types (breast, prostrate, cervix,
colon, glioma, squamous cancers),
independently of their p53 genetic
and functional status

Down-regulation

Up-regulation
Up-regulation by p53
Up-regulation by p53
Up-regulation
Up-regulation
Up-regulation
Up-regulation

Up-regulation
Up-regulation

Up-regulation
Up-regulation

Up-regulation
p21 mRNA splice variant 4 is prefer-
entially translated after radiation

Up-regulation by p53
Up-regulation

Up-regulation

Up-regulation depended on the dose
and LET

Up-regulation
Up-regulation

Up-regulation
Up-regulation
Up-regulation
Up-regulation

Up-regulation

Up-regulation

Biswas et al. (2017)
Tian et al. (2000)
Wu et al. (2020)

Liu et al. (2006)
Wang et al. (1999a)

Soria et al. (2006)

Liu et al. (2020)

Cao et al. (2014)
Graham et al. (2011)
Wendt et al. (2006)
Sohn et al. (2006)
Nguyen et al. (2020)
Al-Khalaf et al. (2012)

Crochemore et al. (2019)
Poon et al. (1996)

Mirzayans et al. (2008)
Wu and Levine 1997)

Murphy et al. (2002)
Collier et al. (2018)

Shu et al. (1998)
Zeng et al. (2020)

Ho et al. (2019)
Fournier et al. (2004)

Furusawa et al. (2012)
Nenoi et al. (2006)

Nenoi et al. (2009)

Szoltysek et al. (2018)
Zhang et al. (2016)
Bylicky et al. (2019)

Ahmad et al. (1998)

Lee et al. (2019)
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Table 1 (continued)

Experimental material Treatment

p21 status after irradiation Study

Embryonal rhabdomyosarcoma RD,  Electron beam
prostate cancer cell lines PC3

Invasive cervical cancer clinical

samples tion of external whole pelvis and
intracavitary irradiation
Liver Kupffer cells Irradiation
Lung carcinoma xenografts 1251
Prostate cancer patients 1921

Human glial tumours

Patients were treated with a combina- Up-regulation

y-Irradiation from a ®°Co source

Up-regulation Petragnano et al. (2020b)

Niibe et al. (1999)

Up-regulation Soysa et al. (2019)
Jin et al. (2020)
Keam et al. (2018)

p21 level after irradiation varied from Kraus et al. (2000)
their background expression

Up-regulation
Up-regulation

contents described in the literature are somewhat confusing,
with different results being presented. Fortunately, Kraus
et al. gave a more reasonable explanation about the p21
level variation from the background expression of glioma
cells after irradiation. For primary glioblastoma multiforme
(GBM) with low background expression of p21 mRNA,
radiation activated p21 transcriptionally, while for GBM in
which p21 was basally over-expressed, radiation led to a
decrease of mRNA level or had no effect (Kraus et al. 2000).
Besides, Fournier et al. considered that up-regulation of p21
induced by ionizing radiation depended on the dose and (lin-
ear energy transfer, LET) levels (Fournier et al. 2004). Addi-
tionally, Petragnano et al. found that high dose-rate more
efficiently up-regulated the expression of p21 compared to
low dose-rate (Petragnano et al. 2020b).

Meanwhile, we retrieved the Gene Expression Omnibus
(GEO) database and analyzed several datasets of irradiated
tumor cells to check the alteration of p21’s expression. As
shown in Fig. la, p21 was up-regulated in three melanoma
cell lines after irradiation with X-rays or carbon ions. Similar
phenomenon has also been observed in squamous cell carci-
noma, p21’s expression was promoted at 3 h and 24 h post-
irradiation (Fig. 1b). However, p21 decreased in pancreatic
cancer cells after irradiation with X-rays at 8 Gy (Fig. 1c).
The analysis of the GEO database confirmed that radiation
could cause the observed changes in p21 expression.

A series of evidence strongly highlights the notion that
p21 tightly participates in radiation responses in both normal
and cancer cells, while the changes of its expression level
after irradiation depend on the genetic background of cells
and irradiation conditions.

p21 and cell cycle

Cell proliferation depends on the propelling of cell cycle
progression, which is regulated by cyclins and cyclin-
dependent kinases (CDKs). Distinct cyclin/CDK com-
plexes via sequential activation and inactivation modu-
late the initiation and transition of cell cycles from G1
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to S and G2 to mitosis (Malumbres and Barbacid 2001).
Among all identified CDKs, CDK1, CDK2, CDK3, CDK4
and CDKG6 are devoted to cell cycle modulation (Lee et al.
2009; Pavlides et al. 2016). The abundance of cyclin varies
at different phases of the cell cycle and cyclin binds with
different CDKs to regulate their activity. Initially, cyclin
D activates CDK4 and CDK6 at G1 phase in response
to mitogenic stimuli. Analogously, CDK2 interacts with
cyclin E1 and E2 and then contributes to G1/S transition.
During S phase, cyclin E is degraded and replaced by cyc-
lin A, resulting in the progress from S phase to mitosis,
and finally, at the end of G2 phase, CDK2 binds with cyc-
lin B (Malumbres and Barbacid 2005). Certainly, there
are instances where inhibiting the activity of CDKs offers
physiological benefits. The CDK activity is controlled by
the binding of inhibitory proteins, known as CDK inhibi-
tors or CKIs. p21 was the first molecule identified to act as
a member of the CKI family and its function in cell cycle
control has been well established. It has been reported
that over-expression of p21 leads to G1-, G2- (Niculescu
et al. 1998), or S-phase arrest (Ogryzko et al. 1997; Rad-
hakrishnan et al. 2004).

In response to radiation, p21 level commonly changes
and regulates the cell cycle progress. We have tabulated
relevant studies in Table 2. Which may help to understand
p21 function in cell cycle after radiation. Most of the stud-
ies show that radiation-induced p21 caused cell arrest in
normal and carcinoma cells. Nevertheless, only one study
suggests that repression of p21 expression after irradia-
tion resulted in a decrease of G1 and G2 arrest (Liu et al.
2006). Although p21 was down-regulated by radiation in
this research, p21 still acted as a negative regulatory factor
of cell cycle. Based on the results of these studies, radia-
tion-induced p21 usually gives rise to G1/S or G2/M arrest.
Concretely, p21 can suppress CDKs activities via directly
binding with their N-terminal region or indirectly blocking
the phosphorylation of CDK1 and CDK2 (Abbas and Dutta
2009). Besides, p21 can also interact with the cyclin subu-
nit by binding to cyclin binding motif 1 (Cyl) and cyclin
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Fig. 1 Expression of p21 in different tumor cell lines after irradiation.
a Three melanoma cell lines 92-1, Colo679 and HMV-I after irradi-
ation with 2 Gy of X-rays or carbon ions (dataset no. GSE6630). b

binding motif 2 (Cy2), which exist in the N-terminal and
C-terminal domains, respectively. These binding elements
are obbligato for p21-modulated repression of cyclin-CDK
complexes. p21 hinders cell cycle progression during G1

pancreatic cancer cell-xrays

Squamous cell carcinoma cell line after irradiation with X-rays (data-
set no. GSE9716). ¢ Pancreatic cancer cell line MIAPaCa-2 after irra-
diation with 8 Gy of X-rays (dataset no. GSE107443)

and S phases through inhibiting the activity of cyclin-CDK2,
cyclin-CDK1, and cyclin-CDK4, 6 complexes (Bertoli et al.
2013; Georgakilas et al. 2017). It has also been observed
that p21 induced by p53 following DNA damage causes cell
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Table 2 Influence of p21 on cell cycle after irradiation

Experimental material Treatment p21 influence on cell cycle after irradia- ~ Study

tion
Cardiac microvascular endothelial cells X-ray G1/S cell cycle arrest increased Zeng et al. (2020)
HeLa cells X-ray Resulted in G2/M arrest Furusawa et al. (2012)
Human oral cancer cell lines X-ray Arrested the cell cycle in the G2/M phase (Ho et al. (2019)
Nasopharyngeal carcinoma cell line X-ray Repression of p21 expression resulted in ~ Liu et al. 2006)

G1 and G2 arrest decrease

Non-small cell lung cancer cell lines X-ray Enhancing G2/M arrest Wang et al. (2017)
Breast cancer lines X-ray Resulted in G2/M arrest Yang et al. (2012)

Human uveal melanoma 92—1 cells

Normal human foreskin AG1523 diploid
fibroblasts

N-TERT keratinocytes

C57BL/6 and BALB/c mice, murine
colorectal carcinoma cell line CT26 and
1EC6

Human colon carcinoma cells (HCT116/
pz 1 +/+)

HCT116 cell line

MCEF-7 and HCT116 cell lines
Brain cell PC12
Human epidermoid carcinoma cells A431

X-ray and Fe ions
UV irradiation

UVB irradiation
y-Irradiation from a '*’Cs source

y-Irradiation from a '*’Cs source

y-Irradiation

y-Irradiation
%Co and UVA
Photodynamic therapy

Resulted long-term G2 arrest

p21 induced by irradiation bound to
CDK?2 and CDK4 inhibiting their
activity

Caused G1 arrest

Activation of p53/p21 mediated revers-
ible cell cycle arrest

Inhibition of p21 induced by irradiation
resulted in disappearance of G1 phase
arrest

Wild-type cells were permanently
arrested in the G2-M phase, while
p21-deficient cells did not occur cycle
arrest

Irradiation -induced p21 and G2/M arrest

Cells stagnated in G1 phase

Caused G1/S cell cycle arrest

Zhang et al. (2016)
Poon et al. (1996)

Collier et al. (2018)
Nag et al. (2019)

Tian et al. (2000)

Sohn et al. (2006)

Wendt et al. (2006)
Liu et al. (2020)
Ahmad et al. (1998)

growth arrest at the G2 phase via inhibiting CDK1 (Bunz
et al. 1998; Niculescu et al. 1998).

Cell cycle arrest caused by p21 augment provides more
time for DNA repair. In normal cells, this phenomenon
is conducive to ensure genomic stability. However, these
mechanisms offer opportunities for cancer cells to live and
protect the malignant cells from apoptosis. Therefore, p21-
induced cell cycle arrest for cancer cells is unfavorable for
patient treatment during radiotherapy.

p21 and DNA damage repair

DNA damage caused by ionizing radiation is the key theo-
retical basis of radiotherapy for cancer treatment. lonizing
radiation results in several types of DNA damage, including
base modifications, crosslinks, single-strand breaks (SSBs)
and double-strand breaks (DSBs) (Vens and Begg 2010).
Cells evolve multiple mechanisms to repair particular types
of DNA damage via DNA damage response (DDR) path-
ways, which provide chance for precise DNA repair aiming
at definite damage sites. There are five major DNA repair
pathways activated throughout different stages of the cell
cycle, including DNA damage base excision repair (BER),
mismatch repair (MMR), nucleotide excision repair (NER),
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homologous recombination (HR), and nonhomologous end
joining (NHEJ). Unlike UV radiation, cells exposed to ion-
izing radiation undergo different extents of DNA damage
directly by secondary electrons and/or indirectly by reactive
oxygen species (ROS), which can lead to SSBs or DSBs.
However, most studies on p21 involved in DNA repair con-
centrate on the UV radiation and we demonstrate these stud-
ies in Table 3.

For UV radiation, there is a result showing that p21 is
involved in NER via recruiting to DNA-damage sites and
colocalized with PCNA and PCNA-interacting proteins such
as DNA polymerase 8, XPG and CAF-1. Besides, p21 does
not inhibit PCNA-dependent DNA-repair and DNA synthe-
sis (Perucca et al. 2006). However, Soria et al. demonstrate
that p21 inhibited NER via binding with PCNA and pre-
venting its interaction with TLS (translation DNA synthesis)
and the recruitment of pol n foci after UV irradiation (Soria
et al. 2008). These apparent contradictory results might be
explained by the differences in genetic background of cell
lines used in the experiments. Additionally, other studies
found that p21 facilitates DNA repair after UV irradiation.
Down-regulation of p21 after UV irradiation was required
for efficient PCNA ubiquitination, which was conducive
to the PCNA-dependent DNA repair (Soria et al. 2006).
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Depletion of p21 was found to cause lung embryonic fibro-
blasts more susceptible to UV, together with a decrease in
NER capacity (Stivala et al. 2001). Furthermore, p21 modu-
lates the nucleotide excision repair progress to promote the
repair of UV-induced DNA damage even in the deficiency
of wild-type p53 (Sheikh et al. 1997). There are also several
studies which claim that p21 recruits to DNA-damage sites
and colocalizes with DNA repair proteins. Assembly of p21
to DNA excision repair foci is initiated in the UV-induced
DNA damage response (Stivala and Prosperi 2004). EGFP-
p21 was recruited rapidly at laser-irradiated sites, and colo-
calized with the DSB marker y-H2AX and with the DSB
sensor protein Ku80 (Koike et al. 2011). p21 is bound to
DNA damage sites caused by heavy ion bombardment and
colocalized with hMrel1, Rad50 (Jakob et al. 2002) and
v-H2AX (Tobias et al. 2010). Based on the results of the cur-
rent studies, it is certain that at least p21 participates in DNA
repair; however, we have no definite answers about p21:
what functions does it fulfil in DNA repair after irradiation?

However, the roles of p21 in DNA repair caused by
other factors can be used as a ready reference. Evidence
from several studies indicates that the roles of p21 in DNA
repair are paradoxical: p21 is considered to be depressant
(Pan et al. 1995; Podust et al. 1995), useless (Adimoolam
et al. 2001; Wani et al. 2002) or even necessary (Mauro
et al. 2012; McDonald et al. 1996), mostly depending on the
type of damage/repair mechanism, the experimental treat-
ment, genetic background of cell line or/and the degree of
DNA damage. p21 contributes to DNA repair and synthe-
sis via interfering with PCNA-DNMT1 binding (Parveen
et al. 2016). However, p21 also exhibits inhibitory effect
on the PCNA-dependent base excision repair and mismatch
repair (Abbas and Dutta 2009). Moreover, p21 plays a part
in DSB repair, including homologous recombination (HR)
and nonhomologous DNA-end-joining (NHEJ). Lessened
replication-coupled HR, enhanced MRE11 nuclear foci
and CDK-mediated BRCA?2 phosphorylation are shown in
p21 deficient cell line (Mauro et al. 2012). Furthermore,
it has been reported that the Her2/NeuT oncogene reduces
the level of major DNA repair factor histone H2AX via the
p21-CDK-Rb pathway, giving rise to repression of DNA
repair and promotion genome instability in Her2-positive
cancer (Yaglom et al. 2014).

To sum up, the above-mentioned studies indicate the
different functions of p21 in distinct types of DNA repair
course involving in varying degrees of DNA damage.
Therefore, the extent of genotoxic stress and cell type may
determine the function of p21 in genome stability. How-
ever, which role dose p21 play in DNA repair upon ionizing
radiation is still unclear, thus further studies on this topic
may help us clarify the detailed mechanisms and then better
understand cancer radiotherapy.

@ Springer

p21 and apoptosis

Apoptosis, a type of programmed cell death, is induced by
the damage to DNA or stress conditions, such as ionizing
radiation, cytotoxic drugs, hypoxia, oxidative stress and
high temperature (Elmore 2007; Mendez-Armenta et al.
2014; Moeller et al. 2007). Ionizing radiation induces vari-
ous degrees of DNA damage, which results in an increase
of the ratio of Bax to Bcl-2, thereby inducing the intrusion
of Bax into the inner layer of mitochondria, which creates
liberation of cytochrome C and the formation of the apop-
tosome complex (Elumalai et al. 2012; Fulda and Debatin
2006). Cancerous cells exposed to radiation often undergo
cell cycle arrest to repair DNA lesions, and then apoptosis is
activated when the cellular damages are irreparable. Numer-
ous studies threw light upon the dual role of p21 in regulat-
ing radiation-induced apoptosis (listed in Table 4). Although
p21 is well known for its proliferation-inhibitory functions,
p21 also suppresses apoptosis in many studies.

Although fluctuation of p21 triggered by radiation is
accompanied by augment of apoptosis, there is no evidence
to support the regulatory function of p21 on radiation-
induced apoptosis in some studies (Ahmad et al. 1998;
Murphy et al. 2002; Tian et al. 2000). However, modula-
tion of p21 level dose have an effect on apoptosis caused
by radiation. Using antisense oligonucleotide to inhibit the
expression of p21 is able to enhance the radiation-induced
cytotoxicity and apoptosis in glioma cells (Kokunai et al.
2001). Moreover, HCT-116/p21~'~ cells have been found to
be more prone to apoptosis after irradiation with y-rays than
their p21*/* counterparts in both in vitro (Waldman et al.
1996) and in vivo (Wouters et al. 1999) studies. Concretely,
caspase-9 and caspase-3 are activated and subsequently
apoptosis occurs only in p21-deficient HCT-116/p21~/~ after
irradiation, while p21 wild-type cells are perennially blocked
at G2/M phase, accompanying with the occurrence of cel-
lular senescence (Sohn et al. 2006). Mutational p21 lacking
any cdk-inhibitory activity also is unable to prevent DLD-1
human colorectal carcinoma cells from apoptosis induced
by y-Irradiation (Lu et al. 1998). Additionally, radiation-
induced p21 expression and G2/M arrest inhibit apoptosis
caused by y- (Wendt et al. 2006) or X-rays (Furusawa et al.
2012). There are also clinical data in support of this point.
Study on cervical patients receiving combined therapy of
external whole pelvis and intracavitary irradiation found
that apoptosis and expression of p21 were induced during
radiotherapy, but p21 played a inhibitory role in apoptosis
(Niibe et al. 1999). Study in another way reported that ATR
inhibited degradation of p21 and decreased apoptosis after
irradiation (Al-Khalaf et al. 2012), which also sustains the
above conclusions. Only a few studies considered that the
increase of p21 level promoted apoptosis after irradiation
(Shu et al. 1998). These studies revealed that p21 plays a
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Table 4 Influence of p21 on radiation-induced apoptosis

Experimental material Treatment

p21 influence on irradiation-induced
apoptosis

Study

Human epidermoid carcinoma cells
A431

Normal volunteers

Photodynamic therapy
UV irradiation

Human colon carcinoma cells y-Trradiation from a *’Cs source

(HCT116/p21*'*)

Large intestine cancer HT29 cells X-ray

GBM cell lines

Primary normal human skin fibroblast
HFSNI1 cells

Human glioma cell lines (T98G,
U251MG, and U87MG)

HCT-116 cell line

HCT116 human colon carcinoma cells
HCT116 cell line

MCEF-7 and HCT116 cell lines

DLD-1 human colorectal carcinoma

X-ray
UV irradiation

y-Irradiation

y-Irradiation
y-Irradiation from a '*’Cs source
y-Irradiation
y-Irradiation
y-Irradiation

Upregulation of p21 is accompanied
by apoptosis

Upregulation of p21 is accompanied
by apoptosis

Downregulation of p21 is accompa-
nied by apoptosis

Downregulation of p21 is accompa-
nied by apoptosis

Promoting apoptosis

Suppressing apoptosis

Suppressing apoptosis

Suppressing apoptosis
Suppressing apoptosis
Suppressing apoptosis
Suppressing apoptosis
Suppressing apoptosis

Suppressing apoptosis
Suppressing apoptosis

Ahmad et al. (1998)
(Murphy et al. (2002)
Tian et al. (2000)
(Zuo et al. (2020)

Shu et al. (1998)
Al-Khalaf et al. (2012)

Kokunai et al. (2001)

Waldman and B. 1996)
(Wouters et al. (1999)
Sohn et al. (2006)
Wendt et al. (2006)

Lu et al. (1998)

Furusawa et al. (2012)
Niibe et al. (1999)

cells

HeLa cells X-ray

Invasive cervical cancer clinical Patients were treated with a combina-
samples tion of external whole pelvis and

intracavitary irradiation

regulatory role in radiation-induced apoptosis, but the spe-
cific molecular mechanisms were not clarified in detail. A
thorough dissection of the relevant literature summarizes
that p21 influences radiation-induced apoptosis mainly from
two aspects. On the one hand, p21 triggered by radiation sus-
tains cell cycle arrest allowing DNA repair to protect cells
from apoptosis. On the other hand, p21 itself participates
in the regulation of the apoptotic process. Several studies
have expounded the apoptosis inhibitory function of p21.
p21 could directly interact with and suppress the effect of
some apoptosis-related proteins, such as protease precur-
sors and kinases. Concretely, p21 binds with procaspase
3 to stem its transformation from inactivated into active
form, thereby blocking Fas-mediated apoptosis (Suzuki
et al. 1999). Besides, caspase 2 also is inhibited by p21 in a
p53-dependent manner (Baptiste-Okoh et al. 2008). There
are also several studies suggesting that p21 plays an inhibi-
tory role of apoptosis via repressing apoptosis signal-reg-
ulating kinase 1 (ASK1) and stress-activated MAP kinase
cascade (Asada et al. 1999). Moreover, p21 also promotes
the expression of some factors which play anti-apoptotic or
pro-mitogenic roles (Chang et al. 2000). It is noteworthy
that p21 plays an inconsistent role in facilitating apoptosis.
This conclusion is drawn from the study revealing that up-
regulation of p21 promotes apoptosis caused by cisplatin in
glioma and ovarian carcinoma cells in vitro (Gartel 2005).

In addition, p21 increases MAPK-dependent apoptosis trig-
gered by bile acid in hepatocytes (Qiao et al. 2002). p21
also enhances ceramide-stimulated apoptosis by up-regu-
lating the level of the proapoptotic protein Bax (Kang et al.
1999). Collectively, p21 acts as pro- or anti-apoptotic factor
via various molecular mechanisms, showing its regulatory
function of apoptosis after irradiation. Dual effects of p21
on radiation-induced apoptosis depend on cell type, cellular
context and irradiation mode. Additionally, p21 functions
as a key determinant to decide the cell fate of survival or
death after irradiation. However, future studies are needed to
elucidate the detailed molecular mechanisms of p21 regula-
tory function on radiation-induced apoptosis, because the
current studies are still limited to the effects of p21 on apop-
tosis phenomenon, lacking in the detailed description about
the underlying mechanisms, and the studies under the other
treatment conditions can only be considered as a reference.
The present conclusions are still trivial and it would be chal-
lenging to gain a global picture concerning the influence of
p21 on apoptosis induced by radiation.

p21 and other cellular processes
Cellular senescence, an irreversible cell cycle arrest con-

dition obtained during cell division (Pazolli and Stewart
2008), has a beneficial or harmful effect on normal tissue
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via an inflammatory response and senescence-associated
secretion phenotype (SASP) (Nguyen et al. 2018). p21
is firstly confirmed as a biomarker of senescence (Noda
et al. 1994) and able to promote premature senescence in
both normal and tumour cells in a p53-independent man-
ner (Fang et al. 1999; McConnell et al. 1998; Wang et al.
1999b). Ionizing radiation-induced senescence is closely
related to p21. According to the current studies, radiation-
induced p21 leads to cell growth arrest and at the same time
the occurrence of senescence in normal (Cao et al. 2014,
Crochemore et al. 2019; Liu et al. 2020; Mirzayans et al.
2008) and carcinoma cell (Liu et al. 2018; Sohn et al. 2006;
Wang et al. 1999b; Zhang et al. 2016). Down-regulation of
p21 expression at the transcriptional level drove irradiated
carcinoma cell lines from different entities into cell death
rather than into senescence (Radine et al. 2020). The func-
tion of senescence in cancer therapy gets more attention,
because it has been proved that senescence preferentially
occurs rather than apoptosis after chemotherapy or radio-
therapy in lung cancer and glioblastoma (Hotta et al. 2007,
Jeon et al. 2016; Joyner et al. 2006). Moreover, some com-
ponents of the SASP are conducive to reduce or prevent
tumour growth. Maspin, one of the SASP elements, inhibits
angiogenesis, which is needed for tumour to expand (Nick-
oloff et al. 2004). Another component, interleukins, contrib-
utes to enhance the extent of senescence in damaged cells
(Kuilman et al. 2010). Senescence induced by radiation was
believed to be capable of repressing tumour progression via
inhibiting tumour cell proliferation; however, some evidence
supported that senescence should be considered as a tumour
promoter (Milanovic et al. 2018). Senescent cells excrete
multiple dissolvable factors facilitating tissue repair, chronic
inflammation, invasiveness of surrounding cells and tumour
development (Rodier and Campisi 2011), and conduce to the
escape of therapy-induced apoptosis (Gartel 2009). Most of
the current studies demonstrated that radiation-induced p21
could contribute to cellular senescence, but very few studies
reported the exact impact of p21 on radiotherapy efficacy.
Apart from several cellular processes mentioned above,
autophagy is another response manner to ionizing radiation.
Autophagy is a catabolic course by which cells realize the
digestion and recycle of their own cytoplasmic ingredients
(Tam et al. 2017). It has been reported that ionizing radiation
is one of the stimuli that could activate autophagy in both
normal and cancer cells (Kim et al. 2015). An in vitro study
reported that glioblastoma cells were killed by radiation via
autophagy rather than apoptosis (Daido et al. 2005). So far
there have been rare studies investigating the relationship
between p21 and autophagy after irradiation. However, there
is also evidence to show the association between them. The
existing study indicated cordycepin and X-ray combined
treatment triggered increase of p21 level in an autophagy
cascade-dependent manner. In addition, the regulatory role
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of p21 in autophagy in response to metabolic stress sug-
gested that p21 might be involved in the autophagy pathway
(Manu et al. 2019).

Except for the occurrence of DNA damages in directly
irradiated cells, signal molecules released from the irradi-
ated cells would influence the neighboring non-irradiated
cells. This is defined as the radiation-induced bystander
effect (RIBE). There have been few studies on the involve-
ment of p21 in RIBE, but available evidence suggests that
p21 plays a critical role in RIBE. Azzam et al. observed
that the signaling molecules secreted from irradiated cells
enhanced p21 level in the non-irradiated bystander cells,
and the increase of p21 level in the neighboring cells was
related to radiation-induced ROS (Azzam et al. 2001, 2002).
In addition, p21 deficient mouse embryo fibroblasts were
incapable of producing bystander signals (Zhao et al. 2015).
Without doubt, it is highly interesting to investigate the
function of p21 in RIBE in further detail, because radiation
tolerance of the normal tissues is also a limitation of radio-
therapy. As the RIBE mechanisms continue to be elucidated,
the efforts will not only make a contribution to guide radia-
tion treatment planning, but also play a more relevant role in
radiation protection of normal tissues during radiotherapy.

p21 and tumour radioresistance

Radioresistance, considered as the main reason of radiother-
apy failure, leads to tumour recurrence and metastases after
treatment and brings poor prognosis to cancer patients. Due
to the complexity and incompleteness of the corresponding
mechanisms, radioresistance is still a significant challenge in
radiotherapy. Tumour radiosensitivity is strongly dependent
upon its genetic background, which determines the response
mechanisms of tumour to radiation and the characteristics
of tumor microenvironment. p21, an important regulator
involved in almost all aspects of the response to radiation,
plays a pivotal role in tumour radiosensitivity. Studies on the
effect of p21 on radioresistance are summarized in Table 5,
possibly helping us sort out their relationship. Probably,
p21 may play different roles in different cancers. Accord-
ing to the literature, up-regulation of p21 in non-small cell
lung cancer decreases the tumour radioresistance, while
p21 over-expression enhances radioresistance in colorectal
cancer in the most studies (Table 5). Paradoxically, a few
studies have drawn opposite conclusions in non-small cell
lung cancer (Niu et al. 2020) and colorectal cancer (Fu et al.
1998; Zheng et al. 2015). It is noted that in the literature,
p21 deficiency had no effect on the radiosensitivity (Fan
et al. 1997) and thermal radiosensitization (Larsson and Ng
2003) in colorectal cancer. Different types of cell lines used
in the experiments might be the most likely cause of the
inconsistent conclusions, because p21 itself possesses the
dual effect characteristic. p21 exhibits a promoting effect
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Table 5 Influence of p21 on radioresistance

Experimental material

Treatment

p21 influence on radioresistance

Study

Lung cancer cell lines A549, H1299,
and H460

Non-small cell lung cancer A549
cells

Human lung cancer cell lines A549
and H1299

Non-small cell and lung cancer cell
lines

Lung adenocarcinoma cell lines
(A549, H1299, and H1975)

Patients with rectal carcinomas

HCT116 p217~ and HCT116 p21**
cell lines

HCT-116 cell line

HCT116 human colon carcinoma
cells

Colon carcinoma HCT-116 cells

C57BL/6 and BALB/c mice, murine
colorectal carcinoma cell line
CT26 and IEC6

HT-29 (HTB-38) and HCT-116
(CCL-247) colorectal cancer cells

HCT116 human colorectal carci-
noma cells

Human colonic carcinoma cell lines
Large intestine cancer HT29 cells
Breast cancer lines

Human triple-negative breast cancer
cell line MDA-MB-231

Lymphocyte samples of sporadic
breast cancer patients

Brain tumour cell lines

Human glioma cell lines (T98G,
U251MG, and U87MG)

Glioblastoma cell lines

Sprague Dawley rats injected with
RT-2 rat glioma cells

Human esophageal squamous cancer
cell line

Esophageal squamous cell carcino-
mas cell line KYSE510

Esophageal Adenocarcinoma cell
line

Prostate cancer cell lines C4-2,
RWPE-1 and CWR22Rv1

Cervical cancer cell lines

Nasopharyngeal carcinoma cell lines
HNE-1 and CNE-2

The oral carcinoma 3 (OC3) cell line
Rhabdomyosarcoma cell lines

Ionizing radiation
y-Irradiation
X-ray

X-ray

X-ray

Preoperative radiation
y-Irradiation

y-Irradiation

y-Irradiation from a '3’Cs source
y-Irradiation from a '*’Cs source

y-Irradiation from a *’Cs source

X-ray

High-dose-rate X radiation, hyper-
thermia or a combination of the
two treatments

X-ray
X-ray
X-ray
X-ray
X-ray

y-Irradiation
y-Irradiation

y-Trradiation from a *’Cs source
y-Irradiation

X-ray

X-ray

Ionizing radiation
y-Irradiation

X-ray
Tonizing radiation

y-Irradiation from a %°Co source
X-ray

Decreasing radioresistance
Decreasing radioresistance
Decreasing radioresistance
Decreasing radioresistance
Increasing radioresistance

Decreasing radioresistance

Increasing radioresistance

Increasing radioresistance

Increasing radioresistance

p21 deficiency had no effect on
radiosensitivity

Increasing radioresistance

Increasing radioresistance

p21 does not play an important role
in the expression of thermal radio-
sensitization

Decreasing radioresistance
Increasing radioresistance
Decreasing radioresistance

Increasing radioresistance
Increasing radioresistance

Increasing radioresistance
Increasing radioresistance

Increasing radioresistance

Descreasing radioresistance
Increasing radioresistance
Increasing radioresistance
Increasing radioresistance
Increasing radioresistance

Increasing radioresistance
Increasing radioresistance

Decreasing radioresistance

Decreasing radioresistance

Biswas et al. (2017)
Kim et al. (2010)
Zhang et al. (2018)
Wang et al. (2017)
Niu et al. (2020)

Fu et al. (1998)
Waldman et al. (1997)

(Waldman and B. 1996)
Wouters et al. (1999)

Fan et al. (1997)

Nag et al. (2019)

Huerta et al. (2013)
Larsson and Ng 2003)
Zheng et al. (2015)
Zuo et al. (2020)

Yang et al. (2012)
Zhou et al. (2020)

Badie et al. (2008)

Kokunai and Tamaki 1999)
(Kokunai et al. (2001)

Wang et al. (2006)
Hsiao et al. (1997)

Zheng et al. (2017)
(Kuo et al. (2019)
(Hotte et al. (2012)
Xie et al. (2016)

Pedroza-Torres et al. (2018)
Du et al. (2017)

Wu et al. (2013)
Petragnano et al. (2020a)
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Table 5 (continued)

Experimental material Treatment

p21 influence on radioresistance Study

All cells were derived from appropri- y-Irradiation from a '*’Cs source
ate matings of mice carrying p21
and atm null alleles

Normal human lung embryonic UV irradiation

fibroblasts

Liver Kupfter cells Irradiation

Increasing radioresistance Wang et al. (1997)

Increasing radioresistance Stivala et al. (2001)

Increasing radioresistance Soysa et al. (2019)

on radioresistance in other tumors, including brain, prostate,
cervical, esophageal, large intestine cancer and nasopharyn-
geal carcinoma (Table 5). Interestingly, p21 in peripheral
blood from post-irradiated breast cancer patients was capa-
ble of predicting early effects of radiotherapy, and patients
with low level of p21, who underwent severe reactions to
radiotherapy, had an inherent radiosensitivity (Badie et al.
2008). In addition, Zhou et al. reported that the radiation
sensitivity of breast cancer cell line with knock-down p21
was significantly enhanced and bioinformatics analysis of
clinical data in breast cancer showed that the prognosis
of patients with low p21 expression is significantly better
than that of the patient with high p21 expression. Multivari-
ate cox analysis manifested that p21 expression level is an
independent prognostic factor in breast cancer patient (Zhou
et al. 2020). It is noteworthy that there is also evidence from
the literature suggesting the promotive functions of p21 on
radioresistance in normal cells both in vitro (Soysa et al.
2019; Stivala et al. 2001) and in vivo (Wang et al. 1997).
Endogenous p21 expression status usually determines the
intrinsic radiosensitivity of tumour cells. In non-small cell
lung cancer, high level of p21 was significantly correlated
with poor prognosis and positively associated with the resist-
ance to X-rays (Niu et al. 2020). However, another study
considered that patients with lower p21 expression repre-
sented the resistance to preoperative radiation and had poor
prognosis (Fu et al. 1998). The results of the studies on colo-
rectal cancer are relatively consistent in vitro and in vivo.
HCT-116/p217'~ cells have been found to be more readily
killed by y-Irradiation than their p21*/* counterparts (Huerta
et al. 2013; Waldman et al. 1996). The p21** tumour kept
growing, while the p21~/~ tumour disappeared after radio-
therapy (Waldman et al. 1997). In addition, there was higher
p21 expression in radioresistant astrocytic tumours than in
more radiosensitive brain tumours (Kokunai and Tamaki
1999), but p21 expression increased the radiosensitivity of
RT-2 rat glioma cells (Hsiao et al. 1997). In another inter-
esting study, Petragnano et al. obtained clinically relevant
radioresistant (RR) rhabdomyosarcoma (RMS) cell lines
by hypo-fractionated schedule. Ionizing radiation (IR) up-
regulated p21 expression in parental (PR) RMS cells, while
RR cells significantly counteracted IR-induced p21 over-
expression. IR increased the percentage of cells at G2/M
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phase more efficiently in PR cells compared to RR cells, and
RR cells escaped from G2/M growth arrest more quickly
than PR cells (Petragnano et al. 2020a), suggesting that
p21-related molecular mechanism is highly correlated with
tumour radioresistance. Besides, miRNAs maintain their
effects on the radiosensitity via modulating the expression
of target gene p21. High level of miR-125a sensitized cervi-
cal cancer cells to radiation therapy by down-regulating the
expression of p21 (Pedroza-Torres et al. 2018) and mi-R373
has a similar effect in glioblastoma (Peng et al. 2020), while
miRNA-17-5p (Wu et al. 2013), miRNA-106b (Zheng et al.
2015) and miR-208a (Tang et al. 2016) increased the radi-
oresistance of cancer cells by targeting p21. Therefore, in
tumours with different genetic backgrounds, p21 shows sig-
nificant differences in expression and biological function on
radioresistance. Participation of p21 in multiple intricate cel-
lular processes mentioned above may explain the observed
differences.

Some drugs and inhibitors are utilized as radiosensitizer
via regulating p21 level to play their roles. Bromodomain
and extra-terminal (BET) bromodomain inhibitors JQ1 and
Nedd8 activating enzyme inhibitor MLLN42924 increased
radiation sensitivity of non-small cell lung cancer by up-
regulating p21 and enhancing G2/M arrest, respectively, in
non-small cell lung cancer (Wang et al. 2017) and breast
cancer (Yang et al. 2012). In the radiosensitizing studies
of colon tumor, auraptene was found to increase the radio-
sensitivity of colon adenocarcinoma cells by up-regulating
p21 (Moussavi et al. 2017). Another drug auranofin not only
prevented normal intestinal tissue from radiation toxicity and
improved survival with the activation of p53/p21-mediated
reversible cell cycle arrest but also inhibited malignant tis-
sue growth (Nag et al. 2019). Conversely, repression of p21
via antisense oligonucleotide enhanced the y-irradiation-
induced apoptosis and cytotoxicity in radioresistant glioma
cells (Kokunai et al. 2001). Farnesyltransferase inhibitors
R115777 increased radiation sensitivity of glioblastoma
cells via inhibiting p21 (Wang et al. 2006). Zoledronic acid
augmented the radiosensitivity of cancer cells via depleting
p21 (Du et al. 2017). Palbociclib could be a novel radiosen-
sitizer agent and it increases the radiosensitivity of cancer
cells via blocking the transcriptional activity of p53 and
p21 (Fernandez-Aroca et al. 2019). Although there are the



Journal of Cancer Research and Clinical Oncology

contradictory results in the studies, they still provide a theo-
retical basis for considering p21 as a radiotherapy target.
Another interesting point is that prostate cancer cells
increased radiotherapy resistance via recruiting mast cell to
up-regulate p21 (Xie et al. 2016), implying that p21 is asso-
ciated with tumor microenvironment-mediated radioresist-
ance. Additionally, our unpublished (data not shown) results
showed that p21 elevated radiation resistance of GBM via
promoting the glycolysis under hypoxia. Western blot and
Luciferase reporter analyses showed that p21 was transcrip-
tionally activated by HIF-1a in GBM cells under hypoxic
conditions. Interestingly, we also observed that augment of
p21 is necessary for promoting HIF-1a transcription. Under
oxygen deficiency, the presence of mutual positive feedback
between HIF-1a and p21 induced the glycolysis via up-reg-
ulation of the expression of Glutl and LDHA and enhanced
the radioresistance of GBM cells. The positive feedback
loop between HIF-1a and p21 might play a crucial role in
enhancing the radioresistance of GBM under hypoxia.

Targeting p21 in cancer radiotherapy

According to the functions of p21 in radiotherapy mentioned
above, p21 definitely plays a dual role in tumour cells. In
the main cellular processes induced by ionizing radiation,
including cell cycle arrest, DNA repair, apoptosis and senes-
cence, although the up- or down-regulatory role of p21
strongly depends on the cell type, there is no doubt that p21
has an important function in radiotherapy. In line with this,
understanding the reasons for the dual role of p21 will help
to define the relationship between p21 and radiosensitivity.

Fig.2 p21 determines the fate
of cells exposed to radiation.
The p53 pathway is activated
after DNA damage caused by
radiation and leads to either
apoptosis or anti-apoptosis.

The subsequent increase in p21
allows cells to execute the DNA
repair process and develop
radiatoresistance

Irradiation

3

Cancer cell

ﬁ Providing time

Cell cycle arrest

More importantly, p21 should serve as a biomarker for spe-
cific therapies or prognosis, because it is related not only
to the radiosensitivity but also to the chemoresistance (Liu
et al. 2003) of tumour.

Based on the results of the retrospective studies summa-
rized in this paper, nearly 70% of the studies considered that
p21 could improve tumor resistance to radiotherapy, while a
small portion of the studies showed contrary observations.
A relatively complete chain of evidence about increasing
the radioresistance of cancer by p21 has been formulated
according to the findings from the existing literature (shown
in Fig. 2). A study on extrahepatic cholangiocarcinoma has
drawn the conclusion that both low and high p21 levels are
effective biomarkers of negative prognosis, whereas moder-
ate levels of p21 afford a more advantageous indication (Li
et al. 2000). As mentioned above, the expression disorder
of p21 is significantly associated with poor prognosis in
several tumours. Accordingly, simply modulating p21 as a
target of radiotherapy would increase risks and unanticipated
side effects. Given the “antagonistic duality” of p21 (Gartel
and Tyner 2002), cancer radiotherapy targeting p21 should
manipulate the level of p21 on the basis of its function in
specific tumour type.

First, up-regulation of p21 should be considered in malig-
nant cells with low level of p21, which maintains the radi-
oresistance of tumour. Histone deacetylase inhibitors (Ocker
and Schneider-Stock 2007), agonist of p53 (Martinez 2010;
Shen and Maki 2011) or stagnating the degradation of p21
by proteasome inhibitors (Rastogi and Mishra 2012) could
be utilized to facilitate the function of p21 as tumor sup-
pressor and inhibit the tumor development. On the other
hand, the high expression of p21 in normal tissues might

Irreparable APOPtosis
/]\ damage
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play a role of radioprotection. There is a study indicating
that increased p21 expression is conducive to reinstate intes-
tinal integrity after radiation (Pant et al. 2019). Enhancing
p21 activity could be a viable prophylactic strategy for alle-
viating gastrointestinal syndrome in patients undergoing
radiotherapy.

Even more importantly, down-regulation of p21 should be
implemented in tumours with highly expressed p21, because
over-expression of p21 not only increases the radioresistance
of tumours (Table 5) but also plays an anti-drug role in the
studies, where doxorubicin (Martinez et al. 2002), campto-
thecin (Han et al. 2002) and taxol (Li et al. 2002) were used
to treat tumors. Various methods reducing p21 expression
such as antisense oligonucleotides (ASOs) (Kokunai et al.
2001), small interfering RNA (siRNA), synthetic miRNA
mimics (Ivanovska et al. 2008; van Beijnum et al. 2017) and
a promising targeted therapy utilizing the clustered regularly
interspaced short palindromic repeats (CRISPR) technique
(Ghosh et al. 2019) were applied. Down-regulating p21 by
ASOs has been employed to induce proliferation block and/
or apoptosis in breast cancer (Weiss et al. 2003), colorec-
tal cancer (Tian et al. 2000), glioma (Kokunai et al. 2001),
myeloid leukemia (Freemerman et al. 1997) and renal cell
carcinoma cell lines (Park et al. 2008a). The technique of
transient transfection is usually limited by its short dura-
tion and difficulty of transport to tumour tissue. So there are
some difficulties to put ASOs, siRNA and miRNA into clini-
cal use (Burnett et al. 2011; Liu et al. 2013). Moreover, small
molecule inhibitors of p21 have been discovered and used in
some studies. Butyrolactone I (BL) (Liu et al. 2013), butyro-
lactone (Sax et al. 2002) and LLW10 (Park et al. 2008b) act
as effective inhibitors of p21 via promoting p21 proteasomal
degradation to reduce its expression. Given the limitation
of their specificity on targeting p21, these inhibitors might
not be a preferred choice for clinical use. It is a potential
and selective intervening strategy to hinder the oncogenic
functions of p21 by inhibiting its combination with PCNA
using small molecules like T2AA (Punchihewa et al. 2012).

So many researchers believe that cytoplasmic p21 and
nuclear p21 have opposite functions, tumorigenic and
tumor-suppressive roles, respectively. Phosphorylated p21
is normally localized in the cytoplasm. Cytoplasmic locali-
zation of p21 is involved in cell proliferation and survival,
by facilitating the combination of the cyclinD with CDK4/6
and preventing tumours from apoptosis, respectively (Abbas
and Dutta 2009). In addition, cytoplasmic p21 may also
function as a chaperone for cyclin E to sponsor G1/S pro-
gression (Georgakilas et al. 2017). On the contrary, nuclear
p21 supports its anticancer effects by blocking cell division
and growth and represses some DNA repair pathways in the
nucleus leading to senescence (Abbas and Dutta 2009; Gaw-
riluk et al. 2016; Georgakilas et al. 2017). Yang et al. found
that IFITM1 knockdown could result in p21 up-regulation
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and p-p21 down-regulation, which increased the effective-
ness of radiotherapy (Yang et al. 2018). In line with this, tar-
geting cytoplasmic p21 or obstructing nuclear-cytoplasmic
shuttling of p21 might be a desirable strategy. UC2288, a
hopeful small molecule inhibitor, reduces tumour growth
by targeting cytoplasmic p21 without disturbing nuclear p21
levels and p53 (Liu et al. 2013). The phosphorylation by Akt
kinase of p21 at different sites may lead to its cytoplasmic
localization (Kreis et al. 2015). Akt inhibitors, therefore,
would be a decent choice for contributing to the nuclear
relocation of p21 and sensitizing cells to anticancer therapy
(Koster et al. 2010). However, there are few investigations
on the functions of cytoplasmic p21 and nuclear p21 in
radiotherapy and only one study reported that radiation-
induced p21 expression was restricted to the nucleus (Sohn
et al. 2006). Hence the use of these drugs may need further
investigation in this regard.

What’s more, a therapeutic strategy specially aiming at
radiotherapy is based on the expression of p21. Endoge-
nous p21, an excellent molecular biomarker in vivo, could
be induced by external beam radiation or intracellular
concentrated radionuclides (McCarthy et al. 2007) and its
expression has a good linear relationship with radiation
dose (Nenoi et al. 2006). McMahon et al. set up a new p21
reporter mouse model, which was able to reflects the extent
of ionizing radiation-induced DNA damage clearly by means
of p21 levels (McMahon et al. 2016). More importantly,
it has been reported that a clinically relevant strategy of
p21-driven inducible nitric oxide synthase (iNOS) gene
therapy significantly sensitized tumour cells to fractionated
radiotherapy in vitro and in vivo (McCarthy et al. 2007).
iNOS could generate the potent radiosensitizer, nitric oxide.
Besides, p21 gene promoter in combination with recombi-
nant adeno-associated virus (rAAV) vector is potentially
usable in developing a radiation-inducible vector for cancer
gene therapy (Nenoi et al. 2006). These studies highlight the
application of p21-driven chimeric promoter or gene therapy
in radiotherapy.

In summary, it is vital to implement selective interference
to tumorigenic function of p21, meanwhile, maintaining its
role in cell cycle regulation and genome stability. There is a
clear need for further studies to solve the mystery of p21’s
duality and to assure that p21 is a safe target for radiotherapy
in certain tumour types.

Conclusions and future directions

Studies on p21 lasted over 25 years and found that p21
is a complex and multidimensional protein. p21 controls
multiple cellular processes of tumour in response to radia-
tion exposure, including cell cycle, DNA repair, apoptosis,
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senescence, autophagy and tumor microenvironment. Even
more confusing is the fact that it plays dual role in these
processes. Therefore, thorough comprehension of p21 is
still a huge challenge. Powerful regulation function forces
researchers to attach importance to p21 and consider it as
a promising radiotherapeutic target. In follow-up studies,
focus should be concentrated on the mechanisms of p21
playing opposite roles and how to selectively control its
oncogenicity. p21 with different post-translational modi-
fication sites may play diverse roles in biological systems.
An equilibrium between the different functions of p21
might be the key to successful radiotherapy.
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