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Abstract
Cancer cells possess metabolic properties that are different from those of benign
cells. p21, encoded by CDKN1A gene, also named p21Cip1/WAF1, was first identified
as a cyclin-dependent kinase regulator that suppresses cell cycle G1/S phase and
retinoblastoma protein phosphorylation. CDKN1A (p21) acts as the downstream
target gene of TP53 (p53), and its expression is induced by wild-type p53 and it is
not associated with mutant p53. p21 has been characterized as a vital regulator
that involves multiple cell functions, including G1/S cell cycle progression, cell
growth, DNA damage, and cell stemness. In 1994, p21 was found as a tumor
suppressor in brain, lung and colon cancer by targeting p53 and was associated
with tumorigenesis and metastasis. Notably, p21 plays a significant role in tumor
development through p53-dependent and p53-independent pathways. In
addition, expression of p21 is closely related to the resting state or terminal
differentiation of cells. p21 is also associated with cancer stem cells and acts as a
biomarker for such cells. In cancer therapy, given the importance of p21 in
regulating the G1/S and G2 check points, it is not surprising that p21 is
implicated in response to many cancer treatments and p21 promotes the effect of
oncolytic virotherapy.

Key words: p21; CDKN1A; Tumorigenesis; Circular RNA; Stemness of tumor; Cancer
stem cells; Tumor therapy
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Core tip: p21, as a cyclin-dependent kinase regulator, suppresses cell cycle G1/S phase
and retinoblastoma protein phosphorylation. As the downstream target gene of TP53,
p21 expression is induced by wild-type p53. p21 was found as a tumor suppressor in
several cancers by targeting p53 and was associated with tumorigenesis and metastasis.
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Notably, p21 is also associated with cancer stem cells. Moreover, p21 is closely related
to cancer therapy, and it can promote antitumor effect of oncolytic virotherapy. These
findings implicated multifaceted roles of p21 in cancer treatment.
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INTRODUCTION
The cell cycle is strictly regulated by cyclins, cyclin-dependent kinases (CDKs), and
CDK inhibitors to determine whether the cell is divided, quiescent or in the process of
cell death in response to external stimuli and/or cellular microenvironment. Each
type of cell has its own features during the cell cycle, and embryonic stem cells, germ
cells and cancer cells rapidly divide. These cells also undergo cell cycle arrest and cell
quiescence  under  adverse  conditions.  To  harmonize  the  events,  the  cells  have
developed a sophisticated regulatory system. Malfunction of this mechanism results
in serious disorders such as autoimmune disease and carcinogenesis.

p21 is encoded by CDKN1A gene, and was first identified as a CDK regulator that
suppresses cell cycle G1/S phase and retinoblastoma protein (RB) phosphorylation.
p21 is a major inhibitor of CDK2 and is therefore also known as CDKN1A (p21) or
CDK-interaction protein (CIP)1[1,2]. To be noted, p21 is a non-specific but commonly
used name, and it has many aliases such as p21CIP1/WAF1due to its multiple functions. In
this context, p21 acts as the downstream target gene of TP53 (p53), and its expression
is induced by wild-type p53 and it is not associated with mutant p53. Hence, p21 is
called wild-type p53 activating fragment 1 (waf1)[3]. Since p21 was found as a potent
inhibitor of G1 cyclin-dependent kinases in 1993[4], it has been characterized as a vital
regulator that involves multiple cell functions, including G1/S cell cycle progression,
cell growth, DNA damage, and cell stemness. Early research revealed that G1/S cell
cycle progression is negatively regulated by p21 binding to CDK and obstructing
CDK interaction with its substrates[5-7]. p21 inhibits tumor growth by targeting p53[3].
Interaction between p21 and proliferating cell nuclear antigen maintains G2/M arrest
after DNA damage[8,9].  Importantly, the regulatory mechanism of p21 still attracts
much attention in many fields.

P21 AND CARCINOGENESIS
Tumorigenesis is associated with imbalance between cell proliferation and cell death.
p21, a CDK inhibitor, is related to cell cycle progression[4]. In 1994, p21 was first found
as a tumor suppressor in brain,  lung,  and colon cancer by targeting p53[3].  Early
research  also  revealed  that  the  absence  of  p21  alters  keratinocyte  growth  and
differentiation and promotes ras-tumor progression [10]. p21 is also associated with
tumor migration and invasion. For example, cyclin D1 cooperates with p21 to regulate
transforming growth factor (TGF)-β-mediated breast cancer cell migration and local
tumor invasion[11]. p21-activated kinase 4 regulates ovarian cancer cell proliferation,
migration and invasion, and contributes to poor prognosis in patients[12]. p21-activated
kinase 1 stimulates colon cancer cell growth and migration/invasion via extracellular
signal-regulated- and AKT-dependent pathways[13]. In addition, environmental and
microenvironmental factors also influence molecular mechanisms of carcinogenesis[14],
which  may  be  related  with  variable  p21  expression.  These  factors  include  diet,
nutrition,  lifestyle  such  as  smoking  or  not,  the  living  environment  such  as
microbiome, and will influence the genome, epigenome, transcriptome, proteome,
and metabolome of  tumor  and normal  cells[15].  Controversial  aspects  of  p21  are
decided by p21 location and p53 protein condition[16]. p21 expression is induced by
p53 under conditions of DNA damage or oxidative stress. For example, gambogic acid
triggers DNA damage signaling that induces p53/p21Waf1/CIP1 activation through
the ATR–checkpoint kinase 1 pathway[17].  Notably, p21 plays a significant role in
tumor development through p53-dependent and p53-independent pathways. For
example,  the  cytoprotective  aminothiol  WR1065  activates  p21  (waf-1)  and
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downregulates cell  cycle  progression through a p53-dependent pathway[18].  p53-
independent  induction  of  the  p21  (waf1)  pathway  is  preserved  during  tumor
progression[19].

p21 is regulated by the tumor suppressor gene p53 and plays a regulatory role in
inhibiting  tumorigenesis;  therefore,  it  is  naturally  assumed  that  p21  is  also  an
antioncogene.  A  lot  of  experimental  evidence  confirms  this  conjecture.  In  vitro,
expression of p21 negatively affects the malignancy of many cancer cell lines (TETs,
ATLL and skin tumor) by inhibiting growth and inducing apoptosis[20-23].  In vivo,
experiments have found that upregulation of p21 leads to the arrest and invasion of
breast  cancer  cells[24].  The proportion of  leukemia stem cell  precursors  in  vivo  is
decreased in mice lacking p21 expression[25]. In renal cell carcinoma, a decrease in p21
expression is seen as an important factor in the poor survival of clinical outcomes[26].
In addition, p21 as CDKN1A can regulate T cell activation and attract innate immune
cells to activate immune regulation[27]. In some p53-deleted cell lines, TGF-β, RB, Tax,
thrombopoietin, suppressor of cytokine signaling 1, 1,25-dihydroxyvitamin D3 and
other factors can regulate p21 expression to achieve inhibitory effects[28-33].

Circular RNAs (circRNAs) are newly-identified noncoding RNAs that covalently
link 3’ and 5’ ends to form a closed loop and possess high stability[34]. circRNAs can
regulate tumor progression through regulating p21 expression. For example, circ-
ITCH  inhibits  bladder  cancer  progression  by  sponging  miR-17/miR-224  and
regulating p21 and phosphatase and tensin homolog expression[35]. circRNA affects
cell cycle progression by forming complexes with p21. For example, forkhead box O3
circRNA retards cell cycle progression by forming ternary complexes with p21 and
CDK2[36]. However, there is no report on whether circRNA is expressed in p21 gene.
Thus, whether p21 expresses circRNA to regulate tumorigenesis and migration and
invasion is of importance.

P21 ROLE IN STEMNESS OF TUMOR
Several studies have shown that expression of p21 is closely related to the resting state
or terminal differentiation of tumor cells. Various studies have shown that p21 is a
key factor for the maintenance of stem/progenitor cells[27,37,38]. Upregulation of p21
mRNA can inhibit  proliferation of progenitor cells[29].  Under normal steady-state
conditions, abundant p21 expression is detected in both stationary hematopoietic
stem cells and terminally differentiated mature blood cells. Knockdown of p21 results
in  proliferation  of  hematopoietic  stem  cells [ 3 9 , 4 0 ] .  Therefore,  keeping  the
stem/progenitor cells at rest is crucial to prevent their premature depletion. In the
bone  marrow,  p21  expression  produces  different  results.  In  colony-formation
experiments, p21 can promote the colony formation, proliferation and differentiation
of murine bone marrow progenitor cells[41]. Transient overexpression of p21 can lead
to  the  development  and  differentiation  of  mononuclear/macrophages[27,30].  The
expression  of  p21  mRNA  is  increased  over  time  in  granulocytes,  macrophages,
megakaryocytes, and erythroblasts[42]. The accumulation of its protein directly leads to
final differentiation of cells[43].

It  is  also reported that  p21 is  associated with cancer stem cells  (CSCs).  p21CIP1

attenuates Ras- and c-Myc-dependent breast tumor epithelial mesenchymal transition
and CSC-like  gene expression in  vivo[44].  Bone morphogenetic  protein7 regulates
dormancy and recurrence of prostate CSC in bone via the p38/NDRG1/p21 signaling
axis[45]. Novel function of p21-activated kinase 3 in regulating Akt phosphorylation
and pancreatic CSC phenotypes[46]. p21 itself acts as a biomarker for CSCs. Gallagher
et al[47]  reported that cancer stemness is suppressed by p21-regulating mRNA and
miRNA signatures in recurrent  ovarian cancer patient  samples,  and presented a
p53–p21 cancer  stemness  signature  model  for  ovarian cancer.  In  addition,  some
researches have pointed out that miRNAs affect the stemness of CSCs by regulating
p21. For example, miR-7 inhibits the stemness of prostate cancer stem-like cells and
tumorigenesis  by  repressing  the  KLF4/PI3K/Akt/p21  pathway[48].  miR-146b-5p
overexpression attenuates  stemness  and radioresistance  of  glioma stem cells  by
targeting the HuR/lincRNA-p21/β-catenin pathway[49]. Thus, these studies support
that p21 may play important roles in tumor stemness.

P21 AND TUMOR THERAPY
Chemotherapy  is  one  of  the  main  approaches  for  treating  tumors.  Given  the
importance of p21 in regulating the G1/S and G2 check points, it is not surprising that
p21 is implicated in response to many cancer treatments. An early study from Zhao et
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al[50] showed that p21 is required for non-small cell lung cancer sensitivity to gefitinib
treatment.  In  addition,  it  was  shown  that  p21protects  cells  from  cisplatin
cytotoxicity[51]. For example, the p21 CDK inhibitors enhances the cytotoxic effect of
cisplatin in human ovarian carcinoma cells[52]. However, exogenous expression of p21
exerts cell growth inhibition and enhances sensitivity to cisplatin in hepatoma cells[53].
Thus,  p21  has  different  effects  on  cisplatin  sensitivity  for  various  tumors.
Simultaneously,  p21-mediated  cyclins  can  regulate  the  resistance  of  some
chemotherapeutic drugs. For example, the mechanism by which elemene reverses
drug  resistance  of  lung  cancer  cells  is  regulated  and  controlled  by  CDK8/p21
pathways[54].

Oncolytic virotherapy has become one of the most promising therapeutic strategies
for solid malignancies. p21 promotes the effect of oncolytic virotherapy. For example,
Flak et al[55] found that p21 promotes oncolytic adenoviral activity in ovarian cancer
and is a potential biomarker. Conversely, RNA-interference-mediated knockdown of
p21 enhances antitumor cell activity of oncolytic adenoviruses[56]. Recently, we found
that  knockdown of  p21 mediated by lentivirus  inhibited the  antitumor effect  of
oncolytic  vaccinia  virus  in  breast  cancer  cells  (unpublished data).  These studies
revealed that p21 has different effects in oncolytic virotherapy for various tumors.
However, the effect of interaction between p21 and Newcastle disease virus, herpes
simplex virus1, and reovirus is unclear in tumor therapy.

Recent molecular pathological  epidemiology (MPE) of  cancer has increasingly
becomes as a promising transdisciplinary and interdisciplinary field[57]. According to
MPE of cancer, p21 is associated with an increased risk of breast cancer in Chinese
women[58].  Thus,  MPE  can  better  study  the  pathogenesis,  especially  complex
multifactorial  diseases,  and  carry  out  personalized  prevention  and  treatment.
Notably,  with  the  development  of  MPE  and  artificial  intelligence,  MPE  by  the
analyzing  of  artificial  intelligence  has  guiding  significance  for  how  to  choose
chemotherapy drugs to therapy tumors[14,59].

CONCLUSION
Research on p21 has grown rapidly over the past 24 years. p21 is associated with
carcinogenesis, CSCs, chemotherapy and therapeutic effect of oncolytic adenovirus
(Figure  1).  p21  acts  as  a  tumor  suppressor  and  has  oncogenic  potential.  It  was
demonstrated that  p21 sustained expression and its  cytoplasmic localization are
related to its carcinogenicity and tumor heterogeneity, and reflects its dual function
depending on cellular and environmental conditions. High expression of p21 in stem
cells plays a key role in this characteristic. High expression of p21 in normal stem cells
is a manifestation of cellular health, from which we can speculate that p21 can serve
as a marker of stem cells to respond to the state of cells. p21 is also associated with
CSCs.  p21  attenuates  Ras-  and c-Myc-dependent  tumor  epithelial  mesenchymal
transition and CSC-like gene expression. p21 itself acts as a biomarker for CSCs. p21
plays an important role in CSCs. In addition, further studies should be focused on
MPE and investigate cancer risk factors, microbiome, immunity, and molecular tissue
biomarkers, which was related with molecular pathologies in normal or diseased
tissue. In tumor therapy, given the importance of p21 in regulating the G1/S and G2
check points, it is not surprising that p21 is implicated in response to many cancer
treatments. p21 plays an important role in chemotherapeutic drug resistance, and
some drugs can affect resistance by regulating p21-mediated cyclins. p21 also plays an
important  role  in  treatment  with  oncolytic  adenoviruses.  In  the  study of  p21,  a
network of related genes will be established to fully understand its mechanism and
make more targeted treatments.
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Figure 1

Figure 1  p21 is associated with carcinogenesis, cancer stem cells, chemotherapy and therapeutic effect of oncolytic adenovirus. TGF-β: Transforming
growth factor-β; CSCs: Cancer stem cells; OA: Oncolytic adenovirus.
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