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Neuroblastoma is a pediatric cancer that arises from neural crest cells
failing to differentiate into mature neuronal cells. Differentiation therapy
is one of the effective approaches to treat high-risk neuroblastoma.
Developing new differentiation agents that can be used to treat
neuroblastoma, especially for those resistant to currently available
differentiation agents, is a major task in the field of neuroblastoma
research. It has been known that neuroblastoma cell differentiation is
tightly coupled with cell cycle progression. More importantly, multiple
cell cycle regulating proteins have been shown to play critical roles
in modulating neuroblastoma differentiation process, suggesting the
potential of targeting these cell cycle regulators for differentiation
therapy. Here we review the cell cycle regulators that have been
recognized to function as independent regulators of cell differentiation,
including cyclindependent kinase 4, cyclin D1, and the Cip/Kip family
proteins, with a focus on their involvement of the differentiation of
neuroblastoma cells. We also discuss the potential and approaches
of discovering new cell cycle-regulating differentiation agents from
common sources of anti-cancer agents such as extracts from plants.
Keywords: Cell cycle; neeuroblastoma; cell differentiation;
differentiation therapy

1 INTRODUCTION
Neuroblastoma is a spectrum of pediatric neuroblastic tumors that
affects more than 700 children in the United States per year [1, 2]. It
is a type of solid tumor cancer that arises from neural crest cells
of the sympathetic nervous system that fail to differentiate into
mature neurons [3]. Differentiation therapy is one major approach
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to treat neuroblastoma [4]. One major advantage
of differentiation therapy over traditional
chemotherapies is the potential low non-specific
toxicity because, theoretically, differentiation agents
would not affect mature functional cells. 13-cisretinoic acid is the most effective differentiation
agent available to treat neuroblastoma, and it is
currently used as standard-of-care for post remission
maintenance therapy in high-risk neuroblastoma
p a t i e n t s [5], h i g h l i g h t i n g t h e i m p o r t a n c e o f
differentiation therapy in neuroblastoma treatment.
Studies have shown that retinoic acid improves
survival rate of neuroblastoma patients but not
significantly [6] , indicating resistance to retinoic
acid in certain neuroblastomas and the needs of
developing new differentiation agents to treat the
retinoic acid-resistant neuroblastomas. Developing
new classes of differentiation agents relies on better
understanding of the molecular mechanisms that
control neuroblastoma cell differentiation. Studies
have indicated that cell cycle regulators play key
roles in modulating neuroblastoma cell differentiation
processes, suggesting the possibility of targeting cell
cycle-regulating pathways to induce neuroblastoma
cell differentiation. Here, we review recent advances
in understanding the role of cell cycle regulators in
cell differentiation with a primary focus on regulators
that have been studied in neuroblastoma cell
differentiation, and discuss the potential of targeting
cell cycle progression for differentiation therapy in
neuroblastoma.

Cell cycle is a series of cellular events that take
place during cell division. It consists of four distinct
phases: Gap 1 phase (G1 phase), DNA synthesis
phase (S phase), Gap 2 phase (G2 phase) and
mitosis phase (M phase) [7]. The progression through
each phase of the cell cycle has been found tightly
controlled by a large group of cell cycle-regulating
proteins (cell cycle regulators) [8, 9]. The expression
levels and the activities of these cell cycle regulators
are tightly controlled and highly coordinated to
ensure the normal process of cell growth and division
[10, 11]
. Since there is a clear relationship between
cell cycle progression and cell differentiation [12-15], it
is unsurprising that certain cell cycle regulators or
elements have been found to play roles in modulating
the cell differentiation process [16-19]. More importantly,
studies have shown that, for certain cell cycle
regulators, manipulating expression level of a single
cell cycle regulator is sufficient to induce or block
cell differentiation, suggesting that these cell cycle
regulators act as independent factors to direct the
cell differentiation process. Although the molecular
mechanisms by which the cell cycle regulators
direct the cell differentiation process are not fully
understood, the findings suggest that targeting
these cell cycle regulators is an effective approach
to differentiation therapy. Here we review the cell
cycle regulators that have been found to play key
roles in regulating cell differentiation process with an
emphasis on neuroblastoma cell differentiation. The
cell cycle regulators that we discuss are summarized
in the Table 1, and the pathways linking the cell cycle
regulators to neuroblastoma cell differentiation are
shown in the Fig. 1.

2 Cell cycle progression and cell
differentiation

Table 1. Cell cycle regulators that have been linked to neuroblastoma cell differentiation
Gene name

Role in cell
cycle

Target

Expression in
Neuroblastoma

Effect on
differentiation

CDK4/6

Activate

Rb

Increased

Repress

[16-19]

Cyclin D1

Activate

CDK4

Increased

Repress

[16-18]

p21

Suppress

CDK2

Repressed

Induce

[25-27]

Rb

Suppress

E2F

Repressed

Induce

[28-30]

p27

Suppress

CDK4

Increased*

Induce

[22,23]

p57

Suppress

CDK

B-myb

Activate

ND
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MYCN

Activate

CDKL5

Suppress

HOXC9

Activate
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p21, DKK3, p57, CDKL5

Gene amplified

Repress

[26]

Repressed

Induce

[42]

Induce

[40]

Cyclin A2, Cyclin B1,
Increased
Cyclin B2, CDK1, CDK2

Shown are the (1) gene names of the cell cycle regulators, (2) their roles in cell cycle progression, (3) their targets in the
cell cycle (4) their expressions in neuroblastoma cells, (5) effect of their overexpression on cell differentiation, and (6) the
related references. *, the increased p27 is sequestered by CD1. **, ND, not determined.

Fig. 1 The relationship between cell cycle progression and differentiation in neruoblastoma cells.

2.1 CDK4/Cyclin D1 prevent
neuroblastoma cell differentiation

via recruitment of transcriptional complexes onto
neuroectoderm, mesoderm, and endoderm genes
[19]
. Activation of CDK4 and CD1 genes are common
in neuroblastoma [20] . Overexpression of CDK4
or CD1 has been linked to the undifferentiated
neuroblastoma phenotype while downregulation of
CDK4/CD1 reduces cell proliferation, induces G1specific cell cycle arrest and significant neuronal

Cyclins and cyclin-dependent kinases (CDKs) have
been implicated in influencing cell differentiation.
For example, it was shown that cell cycle regulators
Cyclin D1 (CD1), D2 and D3 are involved in
controlling cell fate in human pluripotent stem cells

MED ONE 2017, 2:e170010 | Email:mo@qingres.com

3

June 25, 2017

Veronica Partridge et al.

Cell cycle regulators in neuroblastoma

differentiation [20-23], indicating that CDK4/CD1 act
as an independent regulator of neuroblastoma
cell differentiation. By exploring the mechanisms
underlying the cell differentiation-modulating
function of CDK4/CD1, Molenaar et al. found that
downregulation of CDK4/CD1 leads to increased
level of unphosphorylated retinoblastoma protein
(Rb) [6], which inactivates E2F and further results in
G1 cell cycle arrest and differentiation [20].

2.3 The role of cell cycle regulators in
Rb-mediated cell differentiation pathway
Another tumor suppressor protein family that is
involved in regulating both cell cycle progression
and cell differentiation is the Rb protein [6, 32]. It
has been demonstrated that Rb represses E2F
transcription, which leads to cell cycle arrest and
cell differentiation [33, 34]. This pathway might play a
role in MYCN-mediated cell cycle regulation and cell
differentiation pathway. It was also observed that
C-MYC downregulation leads to downregulation of
an Rb inhibitor Id2, which subsequent activate Rb [34].

2.2 Cip/Kip promote neuroblastoma cell
differentiation

Rb may also be involved in regulating
neuroblastoma cell differentiation through regulating
Bmyb, a transcription factor that has been found
to be downregulated during neuroblastomadifferentiation [35-37]. It was found that constitutive
B-myb expression leads to neuroblastoma cells
resistant to differentiation [35], and Rb was shown
to inhibit B-myb expression [38, 39]. Patient survival
analysis showed that B-myb is an independent
marker of neuroblastoma prognosis [35]. Furthermore,
Rb is a very important tumor suppressor that has
been demonstrated to play a role in neuroblastoma
tumorigenesis [32, 40]. The demonstrated role of Rb
in regulating neuroblastoma cell cycle progression
and cell differentiation certainly suggest that Rb is a
potential target for differentiation therapy.

Overexpression of Cip/Kip tumor suppressor
proteins have been demonstrated to play critical
roles in regulating cell cycle progression and
development [24-26], suggesting their important role
in directing cell differentiation fate. Multiple studies
further directly demonstrated their independent
role in controlling the cell differentiation fate. For
example, p27 overexpression has been found to
independently promote neuronal cell differentiation
[27]
. Interestingly, despite being a tumor suppressor,
active p27 is overexpressed in some undifferentiated
neuroblastoma cells, and it does not exhibit tumor
suppressive activity [28]; this is due to p27 being
sequestered by CD1, and downregulation of CD1
would lead to p27 being activated [28]. One possible
mechanism by which p27 induces cell differentiation
is through inhibiting CDK4 activity, which further lead
to de-phosphorylation of Rb. As reviewed above, the
unphosphorylated Rb then inactivates E2F, resulting
in G1 cell cycle arrest and cell differentiation [20, 28].
Another possible mechanism is through blocking
RhoA signaling by p27 [27], although the mechanism
that RhoA regulates cell differentiation is not fully
understood yet. Together with finding reviewed as
above, these findings indicate that p27 and CD1
coordinate to control the cell differentiation fate
through multiple pathways.

2.4 Other cell cycle regulators potentially
involved in neuroblastoma differentiation
While some cell cycle regulators have been shown
to have roles in neuroblastoma celldifferentiation,
there are multiple cell cycle regulators that have
been found to regulate cell differentiation in other
cell types including normal neuronal cells, but not
investigated in neuroblastoma. These cell cycle
regulators potentially play a role in neuroblastoma
cell differentiation and certainly warrant future
investigation in neuroblastoma. For example,
CDK5 does not act in the same way as other CDKs
because CDK5 is not activated by cyclins but
instead is activated by complexing with p35, p39
and p67 [41]; however, CDK5 has been found to be
important in cell cycle control and cell differentiation.
For example, CDK5-deficient embryos display
loss of cell cycle control and loss of neuronal
differentiation [42]. Another example Wnt-3a, is a
protein involved in Wnt signaling and has been
shown to enhance differentiation of neural stem cells
into neurons [43]. Overall, the findings in neuronal cell
differentiation provide additional candidate genes
potentially important regulating neuroblastoma

Another Cip/Kip protein that appears to have
a role in neuroblastoma differentiation is p21. It
was found that p21 is downregulated in MYCNamplified neuroblastoma and activated after MYCN
is downregulated [29]. The activation of p21 is required
for survival of differentiating neuroblastoma Cells
[30]
. Possible molecular mechanism underlying p21
activity is through inhibiting CDK2, which further
leads to increased level of unphosphorylated Rb
and subsequent inactivation of E2F, resulting in G1
cell cycle arrest and differentiation [20, 30, 31]. These
studies altogether suggest that inhibition of p21 by
MYCN may be contributing to the undifferentiated
phenotype that is common in MYCN-amplified
neuroblastoma.
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cell differentiation. Their roles and mechanisms in
regulating neuroblastoma cell differentiation certainly
warrant investigation in the future.

signaling pathway [47]. Knockdown MYCN expression
leads to inhibition of DKK3 expression, allowing the
WNT signaling pathway to activate, which further
induces G1 cell cycle arrest and differentiation in
neuroblastoma cells [31]. MYCN knockdown leads
to upregulation of p57 expression [31]. p57 has been
known to inhibit activities of multiple CDKs including
CDK4 and CDK6 [31] , which may be one of the
underlying differentiation-regulating mechanisms of
the MYCN/p57 pathway.

There are also cell cycle regulators that have been
found differentially expressed between differentiated
and undifferentiated neuroblastoma cells but have
not been directly investigated regarding their role
in neuroblastoma cell differentiation. For example,
studies showed that HOXC9 is highly overexpressed
after retinoic acid treatment, and that overexpression
of HOXC9 is correlated with retinoic acid-induced cell
differentiation [44]. Upregulation of HOXC9 expression
has been shown to inhibit multiple cell cycle
regulators that have been indicated to play roles in
cell differentiation, including CDK1, CDK2, Cyclin
A2, Cyclin B1, and Cyclin B2 [44], which suggests that
HOXC9 may also be an important regulator of cell
differentiation. Further studies are certainly needed
to define the role of HOXC9 in cell differentiation
especially in neuroblastoma.

4 The role of histone deacetylases
(HDACs) in regulating cell cycle
progression and cell differentiation
HDACs are a class of enzymes that catalyze the
removal of acetyl from an acetylated lysine on a
histone protein, allowing the de-acetylated histones
to wrap the DNA more tightly, which is an important
molecular mechanism to control gene expression.
The HDACs have been found to regulate expression
of genes that play essential roles in development
and development-related diseases [48]. HDACs have
also been found to play roles in both cell cycle
progression and cell differentiation.For example,
HDAC1 and HDAC2 are found to be involved in
G1-to-S progression by acting together to repress
expression of the CDK inhibitors p21 and p57 [49].
When HADAC1 and HDAC2 are overexpressed, the
expression levels of p21 and p57 are decreased,
allowing G1-to-S progression; whereas deletion of
HDAC1 and HDAC2 in B cells results in G1 arrest
and subsequent cell apoptosis. It was further showed
that B cells require expression of either HDAC1 or
HDAC2 in order to differentiate correctly, since the
B cells lacking one or both HDAC1 and HDAC2
did not mature [49] . Interestingly, another study
showed that HDAC1 is required for differentiation of
teratoma cells of mice and humans, and that loss
of HDAC1 is linked to increased apoptosis [50]. It is
also reported that HDAC1 presents in high levels in
differentiated cells, while HDAC2 is overexpressed
in undifferentiated samples of teratoma [50]. These
studies altogether suggest that imbalance of HDAC1
and HDAC2 expression levels may be a key factor
that contribute to differentiation-related diseases
including neuroblastoma.

3 The role of cell cycle regulators
in MYCN-mediated cell
differentiation pathways
A key oncogene that affects activities of cell
cycle regulators in neuroblastoma is MYCN [31] .
Overexpressed MYCN is associated with very
aggressive forms of neuroblastomas. When
MYCN is silenced with small interfering RNA,
neuroblastoma cells undergo differentiation and
apoptosis [45] . The mechanism by which MYCN
regulates neuroblastoma cell differentiation is
still not fully defined. Multiple pathways involving
different cell cycle regulators have been found to be
important in mediating the differentiation-regulating
function of MYCN. For example, one way that MYCN
may repress differentiation and cause uncontrollable
cell growth is through CDKL5 repression [46]. It has
been found that inhibition of MYCN activates CDKL5
and leads to G1 phase arrest and neuroblastoma
differentiation [31]. CDKL5 is a CDK-like protein that is
up-regulated during differentiation in neuroblastoma
cells, and it has been found that overexpression
of CDKL5 induces differentiation and inhibits
proliferation of neuroblastoma cells [46]. In another
study, in order to systematically identify pathways
that MYCN may act through cell cycle regulators,
gene expression microarrays were utilized, and it
was found that MYCN may promote cell proliferation
through regulating expression of two cell cycle
regulators, Dickkopf-3 (DKK3) and the tumor
suppressor p57 [31]. DKK3 is an inhibitor of WNT
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differentiation in glioma cells [58]. A small molecule
CG500354, which has been shown to target cell
cycle regulators p53, p21, and p27 in glioblastoma
cells [59] , was found to induce glioblastoma cell
differentiation [59]. These studies are relevant to
neuroblastoma because glioblastoma was thought
to arise from neural stem cells in a similar manner
with neuroblastoma [60]. HDAC inhibitors have been
developed to treat multiple types of cancers. HDAC
inhibitors potentially could be used as differentiation
agents to treat neuroblastoma since HDACs are
heavily involved in both cell cycle regulation and cell
differentiation. One study showed that glioblastoma
cells treated with a HDAC inhibitor, valproic acid,
resulted in induced expression of p21 along with
upregulated expression of the glial differentiation
marker [61] , suggesting the promise of applying
selective HDAC inhibitors as differentiation agents
for treating cancer.

differentiation [52]. HDAC8 is another HDAC that
has been investigated in neuroblastoma [53]. It was
showed that selective HDAC8 inhibitors had antineuroblastoma activity and little toxicity effects in
mouse xenografted MYCN-amplified neuroblastoma
models while non-selective HDAC8 inhibitors were
observed more toxicity in these models. Combination
these inhibitors with retinoic acid induced significant
neurite outgrowth and cell differentiation [53] ,
suggesting that HDAC8 may be also involved in the
differentiation pathway of neuroblastoma cells.

5 Targeting the differentiationcontrolling cell cycle regulators as
differentiation therapy
Ta r g e t i n g c e l l c y c l e p r o g r e s s i o n h a s b e e n
demonstrated to be an effective approach of
treating cancer. Knowledge on the role of specific
cycle regulators in regulating cell differentiation
suggests the potential of developing differentiation
therapy by targeting differentiation-controlling
cell cycle regulators. In fact, certain currently
discovered differentiation agents have been found
to modulate expression of cell cycle regulators that
are independent modulators of cell differentiation,
suggesting one of the differentiation-inducing
mechanisms underlying these differentiation agents
is through downregulating expression or activities
of cell cycle regulators. For example, combination
of vitamin K2 with cotylenin A were used to induce
differentiation of leukemia cells [54] , which was
accompanied by upregulated expression of cyclin
G2 and induced G1 phase arrest. Treating leukemia
cells with gambogic acid resulted in cell growth
inhibition and differentiation, which was associated
with upregulated p21 [55]. Eupatilin has been found
to induce cell cycle arrest and differentiation in
gastric carcinoma along with activation of p21
[56]
. Another example is 4-amino-2-trifluromethylphenyl retinate (ATPR), which is a derivative of alltrans retinoic acid (ATRA) and has been shown to
induce both cell differentiation and G0/G1 phase
arrest in gastric adenocarcinoma cells [57]. This is
relevant to neuroblastoma because, as a derivative
of ATRA, ATPR may represent an alternative for
neuroblastoma patients who have developed
resistance to retinoic acid.

High-throughput approaches for identifying
substances that affect cell cycle progression and
induce neuroblastoma cell differentiation have been
developed separately [62, 63]. The combination of these
two arms of screening approaches can be used to
identify differentiation-inducing candidates that target
cell cycle regulators. Plant extracts are excellent
sources for applying the combined two arms of
screening, since compounds that induce both cell
cycle arrest and differentiation have been identified
from plant extracts. For example, aqueous ethanolic
extract of Tinospora cordifolia has been identified to
induce neuroblastoma cell arrest in G1 phase. The
treated neuroblastoma cells show altered expression
of cyclin D1 and cell differentiation [64]. In another
study, treatment with the antioxidant extracts of
African medicinal plants induces cell cycle arrest due
to increased expression of p53, p21, and p27 protein
levels; and it is capable of inducing differentiation
of the melanoma cells as shown by the growth of
cytoplasmic dendrites [65], suggesting the potential
to identify differentiation agents from these plants.
5,7-dimethoxycoumarin, a compound isolated from
leaves and fruits of Pelea anisata H. Mann, induces
cell cycle arrest in G1 phase and cell differentiation
rather than killing the melanoma cells [66] . This
finding is potentially relevant to neuroblastoma
because both melanoma and neuroblastoma are
neuroendocrine cancers [67]. Another plant extract
found to have differentiation inducing effects is
omacetaxine mepesuccinate [68] . The effects of
this alkaloid was studied using diffuse large B-cell
lymphoma cells and was found to include apoptosis
in these lymphoma cells along with G0/G1 phase
cell cycle arrest. The alkaloid was also capable of
inducing cell differentiation in the lymphoma cells
as shown by expression of antigens commonly
associated with differentiated lymphocytes. This

On the other hand, therapeutic drug candidates
that were developed to target cell cycle progression
have been found to induce cell differentiation. For
example, cycloheximide was found to induce G1 and
S phases arrest by repressing expression of Cyclin
D1 with morphological changes that indicated cell
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alkaloid acts by increasing expression of p27 and
p21 leading to G1 cell cycle arrest [68]. Another study
found that extracts obtained from sea buckthorn, dog
rose, sage, and oregano were capable of reducing
proliferation and viability in leukemia cells they
did not outright induce differentiation [69]. Instead
the extracts were found to increase the effect of
differentiation induced by a hormonal vitamin D.
Cell cycle analysis of acute myeloid leukemia cells
treated with these extracts showed that there was
partial S-phase arrest along with reduced levels of
cyclins A and E and upregulated p27. This study
shows that while these extracts may not be sufficient
to induce differentiation, they can increase the
effects of differentiation drugs that may have not
been as effective [69]. In addition to plant extracts,
there may be differentiation-inducing agents in the
form of traditional Chinese medicine such as Pien
Tze Haung (PTH) [70] . PTH is a Chinese herbal
medicine which has shown anticancer activities in
colorectal cancer and cancer stem cells arising from

this cancer. This study focuses on the effect of PTH
on colorectal cancer stem cells. Cells treated with
PTH underwent apoptosis, decreased proliferation,
and were found to be differentiated [70]. The activity of
PTH in colorectal cancer stem cells was suggested
to be a result of inhibited Notch signaling which has
been linked to cancer stem cell survival in the past [70].
In summary, studies have identified many
synthetic and natural compounds that target
differentiation-modulating cell cycle regulators
(Table 2), suggesting the promise to develop
these compounds as novel differentiation agents
for treating neuroblastoma. Given the constant
effort of developing cost-effective high-throughput
approaches to drug discovery, the identification of
novel differentiation agents that target cell cycle
progression from various sources including plants, is
becoming practical. We expect that additional novel
effective differentiation agents that target cell cycle
regulators will be identified in the near future.

Table 2. Differentiation agents that regulate expression/activities of cell cycle regulators
Agent

Cancer

Target

Effect

Reference

Vitamin K2 with cotylenin A

Leukemia

Cyclin G2

Upregulated

54

Gambogic acid

Leukemia

Cyclin G2

Upregulated

55

Eupatilin

Gastric carcinoma p21

Activation

56

ATPR

Gastric carcinoma p27

Upregulated

57

Cycloheximide

Glioblastoma

Cyclin D1

Repressed

58

CG500354

Glioblastoma

p53, p21, p27

Upregulated

59

Valproic acid

Glioblastoma

p21

Upregulated

61

Tinospora cordifolia extract

Neuroblastoma

Cyclin D1

Downregulated

64

African medicinal plant extract

Neuroblastoma

p53, p21, p27

Upregulated

65

5, 7-dimethoxycoumarin

Melanoma

Ras/Raf/MEK/ERK
Inhibition
Map kinase pathway

66

Omacetaxin mepesuccinate

Lymphoma

p27, p21

Upregulated

68

Sea buckthorn, dog rose, sage,
oregano extracts

Leukemia

Cylcin A and E p27

Downregulated
Upregulated

69

Pien Tze Haung

Colorectal cancer
stem cells

Notch1

Inhibition

70

Shown are the (1) name of differentiation agent, (2) type of cancers investigated in, (3) cell cycle genes regulated by the
corresponding agent, (4) the corresponding regulatory effect on cell cycle genes, and (5) the related references.
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