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plications, including anticancer therapeutics. Since uncontrolled and rapid cell division is a hallmark of
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1. INTRODUCTION

Natural compounds play an important role in the discov-
ery novel components that can be successfully used in nu-
merous biomedical applications, including anticancer thera-
peutics [1-5]. More than 60% of currently used anticancer
agents are derived from natural sources supporting the notion
that natural compounds are high-impact sources of new "lead
compounds" or new potential therapeutic agents [3, 4]. Nu-
merous organisms have been studied as sources of anticancer
drugs namely plants, microorganisms and marine organisms
and the obtained natural compounds (e.g. natural com-
pounds) can be considered a group of "privileged chemical
structures" evolved in nature to interact with other organisms
[3, 4]. Currently, there are more than 200 naturally produced
drugs already in preclinical/clinical development or in the
clinic [3].

Since tumors exhibit key traits, including ability of tumor
cells to stimulate their own proliferation, resist inhibitory
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signals that might stop their proliferation, and thereby in-
definitely proliferate, the search for compounds, which are
able to control the tumor cell proliferation is an important
venue for the anticancer therapies, such chemotherapy,
hormonal therapy, immunotherapy and gene therapy [6].
Natural compounds, which exhibit to inhibit tumor cell
proliferation and control mitosis and, particularly cell cy-
cle, are important candidates for potential anticancer che-
motherapies [6]. Therefore, the understanding of molecular
mechanisms and functions of anticancer compounds of
natural origin is prerequisite to successful application of
these compounds in basic and translational research before
going to clinical trials.

Mitosis is a complex process resulting in division of a
cell into two daughter cells, and its failure often results in the
death of the daughter cells (via apoptotic, necrotic, or prolif-
erative/senescent death), as reviewed in [7-9]. Since uncon-
trolled and rapid cell division is a hallmark of cancer, unrav-
eling the molecular mechanisms underlying mitosis is key to
understanding how various natural compounds might func-
tion as antimitotic agents [8, 10-12]. Many natural com-
pounds that inhibit the mitotic process (antimitotic drugs)
have proven effective for killing cancer cells in vitro, in vivo
and in clinical settings [8, 10-12]. Among the most studied
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antimitotic drugs are natural compounds including taxanes
(e.g. taxol, paclitaxel, docetaxel) and vinca alkaloids (e.g.
vincristine, vinblastine), whose validated targets are the
spindle microtubules, as reviewed elsewhere [8, 13-18].
Natural compounds, including vinca alkaloids, were shown
to induce cell cycle arrest in mitosis associated with aber-
rant mitotic spindles, while colchicine was found to exhibit
the activities leading to blocking of mitosis, as indicated in
[8, 13, 14]. Both vincristine and vinblastine were found to
inhibit the tumor cell proliferation, and display remarkable
efficacy in the treatment of testicular cancer, Hodgkin’s
lymphoma and acute lymphocytic leukemia, as reviewed in
[8, 13-18].

Novel drugs and natural compounds that inhibit other
proteins involved in mitosis (non-microtubule targets) have
been sought in hopes of expanding available cancer-directed
therapies [8]. Significant advances made in the understand-
ing of molecular mechanisms underlying the cell cycle regu-
lation using the chemotherapeutic agents are of a great im-
portance for improving the efficacy of targeted therapeutics
and overcoming resistance to anticancer drugs, especially of
natural origin, which inhibit the activities of cyclins and cy-
clin-dependent kinases (CDKs), as well as other proteins and
enzymes involved in proper regulation of cell cycle leading
to controlled cell proliferation, as reviewed in [8, 19].

2. REGULATION OF CELL CYCLE PROGRESSION

Regulation of the cell cycle progression is critical for cell
survival in the ever-changing microenvironment [20-26].
Molecular events underlying these regulatory processes are
serving to detect and repair DNA damage, and to prevent
uncontrolled cell division, and occur in orderly sequential
irreversible fashion, called a cell cycle [26-31]. During cell
cycle progression the activity of CDKs is tightly regulated
by a number of mechanisms including phosphorylation, in-
tracellular localization, and activation by cyclins and inhibi-
tion by CDK inhibitors [20-25]. Mammalian cells contain
nine CDKs (CDK1-9) and 12 cyclins [20, 22, 25]. Many
genes encoding cyclins and CDKs are conserved among all
eukaryotes [20, 22, 25].

To successfully perform their functions to control cell
cycle, cyclins (regulatory subunits) and CDKs (catalytic
subunits) bind to each other forming activated heterodimers
[20, 22, 25]. After binding to cyclins, CDKs phosphorylate
target proteins leading to their activation or inactivation in
order to coordinate entry into the next phase of the cell cycle,
as reviewed in [20, 22, 25]. CDK proteins are constitutively
expressed in cells, whereas cyclins are synthesized at spe-
cific stages of the cell cycle, in response to various molecu-
lar signals [20, 22, 25]. Upon receiving a pro-mitotic ex-
tracellular signal, G1 phase-specific cyclin-CDK complexes
become active to prepare the cell for S phase, promoting the
expression of transcription factors leading to the expression
of S phase-specific cyclins and of enzymes required for
DNA replication [20, 22, 25]. The G1-phase-specific cyclin-
CDK complexes also promote the degradation of molecules
that function as S phase inhibitors [24, 25]. Active S phase-
specific cyclin-CDK complexes phosphorylate proteins in-
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volved in the pre-replication complexes and assembled dur-
ing G1 phase on DNA replication origins [24, 25]. Mitotic
cyclin-CDK complexes, which are synthesized during S and
G2 phases, promote the initiation of mitosis by stimulating
downstream proteins implicated in chromosome condensa-
tion and mitotic spindle assembly [20, 22, 25].

A number of cyclins specifically regulate the distinct cell
cycle phases, as reviewed in [25-27]. For example, cyclin D
is produced in response to extracellular signals, and then
binds to existing CDK4, forming the active cyclin D-CDK4
complex, which in turn phosphorylates the retinoblastoma
susceptibility protein (RB), as indicated in [25]. The latter
dissociates from the E2F/DP1/RB complex (which was
bound to the E2F-responsive gene promoters, effectively
"blocking" them from transcription), thereby releasing E2F
[23, 25]. Now active E2F induces transcription of various
genes involved in cell proliferation and genome mainte-
nance, including cyclins A and E, DNA polymerase,
thymidine kinase [23, 25]. Cyclin E binds to CDK2 forming
the cyclin E-CDK2 complex, which initiates the cell entry
into S phase from G1 phase, and subsequently leads cell to
the G2/M transition, as indicated in [27]. Cyclin B-CDC2
complex activation causes a breakdown of nuclear envelope
and initiation of prophase, and then its deactivation causes
the cell to exit mitosis, as reviewed elsewhere [23, 25].

In order to tightly control the cell cycle progression, cells
develop molecular modulators of cell proliferation, called
cyclin-dependent kinase inhibitors (CDKN), as reviewed in
[27-29]. Two protein families, the CDK interacting pro-
tein/Kinase inhibitory protein (CIP/KIP) family and the In-
hibitor of Kinase 4/Alternative Reading Frame
(INK4A/ARF) protein family, prevent the progression of the
cell cycle [27-29]. The CIP/KIP family includes the follow-
ing proteins: p21 (CDKNI1A), p27 (CDKNIB) and p57
(CDKNI1C), as reviewed elsewhere [27-29]. They halt cell
cycle in G1 phase, by binding to, and inactivating, cyclin-
CDK complexes. P21 (CDKN1A) is activated by a transcrip-
tional factor p53, whose expression and activation is trig-
gered by DNA damage [27-29]. The INK4A/ARF family
includes pl6INK4A (CDKN2A), which binds to CDK4 and
arrests the cell cycle in G1 phase, and pl4ARF, (alternate
reading frame protein product of the CDKN2A gene), which
prevents p53 degradation, as reviewed in [27-29].

Cell cycle checkpoints are involved in monitoring and
regulating the cell cycle progression [30-34]. Checkpoints
prevent cell cycle progression at specific points, allowing
verification of necessary phase processes and repair of DNA
damage, as reviewed in [30-34]. There are several check-
points to ensure that damaged or incomplete DNA is not
passed on to daughter cells [31, 33, 34]. They include: the
G1/S checkpoint, the G2/M checkpoint and the metaphase
(mitotic) checkpoint [30-34]. Tumor suppressor protein p53
plays an important role in triggering the control mechanisms
at both G1/S and G2/M checkpoints, as indicated [31-34]. A
deregulation of the cell cycle components may lead to tumor
formation [31-34]. When some genes capable to suppress
tumor development (e.g. RB, p53) mutate, they might cause
the cell to uncontrollably proliferate, thus forming a tumor
[31-34]. Although the duration of cell cycle in tumor cells is
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often equal to that of normal cell cycle, the proportion of
cells that are in active cell division (versus quiescent cells in
GO phase) in tumors is much higher than that in normal tis-
sue [31-34]. The cells, which are actively undergoing cell
cycle, are targeted in cancer therapy, as the DNA is rela-
tively exposed during cell division and hence susceptible to
damage by drugs or radiation [31-35].

3. HALLMARKS OF CANCER AND CELL CYCLE
PROGRESSION

The traits ("hallmarks") of cancer include but not limited
to the abilities of cancer cells to: (1) stimulate their own
growth (Self-sufficiency in growth signals); (2) resist inhibi-
tory signals that might otherwise stop their growth (Insensi-
tivity to anti-growth signals); (3) resist their programmed
cell death (Evading apoptosis); (4) multiply indefinitely
(Limitless replicative potential) (5) stimulate the growth of
blood vessels to supply nutrients to tumors (Sustained angio-
genesis); (6) invade local tissue and spread to distant sites
(Tissue invasion and metastasis); (7) exhibit abnormal meta-
bolic pathways (Deregulated metabolism); (8) exert genome
instability (Unstable DNA); (9) evade the immune system,
and (10) induce inflammation, as indicated elsewhere [36,
37].

Normal cells require external growth signals (growth
factors) to grow and divide, while cancer cells do not need
stimulation from external signals (in the form of growth fac-
tors) to proliferate [37]. Some cancer cells, such as glioblas-
tomas can produce their own platelet-derived growth factor
(PDGF), and sarcomas can produce their own tumor growth
factor a leading to tumor cell proliferation, as indicated in
[38, 39]. Furthermore, tumor cells exhibit the overexpression
of the specific growth factor receptors [40-44]. The epider-
mal growth factor receptor (EGFR/ERB) was found overex-
pressed in stomach, brain and breast cancers, while the
HER2/NEU receptor is upregulated in stomach and breast
cancers [45]. Additionally, the mutated receptors can send
signals triggering tumor cell proliferation cascade even in the
absence of any growth factors [46]. Cancer cells are gener-
ally resistant to growth-preventing signals from the neigh-
boring cells of their microenvironment, as indicated in [37].

Normal cells sustain a certain number of divisions,
known as “Hayflick limit” that limits their multiplication to
about 60—70 doublings, at which point they reach a stage of
senescence [47-49]. However, cancer cells escape this limit
and are apparently capable of indefinite growth and division
(immortality), as reviewed in [50-52]. This limit can be
overcome by disabling retinoblastoma (RB) and p53 tumor
suppressor proteins, as well as upregulation of telomerase
expression and activity, which allow cancer cells to continue
doubling until being immortalized, as indicated elsewhere
[50-52].

4. CELL CYCLE REGULATION BY NATURAL
COMPOUNDS AFFECTING CYCLINS, CDKs AND
CDK INHIBITORS

A change in phosphorylation status can stimulate or in-
hibit a protein's activity, induce conformational changes,
assemble or disassemble protein complexes, and alter cellu-
lar localization [53]. The timing of the eukaryotic cell cycle
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is coordinated by successive waves of phosphorylation per-
formed by the CDK protein kinases [12, 20, 21, 25, 54].
CDK proteins play a pivotal role in regulating the cell cycle,
and their activity is tightly regulated by a number of mecha-
nisms including phosphorylation, intracellular localization,
and activation by cyclins, and inhibition by CDK inhibitors
(e.g. CDKNIA [p21WAF1], and 1B [p27KIP]), as reviewed
elsewhere [12, 22-25, 29, 54]

Accumulating evidence suggests that many of the com-
ponents of the CDK regulatory network could often be mu-
tated (CDK4, pl16INK4A), amplified (CDK4, CDK2), over-
expressed (CDK6, cyclins Al, DI, D2, D3, and El,
CDC25A and B), or deleted (p16INK4A, pl5INK4B, RB) in
various human cancers, as reviewed elsewhere [12, 23, 54,
55]. CDKs are serine/threonine protein kinases, which play
an important role in cell cycle regulation, as reviewed [10-
12, 26, 27, 54, 55]. Therefore, inhibition of CDKs, through
the insertion of small molecules into its ATP-binding pocket
has emerged as a potential therapy method for cancers [56].
Consequently, a number of natural compounds with CDK
inhibitory properties have been identified in plants, microor-
ganisms and marine live-forms [8, 10-12].

Historically, the derivative of plant cytokinins, trisubsti-
tuted purine Olomoucine isolated from the cotyledons of
radish, Raphanus sativus L. (Brassicaceae), was found to be
a first moderately potent inhibitor of starfish CDK1/cyclin B
complex (IC50 = 7 mM) without inhibiting a panel of other
kinases, as reviewed elsewhere [57-61]. Following these
discoveries, a variety of natural compounds have been char-
acterized as CDK inhibitors, as indicated in [58, 59]. Olo-
moucine was shown to act as an ATP-competitive inhibitor,
which was bound to the ATP binding cleft of the protein
kinase enzyme [60]. To improve the enzymatic potency of
Olomoucine, a variety of analogs were prepared that ulti-
mately resulted in the discovery of Roscovitine [61-67]. A
crystal structure with roscovitine with CDK2 protein con-
firmed that the binding mode of Roscovitine was identical to
that observed for Olomoucine [61].

Purine analogue Roscovitine was shown to exhibit strong
anti-proliferative effects on non small-cell lung cancers,
lymphomas, and glioblastomas by targeting CDK-2, -7 and -
9, as reviewed elsewhere [62-67]. Roscovitine induces cycle
arrest at the G2/M phase and down regulated the expression
of p53, CDK7 and cyclins A and E, while up regulating
CDKNI1A (p21) expression in A172 glioma cells, as indi-
cated in [61]. Intriguingly, the CDK7 protein forms a
trimeric complex with cyclin H and CDK-activating kinase
assembly factor, MAT1 (also known as MNATI1) function-
ing as a CDK-activating kinase (CAK), as described in [67-
72]. CDK?7 is an essential component involved in regulation
of the TFIIH-derived RNA polymerase II preinitiation tran-
scription complex, as reviewed in [69-71]. TFIIH consists of
ten subunits, 7 of which (XPD, XPB, p62, p52, p44, p34 and
TTDA), as indicated in [69, 70]. The cyclin activating kinase
complex containing CDK7, MAT1, and cyclin H is linked to
the core complex via ithe XPD protein, thereby serving as a
direct link between the regulation of transcription and the
cell cycle [69, 70]. Roscovitine was found to arrest human
estrogen receptor-a. (ER-o) positive MCF-7 breast cancer
cells in the G2 phase of the cell cycle and concomitantly
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induce apoptosis via a p53-dependent pathway [63, 66, 67].
Exposure of MCF-7 cells to Roscovitine abolished the phos-
phorylation of CDK?7 at the Ser164/170 subsequently pre-
vented phosphorylation of RNA polymerase II, as described
elsewhere [67-76]. Sulforaphane induced a significant in-
crease in the G2/M phase of the cell cycle, was associated
with increased cyclin B1 and CDKNI1A (p21) protein levels
[73]. Preincubation of human colon colorectal adenocarci-
noma HT29 cells with Roscovitine, a specific CDK2 inhibi-
tor, blocked the G2/M phase accumulation of HT29 cells
treated with sulforaphane, suggesting that CDK2 could be a
key target for the latter in the regulation of G2/M block [73].
CYC202 (R-roscovitine) is a potent inhibitor of
CDK2/cyclin E that is undergoing clinical trials, as reviewed
in [74]. Treatment of human colon carcinoma HT29 and
KM12 cell lines with CYC202 decreased the total and phos-
phorylated RB levels, while increased the phosphorylation
level of extracellular signal-regulated kinases (ERK) 1/2, as
indicated in [74]. CYC202 reduced expression of cyclin D1
protein, and mRNA levels for cyclin A, B1, and D1, whereas
¢c-FOS mRNA level was markedly increased [74]. This was
accompanied by a loss of RNA polymerase II phosphoryla-
tion and total RNA polymerase II protein, suggesting that
CYC202 was inhibiting transcription, possibly via inhibition
of CDK7 and CDK9 complexes, as indicated in [74].

Butyrolactone-I is one of the first natural compounds,
shown to act as an inhibitor of CDK1 and CDK2 enzymes,
and was isolated from Aspergillus terreus [77-80]. This
compound was demonstrated to be an ATP-competitive in-
hibitor of CDK1/cyclin B complex and inhibits phosphoryla-
tion of RB in treated cells [77]. Similar to the trisubstituted
purines, both G1 and G2/M arrest have been observed with
apoptosis induction after longer exposure, as indicated in
[77]. Butyrolactone-I was found to inhibit CDKNIA
(pP21WAF1) expression through a mechanism that may in-
volve cellular targets other than CDK1, as indicated in [78-
80]. Butyrolactone-I was also found acting as a potent inhibi-
tor of CDKN1A (p21WAF1) expression [80].

The UCN-01 (7-Hidroxystaurosporine) is a staurosporine
analog isolated from the culture broth of Streptomyces spe-
cies, as indicated in [81-84]. The UCN-01 induced the cell
cycle arrest in G1/S phase, induction of CDKNIA
(p21WAF1) and dephosphorylation of both CDK2 and RB
proteins [81-84]. The UCN-01 can also inhibit the activity of
CDK1 and CDK2 [81]. This inhibition leads to activation of
cyclin B/CDK1 and marked abrogation of the G2-phase
point of control, promotion of the cells to undergo mitosis
and early apoptotic death later, instead of cell cycle arrest
[81, 82]. Several phase I studies have been conducted with
UCN-01, both as a single agent and in combination with
cytotoxic chemotherapy [81-83].

Hymenialdisine lactam from a marine sponge Axinella
sp. is a nanomolar enzymatic inhibitor of CDK1/cyclin B,
CDKS5/CDKS activator-1, glycogen synthase kinase-3B, ca-
sein kinase 1, and dual specificity mitogen-activated protein
kinase kinase 1 (also known as MAP2K1 or MEK1), as indi-
cated in [84, 85]. Hymenialdisine competes with ATP for
binding to these kinases and a hymenialdisine forms a series
of three hydrogen bonds to the Glu81 and Leu83 residues of
CDK2 [85, 86]. The follow-up studies have identified ten
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new targets for these inhibitors, including ribosomal S6
kinase (p90 subunit), kinase insert domain receptor (also
known as vascular endothelial growth factor receptor 2),
mast/stem cell growth factor receptor (also known as c-KIT
proto-oncogene), tyrosine-protein kinase FES/FPS (also
known as proto-oncogene c-FES/FPS), MAPKI, PAK2,
pyruvate dehydrogenase kinase-1 and 2, protein kinase C-j,
and myosin light chain kinase 4 (MLCK4, also known as
SGKO085), as indicated in [86].

Chromone alkaloids and flavoalkaloids are an important
group of natural compounds exhibiting promising anticancer
properties, as reviewed in [87]. A chromone alkaloid rohitu-
kine is a major bioactive chemical constituent of plant
Dysoxylum binectariferum Hook, which led to discovery of
flavopiridol (Sanofi), as indicated in [87, 88]. Flavopiridol
has been shown to inhibit the proliferation of a various hu-
man tumor cells and is currently undergoing clinical evalua-
tion in cancer treatment [89]. Although the anti-proliferative
effect of flavopiridol has been attributed to the inhibition of
CDK-2 and -4, some reports indicate that the mechanism
responsible for the cell death induced by this agent is more
complex [88]. Flavopiridol is the first and most thoroughly
investigated clinical-stage CDK inhibitor having been tested
in a variety of human cancers including lung, breast, bladder
and leukemia [89-92]. Flavopiridol was initially reported as
a cell cycle blocker with potent activity against CDK1/cyclin
B complex, and subsequently shown to inhibit CDK4 and
CDK?7, as reviewed in [93, 94].

Indirubin was isolated as the “active” principal of a tradi-
tional Chinese antileukemia medicine and later shown to be
a potent and fairly selective inhibitor of CDK-1 and -2, as
described in [95]. Chebulagic acid from Terminalia chebula
was shown to have anti-proliferative properties in cancerous
cell lines, especially in human retinoblastoma cells, by in-
ducing the cell cycle arrest in G1 phase associated with in-
creased expression of CDKNI1B (p27), and decreased ex-
pression of NF-xB, as described in [96]. The broth from a
fermented culture of Antrodia camphorata has been shown
to induce G1 cell-cycle arrest in human promyelocytic leu-
kemia HL-60 cells by reducing the levels of cyclin DI,
CDK4, cyclin E, CDK2, cyclin A, and phosphorylated RB
protein, as well as increased expression levels of CDKN1A
(p21WAF1) and CDKN2B (p15INK4B), as described else-
where [97]. Wogonin, a naturally occurring mono-flavonoid
from Scutellaria radix, has been reported to exhibit anti-
proliferative effects in human colorectal HCT116 cells, as
indicated in [98]. The cell cycle-related proteins, such as
cyclin A, E, D1, and CDK-2, and -4 were downregulated by
wogonin [98]. Wogonin inhibited f-catenin-mediated tran-
scription by interfering in the transcriptional activity of
TCF/LEF, and repressing the kinase activity of CDKS8, an
oncogene involved in the development of colorectal cancers
[98]. Lycoris is aurea agglutinin, which triggers the cell cy-
cle arrest in G2/M phase via upregulating CDKN1A (p21)
expression, as well as downregulating CDK1/cyclin A sig-
naling pathway in human lung adenocarcinoma A549 cells
[99].

Fangchinoline, an alkaloid derived from the dry roots of
Stephaniae tetrandrine S. Moore, has been shown to de-
crease the proliferation of human breast cancer MCF-7 and
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MDA-MB-231 cells, as described in [100]. Fangchinoline
induced the cell cycle arrest in G1 phase, and reduced ex-
pression of cyclins D1, D3, and -E, while increased expres-
sion of CDKNs, CDKNIA (p21WAF1), and CDKNIB
(p27KIP1), as indicated in [100]. Fangchinoline also inhib-
ited the CDK-2, -4, and -6 kinase activities [100].

Berberine is a isoquinoline alkaloid found in Berberis
species [e.g. Berberis aquifolium, Berberis vulgaris,
Berberis aristata, Hydrastis canadensis, Xanthorhiza simpli-
cissima, Phellodendron amurense, Coptis chinensis,
Tinospora cordifolia, Argemone mexicana, and Eschscholzia
californica, as reviewed elsewhere [101-104]. Berberine was
shown to exert anti-proliferative effects on numerous human
cancer cells in vitro, including breast cancer, leukemia,
melanoma, epidermoid carcinoma, hepatoma, cholangiocar-
cinoma, colorectal cancer, ovarian cancer, pancreatic cancer,
oral carcinoma, tongue carcinoma, nasopharyngeal carci-
noma, glioblastoma, prostate carcinoma and gastric carci-
noma, uterine leiomyoma, as indicated in [105-126]. In vivo
studies using animals models with xenografted human tu-
mors have shown that berberine can suppress prostate can-
cer, neuroblastoma, and leukemia, and inhibit the growth and
development of lung metastases in hepatocellular carcinoma,
as reviewed in [111-113, 127]. Down-regulation of cyclin Bl
and up-regulation of Weel by berberine promotes entry of
leukemia cells into the G2/M-phase of the cell cycle [113].
Berberine decreased cell viability of human cholangiocarci-
noma QBC939 cells in a dose-dependent manner, which was
associated with the cell cycle arrest in G1 phase, as described
elsewhere [128]. Berberine was found to increase the expres-
sion of CDKN1A and CDKNI1B, and a simultaneously de-
crease the protein levels of CDK2 and CDK4 and cyclin D1,
as well as to reduce activity of the cyclin-CDK complexes,
as described elsewhere [128]. Berberis libanotica Ehrenb is
a plant rich in alkaloids possessing anti-cancer activity and a
high potential for eliminating cancer stem cells [129]. The
extract from this plant was found to significantly reduce the
viability of prostate cancer cells (DU145, PC3 and 22Rvl) in
a dose- and time-dependent manner, while inducing the cell
cycle arrest in GO-G1 phase [129]. Alkaloids, berberine and
palmatine, isolated from the extracts of Berberis Ilycium
Royle (Berberidacea) were found to inhibit proliferation of
human promyelocytic HL-60 cells by the cell cycle arrest in
S phase, as described in [130]. The compounds were shown
to activate CHEK2, and degradation of CDC25A, and the
subsequent inactivation of CDK1, as indicated in [130]. Ber-
berine also downregulated the cyclin D1 expression, and
induced the acetylation of o-tubulin [130].

Limonoids are triterpenoids (e.g. methyl nomilinate,
isoobacunoic acid, isolimonexic acid, and limonexic acid)
found in citrus and possess anti-proliferative activity towards
human colon adenocarcinoma SW480 cells in vitro and in
vivo [131]. For example, methyl nomilinate induced the cell
cycle arrest at GO/G1 phase and suppressed the expression of
CDK-4, -6, cyclin D3 and CDK inhibitors [131]. Meridian-
ins A-G (1-7) are indole alkaloids from tunicate Aplidium
meridianum and are found to exhibit anti-proliferative activ-
ity in several cancer cell lines, while inhibiting CDK-1, and -
5, as shown for meridianin E [132]. A sponge-derived bis-
indole alkaloid fascaplysin exhibited an anti-proliferative
activity against numerous cancer cell lines via specific inhi-
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bition of CDK-4 (IC50, 350 nM), and intercalating DNA
[133]. 5, 3'-dihydroxy-3, 6, 7, 8, 4'-pentamethoxyflavone
(DH-PMF) from Gardenia obtusifolia was shown to inhibit
the proliferation of prostate, colon, kidney, lung, head/neck,
pancreas, breast, leukemia, and myeloma cancer cell lines at
the concentration 1 pM, as indicated in [134]. DH-PMF also
suppressed the colony-forming ability of tumor cells, with
50% inhibition at a dose less than 10 nM, as indicated in
[134]. DH-PMF induced the the cell cycle arrest in G2/M
and sub-G1 phases, by inducing the CDKN1A (p21WAFI1)
and CDKNI1B (p27KIP1) protein expression, while reducing
the expression of cyclin D1, CDC2, and c-MYC proteins
[134]. Furthermore, DH-PMF inhibited AKT and glycogen
synthase kinase 3 activation [134].

Water extract of white cocoa tea was found to inhibit a
proliferation of human prostate cancer PC-3 cells in vifro
and in vivo, which was associated with G2/M phase arrest of
cell cycle and induction of CDKNIA (p21WAF1), CDKN1B
(p27KIP1), reduction of cyclins D1, D2 and E, CDK-2, -4
and -6, inhibition of nuclear translocation and phosphoryla-
tion of nuclear factor -kappa B (NF-xB), inhibition of phos-
phorylation and degradation of nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, alpha (IkBa),
and activation of IkB kinase-alpha (IKKa), as indicated
elsewhere [135]. Polyphenols from the mulberry leaf extract
were found to inhibit tumor cell growth, and induce a phos-
phorylation of p53, promote expression of CDKNIA (p21)
and CDKNI1B (p27), decreased CDK-2, and -4 activities,
inhibited phosphorylation of RB, thereby blocking the G1 to
S transition of tumor cells in the cell cycle [136]. Isoliquir-
itigenin, a flavonoid chalcone present in licorice, shallot, and
bean sprouts, was found to exhibit anti-proliferative activi-
ties toward human prostate cancer DU145 cells via decrease
of the protein levels for cyclins D1 and E, CDK4, and
CDC25C, and increase of CDKNIB (p27KIP1) level, and
CDC2 phosphorylation at the Tyr-15 position [137]. Acetyl-
britannilactone, a naturally occurring /nula britannica L.,
was found to induce the the cell cycle arrest in G1 phase and
reduce the expression of cyclins A, D1, and E, and CDK-2, -
4, and -6 proteins, as well as induce the expression of
CDKNI1A (p21), as indicated in [138]. The anti-proliferative
effects of the ethanol extract of Artemisia princeps Pampan-
ini against human brain glioblastoma A172 cells were found
to associate with the cell cycle arrest in G1 phase, increase of
the CDKNIA (p21WAF1), 1B (p27KIP1), and 2A
(p16INK4A) protein levels, and decrease of the CDK-2, -4,
and -6 activities [139]. Furthermore, the total level of E2F1
and phosphorylation level of RB were also decreased, while
total level of p53 and phosphorylation of p53 at the Ser-15
position were increased [139].

Quercetin treatment resulted in an increased cell arrest in
G1 phase of the cell cycle, with pronounced decrease in
CDK-2, -6, cyclin A, D, and E proteins, decreased RB phos-
phorylation and increased CDKNI1A (p21) and 1B (p27)
expression, as indicated in [140]. Three flavonoids homoge-
nous compounds from tartary buckwheat seeds and bran (e.g.
quercetin, isoquercetin, and rutin) leads to the G2/M phase
arrest accompanied by p53 and CDKNIA (p21) upregula-
tion, and cyclin D1, CDK-2, and -7 downregulation [141].
Quercetin-3-methyl ether, a naturally occurring compound
present in various plants, has potent anticancer activity
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[142]. It caused a significant growth inhibition of lapatinib-
sensitive and -resistant breast cancer cells [142]. However,
quercetin-3-methyl ether caused a pronounced G2/M block
mainly through the CHEKI1-CDC25c-cyclin B1/CDKI1
pathway in lapatinib-sensitive and -resistant cells, as indi-
cated in [142]. Isoquercitrin, the flavonoid from Bidens bip-
innata L. extract, was found to inhibit the proliferation of
human liver cancer cells, and block the cell cycle in the G1
phase [143]. Isoquercitrin, inhibited the expression level of
extracellular signal-regulated kinase (ERK) and p38 mito-
gen-activated protein kinase (p38 MAPK) protein phos-
phorylation, and promoted the phosphorylation of c-Jun N-
terminal kinases (JNK), as indicated in [143]. Isoquercitrin
was also found to significantly inhibit the growth of trans-
planted tumors in nude mice in vivo [143]. Isorhamnetin, a
flavonoid isolated from the fruits of herbal medicinal plants,
such as Hippophae rhamnoides L., exerts anticancer effects
on the proliferation of cells from the human colorectal cancer
cell lines, HT-29, HCT116 and SW480, as described in
[144]. Isorhamnetin induced the cell cycle arrest in G2/M
phase and inhibit the PI3K-AKT-mTOR pathway [144].
Isorhamnetin also reduced the phosphorylation levels of
AKT (at the Ser473 position), phospho-p70S6 kinase (at the
Thr389 position) and phospho-4E-BP1 (at the Thr37/46
position) proteins, and enhanced the expression of cyclin Bl
protein, as indicated in [144]. Flavonoid tamarixetin from
Tamarix ramosissima exerted an anti-proliferative effect on
human leukemia cells by blocking cell cycle progression at
G2/M phase, as described elsewhere [145]. This was associ-
ated with the accumulation of cyclin B1, mitotic checkpoint
serine/threonine-protein kinase (also known as Budding Un-
inhibited by Benzimidazoles 1, BUB1) and CDKNIA
(p21WAF1), changes in the phosphorylation status of cyclin
B1, CDKI1, CDC25C and MPM-2, and inhibition of tubulin
polymerization, as indicated in [145]. The methanol extract
from Maytenus royleanus leaves (enriched with flavonoids
and tannins) exhibited G2 phase arrest of cell cycle, down-
regulation of cyclin/CDK network and increase in CDK in-
hibitors (CDKNI1A [p21] and 1B [p27]), as described in
[146]. Huanglian inhibited tumor growth and colony forma-
tion of gastric, colon, and breast cancer cell lines and was
associated with suppression of cyclin Bl protein, as de-
scribed elsewhere [147]. This resulted in complete inhibition
of CDC2 kinase activity and accumulation of cells in G2
phase, as indicated in [147]. The bis-indole indirubin is an
active ingredient of Danggui Longhui Wan, a traditional
Chinese medicine recipe, was shown to inhibit CDK1/cyclin
B, and CDK5/p25 complexes in leukemia cells, and subse-
quently induce the abnormal hyperphosphorylation of the
microtubule-binding protein TAU, as indicated in [148].

Polyphenol epigallocatechin-3-gallate (EGCG), a major
and most effective constituent of green tea, exerts anti-
proliferative effects on tumor cells of various human can-
cers, including prostate, lung and skin cancers, as reviewed
in [149-152]. EGCG causes the cell cycle arrest in GO/G1
phase in human epidermoid carcinoma A431 cells through
the inhibition of nuclear factor kappa B (NF-kB), as de-
scribed elsewhere [149]. EGCG treatment resulted in signifi-
cant upregulation of the CDKNIA (p21WAFI), 1B
(p27KIP1), 2A (p16) and 2C (p18) protein levels, downregu-
lation of cyclin D1, E, CDK-2, -4 and -6 protein levels, and
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activities, as well as reduction of the phosphorylation of reti-
noblastoma RB protein, as described in [149-151]. This
study suggests that EGCG causes an induction of G1-phase-
specific CDK inhibitors, which negatively modulated the
formation of cyclin/CDK complexes causing a G0/G1-cell
cycle arrest, as indicated in [152]. Proanthocyanidins from
grape seeds of Vitis vinifera are composed of polymerized
oligomers of monomeric catechins, and have been shown to
exhibit potent anti-proliferative properties in various in vitro
and in vivo tumor models by regulation of cell cycle progres-
sion in cancer cells, as reviewed in [153]. Treatment of hu-
man epidermoid carcinoma A431 cells with proanthocyanid-
ins inhibited tumor cell proliferation, which was associated
with the cell cycle arrest in G1 phase, resulted in a marked
reduction in CDK-2, -4 and -6 protein levels [154]. Proan-
thocyanidins also reduced the expression levels of cyclins
D1, D2 and E, while induced the CDKN1A and 1B protein
levels in vitro [154]. Proanthocyanidins were then shown to
inhibit the growth of A431 tumor-xenografts in athymic
nude mice in vivo, associated with reduction of cyclin D1
expression, as indicated in [155]. Similar observations were
noted when the prostate cancer cells, DU145 and LNCaP,
were treated with grape seed extract resulted in reduction of
tumor cell proliferation, G1 phase arrest, induction of
CDKNI1A, and reduction of CDK-2, -4, and cyclin E protein
levels [156].

Resveratrol, a polyphenol found at high concentrations in
grapes and red wine, inhibits proliferation of cancer cells by
inhibiting cell-cycle progression at different stages of the cell
cycle [157-160]. Treatment of human prostate LNCaP and
PC-3 cells with resveratrol reduced levels of expression of
cyclins D1 and E and CDK4, as well as cyclin D1/CDK4
protein complex-associated kinase activity [161, 162]. Res-
veratrol also reduced proliferation in human epidermoid car-
cinoma A431 cells and human colon cancer cells associated
with reduced levels of cyclins D1, D2 and E2, CDK-2, -4
and -6 proteins and enhanced levels of CDKNIA and 1B
proteins [158, 163]. The dietary flavonoid apigenin, which is
abundantly present in fruits and vegetables, induces G2/M
phase arrest in two p53-mutant cancer cell lines, HT-29 and
MG63, while enhancing the CDKNI1A protein level [164].
Apigenin inhibited the growth of prostate tumor xenografts
in athymic nude mice in vivo through the reduction of cy-
clins D1, D2 and E, CDK-2, -4, and -6, and induction of the
CDKNI1A and 1B protein levels [165, 166]. Apigenin in-
duced the cell cycle arrest in G2/M phase and reduced the
levels of cyclin A, cyclin B, phosphorylated forms of CDC2
and CDC25, and induced the CDKN1A level in human pan-
creatic and hepatoma cancer cell lines [167, 168]. Extensive
research within the last decade has shown that silymarin
suppressed the proliferation of a variety of tumor cells (e.g.,
prostate, breast, ovary, colon, lung, bladder) through the cell
cycle arrest in G1/S-phase, induction of CDKNI1A, 1B, and
2B, inhibition of cell-survival kinases (AKT, PKC and
MAPK) and inhibition of inflammatory transcription factors
(e.g., NF-xB), as indicated in [169]. Silymarin can also
down-regulate gene compounds involved in the proliferation
of tumor cells (cyclin D1, EGFR, COX-2, TGF-beta, IGF-
IR), invasion (MMP-9), angiogenesis and metastasis [169].
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Curcumin from Curcuma longa was found to exhibit
multiple in vitro and in vivo anti-proliferative effects on
various human tumor cells, derived from lung carcinoma
(A549), hepatocellular carcinoma (HepG2), breast cancer
(MCF-7), cervical cancer, chronic myelogenous leukemia
(K562), non-small lung cancer (H1299), osteoclastoma, pan-
creatic adenocarcinoma, skin squamous carcuinoma (A431),
thyroid carcinoma (BCPAP), as indicated elsewhere [170-
186]. Circumin was shown to inhibit cell cycle progression
of immortalized human umbilical vein endothelial cells by
up-regulating the cyclin-dependent kinase inhibitors,
CDKNI1A, 1B, and p53 transcription factor [187]. In human
neuroblastoma cells, both curcumin and resveratrol upregu-
late p53 expression and induce nuclear translocation of p53,
followed by induction of CDKN1A expression [188]. Treat-
ment of human colon adenocarcinoma LOVO cells and
HCT-116 cells with curcumin resulted in an accumulation of
the cells in the G2/M phase and prevented cells from enter-
ing the next cell cycle [189-191]. Curcumin inhibited the
growth of human glioma U251 cells inducing G2/M cell
cycle arrest, as well as S phase arrest [192]. Curcumin in-
duces the expression of p53 and up-regulates the levels of
CDKNI1A and inhibitor of growth family, member 4 (ING4)
in glioma U251 cells [192].

Indole-3-carbinol produced by plants from the genus
Brassicaceae (e.g., cabbage, radishes, cauliflower, broccoli,
Brussels sprouts, and daikon) was shown to suppress the
proliferation of various tumor cells, including breast cancer,
prostate cancer, endometrial cancer, colon cancer, and leu-
kemia cells, as reviewed elsewhere [193]. Indole-3-carbinol
induces G1/S arrest of the cell cycle through downregulation
of cyclins D1, E, CDK-2, -4, -6 and upregulation of
CDKNI1A (p21), 1B (p27), and 2B (pl5), as indicated in
[193]. Indole-3-carbinol tetramer was shown to suppress the
growth of both estrogen receptor (ER) -positive (MCF-7,
734B, and BT474) and ER-negative (BT20, MDA-MB-231,
and BT539) human breast cancer cell lines by inducing G1
cell cycle arrest via reduction of CDK6 and RB protein lev-
els, and induction of CDKNIB (p27KIP1) expression, as
described elsewhere [194]. Chloroform extract of Angelica
sinensis was found to exhibit inhibitory effect on prolifera-
tion of Glioblastoma multiforme (GBM) brain tumors in
vitro and in vivo, as indicated in [195]. The chloroform ex-
tract was shown to increase the level of CDKNIA (p21),
decrease phosphorylation of RB proteins resulting in cell
arrest at the GO-G1 phase for DBTRG-05MG glioma cells in
vitro, as well as decrease the volumes of in situ GBM in
vivo, as indicated in [195]. The fresh rhizome of Zingiber
zerumbet (L.) Roscoe ex Smith (Zingiberaceae) was found to
serve as source of zerumbone, which was shown to induce
G2/M cell cycle arrest in human promyelocytic leukemia
HL-60 cells by decreasing the cyclin Bl and CDK1 protein
levels, as described elsewhere [196]. Natural antioxidant
derived from spinach extract was found to exert anti-
proliferative effect on human prostate cancer PC3 cells
[197]. Polyphenols derived from the spinach extract were
shown to increase the protein levels of CDKNIA (p21), and
decrease levels of cyclin A and CDK2 proteins, as described
in [197]. At the same time spinach extract polyphenols de-
creased the phosphorylated RB protein level, and total pro-
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tein levels of retinoblastoma-like 1 (p107, also known as
RBL1), and E2F1 transcription factor, as indicated in [197].

Dineolignan (saucernetin-7) isolated from Saururus
chinensis was found to negative affect the proliferation of
human promyelocytic leukemia HL-60 cells through reduc-
ing the levels of the G1 phase cell cycle regulators, CDK-6
and cyclin DI, as well as by increasing the level of
CDKNI1A (p21), as described in [198]. Saucernetin-7 mark-
edly enhanced the binding of CDKNIA (p21) with CDK-2
and -6, resulting in the reduced activity of both kinases and
preventing the phosphorylation of RB protein, as indicated in
[198]. Tetrandrine, isolated from the root of Stephania
tetrandra, inhibited tumor cell growth and cyclin D1 expres-
sion, induced the expression of CDKNIA (p21), and also
affected the expression patterns of cytoskeletons including
distribution of F-actin and expression level of microtubule,
as described in [199]. Silibinin is the primary active compo-
nent isolated from the crude seed extract from the milk this-
tle plant (Silybum marianum), and was found to induce the
cell cycle arrest in G2-M phase in human colon carcinoma
FET and GEO cell lines, and at the G1 phase in HCT116
cells, as noted elsewhere [200]. Silibinin was shown to de-
crease the protein levels of cyclins B1, D1 and CDK-2, as
described in [200]. Silibinin also increased expression of cell
cycle inhibitors, CDKN1A (p21) and 1B (p27), as indicated
in [200]. An aqueous extract of Magnolia officinalis inhib-
ited cell proliferation in cultured human urinary bladder can-
cer 5637 cells, which was associated with G1 cell cycle ar-
rest [201]. Treatment with the M. officinalis extract blocked
the cell cycle in the G1 phase, downregulated the expression
of cyclins and CDKs and upregulated the expression of
CDKNI1A (p21WAF1) and 1B (p27KIP1), as well as in-
duced a marked activation of p38 MAPK and JNK, as indi-
cated in [201].

Propolis is a resinous substance collected by bees (Apis
mellifera) from various tree buds, and was found to inhibit
tumor growth associated with the cell cycle arrest in S- or
G2- phases [202]. Propolis was shown to inhibit the expres-
sion of cyclins B1 and D1, and CDK4, and induce CDKN1A
(p21) expression, as indicated in [202]. A novel phenyl-
butenoid dimer (+/-)-trans-3- (3, 4-dimethoxyphenyl)-4-[(E)-
3, 4-dimethoxy-styryl] cyclohex-1-ene (PSC), isolated from
Zingiber cassumunar ROXB (Zingiberaceae), inhibited pro-
liferation of various human cancer cells [203]. PSC was
shown to induce a cell cycle arrest of human lung cancer
A549 cells at the GO/G1 phase, and induce expression of
CDKNIA (p21), while reducing expression of cyclins A and
D1, CDK-2, and -4, as indicated in [203]. Glycyrrhizin from
Japanese herbal supplement ‘Sho-saiko-to’ (also known as
minor bupuleurum formula and Xiao Chai Hu Tang in Chi-
nese) was shown to block proliferation of murine malignant
melanoma Mel-ret cells in G1 phase by decreasing the ex-
pression of CDK-4 and -6 protein levels, as indicated in
[204]. Rosamultic acid, a natural triterpenoid from Rosa mul-
tiflora, was found to induce cytotoxicity towards human gas-
tric cancer SGC-7901 cells in a dose- and time-dependent
manner, as described in [205]. The studies revealed that this
cytostatic effect was associated with the cell cycle arrest in
sub-G1 phase and downregulation of the CDK4, CDK6 and
cyclin D1 protein levels [205]. A prenylated benzophenone
(7-epiclusianone) from Garcinia brasiliensis (Clusiaceae
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family) was shown to exhibit anti-proliferative activity
against various cancer cell lines, including human lung car-
cinoma A549 cells [206]. 7-epiclusianone was found to re-
duce the viability of AS549 cells in a concentration-
dependent manner (IC50 of 16.13 + 1.12 pM), as well as
induce the cell cycle arrest in G1/S phase [206]. 7-
hydroxydehydronuciferine (7-HDNF) isolated from the
leaves of Nelumbo nucifera Gaertn cv. was shown to re-
duce melanoma tumor cell growth in vitro and in mice
xenograft model in vivo by increasing cell cycle arrest in
G2/M phase [207]. 7-HDNF was found to display a minor
cytotoxicity towards normal human skin cells, including
epidermal keratinocytes and melanocytes, and dermal fi-
broblasts, as indicated in [207].

The purified Thymus vulgaris ethanol extract contains
several compounds including the known flavanone, Nar,
which was shown to inhibit the growth of both human colo-
rectal and breast cancer cells in a dose- and time-dependent
manner through cell cycle arrest at S and G2/M phases
[208]. Nar was found to downregulate the CDK4, CDKS6,
CDK7 expression, and upregulate the p18 (CDKN2C), p19
(CDKN2D), p21 (CDKNI1A) protein levels in both colorec-
tal and breast cancer cells [208]. Among flavonoids, genis-
tein was found to exhibit the most significant cytotoxic ac-
tivity toward cancer cells modulating various phases of the
cell cycle, DNA replication and cell growth, as reviewed in
[209]. Genistein was shown to reduce the expression of
MCM2-7 and MCMI10 helicases involved in the S phase
control [209]. Genistein also caused the cell cycle arrest in
G2/M phase, which was accompanied by activation of the
CDKNI1A, CDKNIC, CDKN2A, CDKN2B, CDKN2C, and
GADD45A protein expression, as described in [209]. Etha-
nolic extract from the leaves of lemon balm (Melissa offici-
nalis) was shown to exhibit the anti-proliferative effects on
human colon carcinoma HT-29 and T84 cells through a
G2/M cell cycle arrest and reduced expression of CDK-2, -4,
and -6, and cyclin D3, and induced expression of CDKN2C
(p18) and CDKNI1A (p21) proteins [210]. The ethanol ex-
tract from Tetrastigma hemsleyanum was found to induce the
cell cycle arrest in S phase in hepatocellular carcinoma
HepG2 cells associated with decreasing expression of
CDK1, and downregulating of cyclin A-CDK1 complex
[211]. Tanshinone IIA (Tan-IIA) extracted from Salviae
miltiorrhizae radix was found to upregulate the CDKNI1A
(p21) protein expression, but reduce CDC2, cyclin A, and
cyclin Bl protein levels in human gastric carcinoma AGS
cells [212]. The results also showed that Tan-ITA dose-
dependently induced G2/M phase arrest, as indicated in
[212]. Patrinia scabiosaefolia has long been used as an im-
portant component in traditional Chinese medicine formulas
to treat gastrointestinal malignancies including colorectal
cancer (CRC), as reviewed in [213]. The ethanol extract
from the Patrinia scabiosaefolia was found to inhibit the
tumor cell proliferation of human colorectal cancer HT-29
cells in vitro and in vivo, which was associated with the cell
cycle arrest in G1/S phase, and downregulation of cyclin D1
and CDK4 protein levels [213]. Glycyrol is a coumestan
from Glycyrrhiza uralensis was found to exert the antitumor
activity in vitro and in vivo via inducing the GO/G1 phase
cell cycle arrest as indicated by increase in CDKN1A (p21)
expression [214].
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Extracts of Newolaena lobata (an anti-protozoan eth-
nomedicinal plant of the Maya) exhibited anti-proliferative
effects on human promyelocytic leukemia HL-60 cells
through blocking the cell cycle at the G2/M phase [215]. The
extract induced the expression of checkpoint kinases
(CHEKI1 and 2) and modulated the expression of CDC25
protein, which was paralleled with the upregulation of p53,
and CDKNI1A (p21) and downregulation of anaplastic large-
cell lymphoma kinase (ALK), and JUNB and ¢-MYC tran-
scription factors, as described in [215]. Compounds from
Venenum bufonis, bufotalin, bufalin, telocinobufagin and
cinobufagin, were shown to inhibit the growth of human
hepatocellular carcinoma HepG2 cells, as indicated in [216].
Bufotalin, the most potent inhibitor of the viability of
multidrug resistant liver cancer cells (R-HepG2) was shown
to induce the cell cycle arrest in G2/M phase through down-
regulation of CDC25, CDKI1, cyclin A and cyclin Bl, as
well as upregulation of p53 and CDKNIA (p21), as de-
scribed elsewhere [216]. The apolar petroleum ether extract
from the rainforest plant Critonia morifolia (Asteraceae) was
found to exhibit the most potent anti-proliferative effect on
promyelocytic leukemia HL-60 cells by triggering the cell
cycle arrest in G2/M phase and dowregulation of CDC25A,
B, and C, WEEI1, AKTI, and cyclin D1 expression, as indi-
cated in [217]. The extract also inhibited the c-MYC expres-
sion, as well as induced phosphorylation of CHEK?2 and his-
tone H2AX (serving as marker of DNA damage), as de-
scribed in [217]. The extract from the root of Polygonum
multiflorum Thunb exhibits anti-proliferative effect on hu-
man breast cancer MCF-7 cells through downregulation of
CDC25B and C protein phosphatases, accompanied by an
increase in the phosphorylated CDK1 protein, as described
elsewhere [218].

The extracts from Aracea Anthurium schlechtendalii and
Syngonium podophyllum exerted the anti-proliferating ef-
fects on human promyelocytic leukemia HL-60 cells, and
human breast cancer MCF-7 cells, which correlated with the
activation of CHEK2, downregulation of CDC25A and cy-
clin D1, as described in [219]. Organic extracts from Scutel-
laria baicalensis, Scutellaria barbata and Scutellaria orien-
talis L. ssp. carica Edmondson, were shown a strong ability
to inhibit various human cancer cells, as indicated in [220].
The methanol extracts were found to contain apigenin, bai-
calein, chrysin, luteolin and wogonin, and inhibited prolif-
eration of leukemia cells, which correlated with downregula-
tion of cyclin DI and CDC25A protein levels [220]. The
extract from Physalis angulata was found to induce G2/M
arrest in human breast cancer MAD-MB 231 and MCF-7 cell
lines [221]. The extract was shown to downregulate the pro-
tein levels of cyclin A and BI, upregulate the CDKNI1A
(p21WAF1) and CDKNIB (p27KIP1) protein levels, in-
crease in CDC25C phosphorylation/inactivation, as indicated
elsewhere [221]. Squamocin, one of the Annonaceous aceto-
genins, was shown to inhibit the growth of human immortal-
ized myelogenous leukemia K562 cells by inducing cell cy-
cle arrest in G2/M phase [222]. Squamocin exposure in-
creased the expression of CDKNIA (p21) and CDKNIB
(p27), but decreased the protein levels of CDKI1 and
CDC25C, as indicated in [222].
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5. CELL CYCLE REGULATION BY NATURAL
COMPOUNDS AFFECTING OTHER ENZYMES

Various enzymes involve in cell cycle regulation and
DNA replication process, including protein phosphatases,
proteasome enzymes, and topoisomerases, as reviewed else-
where [8]. Cell division cycle 25 (CDC25) phosphatases are
dual-specificity phosphatases that dephosphorylate phospho-
serine, phospho-threonine, and phospho-tyrosine and acti-
vate the CDK/cyclin complexes, thereby playing a funda-
mental role in transitions between cell cycle phases [8, 19,
223-227]. Upon DNA damage, CDC25 phosphatases act to
ensure genomic stability [172-174]. In mammalian cells,
three isoforms of CDC25 phosphatases have been identified:
CDC25A, CDC25B and CDC25C, as reviewed elsewhere
[224, 225]. The CDC25 proteins, CDC25A and CDC25B,
are proto-oncogenes, and overexpressed in various human
cancers [228-234]. Deregulation of CDC25 expression or
function was shown in human cancers correlated with tumor
aggressiveness and poor prognosis [228-234]. CDC25A was
shown to activate the CUTLI1/CUXI transcription factor
leading to a downregulation of CDKNI1A (p21WAF1) ex-
pression in S phase of cell cycle, as indicated elsewhere
[235]. Accumulating evidence supports the notion that
CDC25A and CDC25B might represent promising targets
for the development of novel anticancer agents, as reviewed
in [236-240]. A large number of potent small-molecule
CDC25 Inhibitors have been identified that bind to the active
site and belong to various chemical classes including natural
compounds, lipophilic acids, quinonoids, electrophilies, sul-
fonylated aminothiazoles and phosphate bioisosteres, as re-
viewed elsewhere [236-239]. Some natural compounds were
shown activities leading to inhibition of protein
phosphatases, including CDC25 [8, 19, 240].

Alpha-pinene from a steam distillation extract of pine
needles exhibits anti-proliferative effect on human hepato-
cellular carcinoma BEL-7402 cells by arresting cell cycle at
the G2/M phase, downregulating CDC25C expression, while
reducing CDK1 activity [241]. Rocaglamide-A (Roc-A), a
natural anticancer compound from Aglaia, induces a rapid
phosphorylation of CDC25A and its subsequent degradation,
thereby blocking cell cycle progression of tumor cells at the
G1-S phase [242]. Roc-A was shown to inhibit tumor prolif-
eration via induction of CDC25A degradation mediated
through the ATM (ATR)-CHEK1 (CHEK2) pathway, as
indicated elsewhere [242]. Pseudolaric acid B purified from
Pseudolarix kaempferi Gordon was shown to inhibit the
growth of human melanoma SK-MEL-28 cells and induced
G2/M arrest in SK-MEL-28 cells, and induce the CDC2
phosphorylation, and a subsequent downregulation of CDC2
expression and CDC25C phosphatase [243]. In addition,
pseudolaric acid B activated the checkpoint kinase, CHEK2,
and increased the expression of p53, as indicated [243].
CDC25A inhibitory activity and antitumor activity were also
exhibited by the extracts isolated from medicinal herbs
Agrimona pilosa, Herba solani lyrati, and Galla chinesis
[244].

Nine compounds (halenaquinone, xestoquinone, ado-
ciaquinones A and B, 3-ketoadociaquinones A and B, tetra-
hydrohalenaquinones A and B, and 13-O-methyl xestoquinol
sulfate) from Xestospongia sp. were found to inhibit
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CDC25B activity, as indicated in [245]. Natural compounds
(polyprenyl-hydroquinones and polyprenyl-furans [fura-
noterpenoids, furospongins, furospinosulins]) were isolated
from sponge species Spongia officinalis, Ircinia spinulosa,
and Ircinia muscarum, collected at different locations in the
Mediterranean Sea, as described in [246]. They were shown
exhibit potent CDC25 phosphatase inhibitor activities [246].
Aqueous extract of Phyllanthus amarus inhibited a growth of
20-methylcholanthrene-induced sarcoma in mice [247]. The
extract was found to inhibit DNA topoisomerase II and
CDC25 tyrosine phosphatase (IC = 50-25 pg/ml), as indi-
cated in [247]. Coscinosulfate 1, a sesquiterpene sulfate from
the New Caledonian sponge Coscinoderma matthewsi, along
displayed a significant inhibitory activity towards CDC25A
(IC50 - 3 uM), as described elsewhere [248]. A new antibi-
otic TMC-69 has been isolated from the fermentation broth
of a fungal strain Chrysosporium sp. TC 1068, as described
in [249]. TMC-69 exhibited cytotoxic activity against murine
P388 leukemia and B16 melanoma in vitro and in vivo, and
specifically inhibited CDC25A and B phosphatases, as indi-
cated in [249].

A variety of cell cycle regulatory proteins (e.g. cyclins,
CDK-inhibitors) undergo a proteasome-dependent degrada-
tion in a temporally controlled fashion [250]. For example,
the synthesis of cyclin B leads cells to initiating of mitosis,
while ubiquitin-mediated degradation of cyclin B regulates
the exit of cells from mitosis and reentry into G1 phase, as
reviewed elsewhere [251, 252]. Similarly, synthesis and deg-
radation of cyclin E are essential to late G1 progression, and
S phase entry, respectively [253, 254]. Accumulating evi-
dence suggests that the pharmacological inhibition of the
proteasome results in cell cycle arrest [250-252]. Proteasome
inhibitors are therefore potential candidates as antimitotic
drugs [8, 19, 115, 250]. Several natural product inhibitors
showing greater specificity have been discovered, as re-
viewed elsewhere [8, 19, 115, 250]. Lactacystin isolated
from Streptomyces sp. is the first known natural irreversible
specific proteasome inhibitor [255, 256]. Additionally, Sali-
nosporamide and Epoxomicin are the prominent proteasome
inhibitors acquired from nature [257-259].

DNA topoisomerase are essential nuclear enzymes that
create DNA breaks, thereby allowing the DNA strands to
unravel and separate, as reviewed elsewhere [8, 19, 260-
262]. Topoisomerases are categorized on type I (single-
stranded, TOPO-I) or type II (double-stranded, TOPO-II), as
reviewed in [8, 260-262]. Topoisomerase II (TOPO-II) is the
molecular target for the most widely used anticancer drugs
acting to prevent the enzyme from religating DNA strand
breaks [8, 260-262]. TOPO-II inhibition results in the accu-
mulation of double stranded DNA breaks, which essentially
lead to cell death [8, 260-263]. TOPO-II inhibitors affect cell
cycle progression during G2/M phase with little effect on S
phase transit, while TOPO-I inhibitors alter cell cycle pro-
gression at the S phase [263-265]. A few reports linked the
DNA topoisomerase activities with cell cycle regulation
[260, 263-265]. Vincristine-resistant human leukemia cells
were shown to display a delayed G2/M transit and prolonged
early mitosis, as indicated in [263-265]. These changes were
accompanied by down-regulation of DNA topoisomerase I1-
alpha (TOPO-IIA), as indicated elsewhere [263-265]. Initia-
tion of chromosome condensation during early prophase is



Antimitotic Natural Compounds in Cancer

linked a formation of CDC2 kinase/TOPO-II protein com-
plexes in the nucleus, and is coupled to chromatin remodel-
ing, as described elsewhere [263-265]. The topoisomerase
inhibitors are additionally divided into two types depending
on their mode of action [264]. Inhibitors that are able to sta-
bilize the covalent DNA topoisomerase II complex (also
known as the cleavable complex) are called topoisomerase I1
poisons, while agents acting on any of the other steps in the
catalytic cycle are called catalytic inhibitors [264]. Catalytic
topoisomerase II inhibitors are a diverse group of com-
pounds that might interfere with the binding between DNA
and topoisomerase II (aclarubicin and suramin), stabilize
noncovalent DNA topoisomerase I complexes (merbarone),
or inhibit ATP binding (novobiocin), as reviewed in [264].

Aclarubicin, an anthracycline isolated from Streptomyces
species, used clinically in the treatment of acute myelocytic
leukemia [266]. Aclarubicin is a potent DNA intercalating
agent that prevents the binding of TOPO-II to DNA, and also
inhibits TOPO-I in a concentration-dependent manner [266,
267]. Cellular exposure to aclarubicin leads to DNA damage
as well as the cell cycle arrest in G2 phase [268-270]. Novo-
biocin, an antibiotic from Streptomyces niveus was found to
inhibit mammalian topoisomerase II by blocking the ATP-
binding site, as described elsewhere [271-273]. Quercetin-3-
O-glucoside has been shown to possess anti-proliferative
activity associated with the cell cycle arrest in S phase and
inhibition of DNA topoisomerase II, as described in [274].

6. CELL CYCLE REGULATION BY NATURAL
COMPOUNDS AFFECTING MICROTUBULES

Microtubules are involved in maintaining the structure of
the cell and, together with microfilaments and intermediate
filaments, they form the cytoskeleton [275-278]. They pro-
vide platforms for intracellular transport and are involved in
a variety of cellular processes, including the movement of
secretory vesicles, organelles, and intracellular macromo-
lecular assemblies [275-278]. They are also involved in
chromosome separation (mitosis and meiosis), and are the
major constituents of mitotic spindles, which are used to pull
apart eukaryotic chromosomes [275-278]. The microtubule
network is recognized for its role in regulating cell growth
and movement as well as key signaling events, which modu-
late fundamental cellular processes [275-278].

Emerging evidence suggests that it is critically involved
in cell stress responses, including cancer, as reviewed [279].
Diverse changes in the microtubule network have been char-
acterized in various human cancers, including altered expres-
sion of tubulin isotypes, alterations in tubulin post-
translational modifications, and changes in the expression of
microtubule-associated proteins (MAPs), as reviewed else-
where [279, 280]. Microtubule alterations might be involved
in various responses of tumor cells to chemotherapeutics and
tumor microenvironment (e.g. hypoxia, oxidative stress,
metabolic stress, endoplasmic reticulum/protein folding
stress), thereby contributing to chemotherapy resistance,
tumor development, and cell survival, as reviewed in [279].

Microtubules are long cylindrical polymers composed of
monomers of alpha- and beta-tubulin that display highly dy-
namic properties, as reviewed elsewhere [8, 10, 15-18, 275-
283]. Cell cycle progression is associated with microtubule
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dynamics [8, 10, 15-18, 275-278, 281]. The tubulin-
interacting class of antimitotic agents can be classified by
their influence on the tubulin polymerization and by their
binding site on tubulin [8, 10, 15-18, 275-278]. Some com-
pounds promote microtubule polymerization and stabilize
microtubules (e.g. taxoids, epothilones, and discodermolide),
as reviewed in [8, 10, 14-18, 275-278, 282, 283]. Other
compounds affect microtubules by inhibiting polymerization
(e.g. vinca alkaloids, colchicines, cryptophycins, halichon-
drins, and estramustine), as reviewed elsewhere [8, 10, 15-
18, 280-288].

Paclitaxel, isolated from the stem bark of the Pacific yew
tree Taxus brevifolia, was found to have potent antimitotic
activity against leukemia cells [8, 10, 15-18, 280]. Paclitaxel
blocks mitosis by stabilizing tubulin polymers and thereby
inhibiting disassembly of microtubules [10, 281, 283]. Two
important prototypes, Epothilone A and B, were isolated
from myxobacterium Sorangium cellulosum and exhibit sig-
nificant cytotoxic activities [280-290]. Epothilones were
shown to stabilize tubulin polymers leading to mitotic arrest
and cell death [288-292]. Epothilone A and B bind competi-
tively with paclitaxel to tubulin suggesting that they share a
common binding site, as described elsewhere [288-292].
Epothilones exhibit potent cytotoxic effects against numer-
ous cancer cell lines, including multiple drug resistant
(MDR) cells and paclitaxel-resistant cells with mutations in
beta-tubulin, as indicated in [288-292]. Their potent cytotox-
icity, unlimited availability by bacterial fermentation, as well
as absence of tumor resistance to these drugs highly in-
creased enthusiasm towards epothilones [291-294].
Epothilone D, a natural analog of epothilone B, was found to
inhibit the proliferation of malignant glioma cell lines at low
nanomolar levels and leads to tubulin damage [295].
Epothilones B and F were shown to be efficient in inhibiting
proliferation of human colon carcinoma HCT-116 cells and
human leukemia K562 cells xenografted into mice in vivo
[296]. Phase II trials of epothilone B (EPO-906TM) have
been completed for colorectal, ovarian, and kidney cancers,
whereas phase II trials of epothilone D were initiated in 2003
for colorectal, non-small cell lung cancer and metastatic
breast cancer, as reviewed elsewhere [294] (Table 1).

Discodermolide, a polyhydroxylated lactone structure,
was isolated from the marine sponge Discodermia dissoluta,
was shown acting as microtubule-stabilizing agent, as de-
scribed [297]. Discodermolide induces assembly of purified
tubulin in vitro (EC50=2.3 mM), and microtubule rear-
rangement in breast carcinoma cells at 10 nM (100 times
greater potency than paclitaxel), as indicated in [297]. It also
potently inhibits the growth of paclitaxel-resistant,
multidrug-resistant carcinoma cell lines [298]. Discodermol-
ide is now in Phase I clinical trials as a potential drug for
solid tumors, as reviewed elsewhere [299]. The combrestat-
ins are antimitotic agents isolated from the bark of the wil-
low tree Combretum caffrum [300, 301]. Combrestatin A4,
the most potent antimitotic drug, binds to the colchicine site
of tubulin [300, 301]. Podophyllotoxin is a lignan isolated
from the roots of Podophyllum peltphylum, and was found to
inhibit the hydrolysis of GTP by tubulin [302]. Curacins A
and D is a marine natural compound from the blue—green
cyanobacterium Lyngbya majuscule [299, 303-311]. Curac-
ins were found to be active against breast, colon and renal
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cancer cell lines acting as antimitotic agents [303-305]. Cu-
racin A binds to the colchicine site of tubulin with an asso-
ciation constant 3400 times greater than tubulin itself when
forming dimers [303-306]. Curacin A inhibits tubulin po-
lymerization with an IC50 = 0.72 mM [303-306]. The Vinca
alkaloids are derived from the periwinkle plant Catharanthus
roseus G. Don (also known as Vinca rosea Linn). The first
natural compounds to be identified are vinblastine and vin-
cristine, which differs only in the presence of a formyl or
methyl group in the vindoline moiety, as reviewed elsewhere
[8, 15-18, 307-309]. The anti-proliferative activity of the
Vinca alkaloids is attributed to their ability to disrupt micro-
tubules, causing dissolution of mitotic spindles and meta-
phase arrest in dividing cells [308-312]. However, disruption
of microtubules can also lead to toxicity in non-mitotic cells.
Although the Vinca alkaloids are classified as mitotic inhibi-
tors, their anti-proliferative activity in the clinical treatment
of cancer probably arises from suppression of microtubule
dynamics as well as from disruption of the cell cycle, as re-
viewed elsewhere [8, 10, 311, 312].

Dolastatin-10 and -15 are polypeptide natural compounds
isolated from marine sea hare Dolabella auricularia, as re-
viewed elsewhere [313]. Both of these compounds are more
potent than vinblastine in tubulin polymerization assays,
although dolastatin-10 is nine times more potent than its
closely related analog [313, 314]. This family of compounds
acts as non-competitive inhibitors of vinblastine binding to
tubulin, as indicated in [315]. Dolastatins were shown ex-
hibit cytotoxic activity toward various cancer cells of hema-
tological origin by inhibiting microtubule assembly [316-
318]. Several clinical phase II studies have already begun for
patients with hormone-refractory metastatic prostate adeno-
carcinoma, as reviewed in [319]. Dolastatin 15 was found to
induce the cell cycle arrest in G2/M phase in various human
myeloma cell lines (RPMI8226, U266, and IM9), as indi-
cated in [320].

Rhizoxin is an antitumor antibiotic isolated from the cul-
ture broth of Rhizopus chinensis and Rhizopus microspores,
as reviewed elsewhere [18, 321]. Rhizoxin was observed to
be a competitive inhibitor of the binding of both vincristine,
as well as ansamitocin P-3, a maytansine analog to tubulin
[322]. Rhizoxin inhibits the polymerization of purified tubu-
lin with an IC50 of 6.8 pM, as indicated in [322]. Using the
high-resolution crystal structure of the complex, between
tubulin and maytansine (the drug used for the treatment of
advanced breast cancer), Prota and coworkers have shown
that the drug binds to a site on B-tubulin that is distinct from
the vinca domain blocking the formation of longitudinal tu-
bulin interactions in microtubules [323]. They also found
that rhizoxin bound to the same site as maytansin [323].
Rhizoxin was shown anti-proliferative effect on human and
murine tumor cells resistant to vincristine and adriamycin
when compared to maytansine in vitro and in vivo, as indi-
cated in [324]. Rhizoxin inhibits microtubule assembly at a
10-fold lower concentration (10 ng/ml) than vincristine and
is 8- to 43-fold more active than vincristine in P-
glycoprotein-mediated vincristine-resistant murine and hu-
man leukemia cell lines (P388/VCR and K562/VCR), as
described in [324]. Rhizoxin was active against human
small-cell lung cancer H69/VDS cells with non-P-
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glycoprotein-mediated resistance to vindesine in vifro, as
described in [325]. Tubulin polymerization in H69/VDS was
inhibited markedly by rhizoxin compared with that in H69,
in a dose-dependent manner, as described [325]. A drug-
accumulation study showed that the intracellular rhizoxin
level in H69/VDS was 15% lower than that in H69, as indi-
cated in [325]. With the aid of mice with severe combined
immunodeficiency xenografted with H69/VDS tumor cells,
Arioka and coworkers have shown that in vivo tumor growth
was markedly reduced by rhizoxin [325]. Rhizoxin also
demonstrated significant antitumor activity in a number of
human tumor xenografts, including melanoma (LOX), breast
cancer (MX-1), nonsmall-cell lung cancer (A549), small-cell
lung cancer (LXFS 605), and a vincristine-resistant small-
cell lung cancer (LXF 650), as indicated in [326]. In a multi-
centre trial of the European Organization for Research and
Treatment of Cancer-Early Clinical Trials Group, thirty-one
of chemotherapy-naive patients with advanced non-small
cell lung cancer were treated with rhizoxin, a novel tubulin-
binding agent, which showed a single agent antitumor activ-

ity [327].

The spongistatins are a group of complex macrocyclic
lactones isolated from the sponges Spirastrella spinispirulif-
era and Hyrtios erecta, as described elsewhere [328]. Spong-
istatin 1 is a potent inhibitor of the binding of vinblastine and
GTP to tubulin, but has no effect on the binding of colchi-
cine to tubulin [329-331]. Spongistatin 1 has exhibited po-
tent activity against leukemic (IC50 = 20 pM against L1210
murine leukemia cells) and melanoma, prostate and colon
cancer cell lines in vitro [329, 330, 332]. It also exhibited a
significant antitumor activity in the LOX-IMVI human
melanoma xenograft model in vivo, as well as modulated a
pancreatic tumor progression and metastasis [330, 333]. Cal-
vatic acid is a known cytostatic agent isolated from Cal-
vatica liacina was found to exhibit cytostatic properties by
prevention of microtubule assembly [334, 335].

Assembly and disassembly of microtubules is controlled
by a number of microtubule-associated proteins (MAPs) that
stabilize microtubules against disassembly, as reviewed
elsewhere [276, 280, 282]. MAP family includes the follow-
ing proteins: MAP1, MAP2, MAP4 and TAU, as reviewed in
[276, 280, 282]. MAPs bind to the tubulin subunits that
make up microtubules to regulate their stability, therefore
contributing to assembly and disassembly of microtubules
[276, 280, 282]. The C-terminal domain of the MAP inter-
acts with tubulin, while the N-terminal domain can bind with
cellular vesicles, intermediate filaments or other microtu-
bules [276, 280, 282, 336]. The binding of MAPs to micro-
tubules is regulated through MAP phosphorylation by micro-
tubule-affinity-regulating-kinase (MARK) protein [336].
Phosphorylation of MAP4 by p34cdc2 kinase abolished its
microtubule stabilizing activity [337]. MAP4 phosphoryla-
tion by the CDKl1/cyclin B complex decreases its microtu-
bule stabilizing ability at mitosis [337]. Tryprostatin-A is a
secondary metabolite from Aspergillus fumigatus and is the
first natural compound that inhibits microtubule assembly by
interfering with the binding of MAPs with the carboxyl-
terminal domain of tubulin [338]. Tryprostatin-A only inhib-
its MAP2-, TAU-, and poly-L-lysine-induced tubulin polym-
erization [338].
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Table 1.

Anti-proliferative effects of phytometabolites on various phases of cell cycle in human tumor cells.
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Cell
Cycle
Phase

Name of the Drug

Source of the Drug

Human Tumor Cells

Affected Targets

Refs.

G1/8,
G2/M

Butyrolactone-I

Aspergillus terreus

H460 lung cancer, SW480 colon cancer

Inhibition of
CDK1/cyclin B com-
plex, CDKNIA

(81]

G1/8

Chebulagic acid

Terminalia chebula

retinoblastoma cells

Increase in CDKNI1B,
decrease in NF-xB

[97]

G1/8

Wogonin

Scutellaria radix

HCT116 colorectal cancer

Decrease in cyclin A,
DI, E, and CDK-2 and
-4

[99]

G1/8

Fangchinoline

Stephaniae tetran-
drine S. Moore

breast cancer MCF-7 and MDA-MB-231 cells

Decrease of cyclins
D1, D3, and -E, CDK-
2,- 4, -6. Increase in
CDKNIA and 1B

[101]

G1/8

Berberine

Berberis sp.,

cholangiocarcinoma QBC939 cells

Increase in CDKN1A
and 1B, and decrease
in CDK-2 and -4, and
cyclin D1

[102]

G2/M

5, 3'-dihydroxy-3, 6,
7,8,4'-
pentamethoxyflavone

Gardenia obtusifolia

prostate, colon, kidney, lung, head/neck, pan-
creas, breast, leukemia, and myeloma cancer

Increase CDKNI1A and
1B, decrease in cyclin
DI1,CDC2, and c-
MYC

[106]

G1/8

Acetylbritannilactone

Inula britannica L.

HT-29 colorectal cancer

Decrease in cyclins A,
DI, and E and CDK-2,
-4, -6, and an increase

in CDKN1A

[110]

G1/8,
G2/M

Quercetin

Quercus sp.

Leukemia, breast cancer, liver cancer

Decrease in CDK-2, -
6,-7, cyclin A, DI,
and E, and increased
CDKNI1A and 1B

[112-114]

G2/M

Isorhamnetin

Hippophae rhamnoi-
des L

colorectal cancer cell lines, HT-29, HCT116
and SW480

inhibit the
PI3K-AKT-mTOR
pathway, increase in
cyclin Bl

[116]

G2/M

Tamarixetin

Tamarix ramosissima

leukemia cells

Increase in cyclin B,
BUBI, and CDKNI1A,
inhibits tubulin polym-
erization

[117]

G1/8

Epigallocatechin-3-
gallate

Green tea

prostate, lung and skin cancers

Increase in CDKNI1A,
1B, 2A, and 2C, de-
crease in cyclin D1, E,
CDK-2, -4 and -6

[122-124]

G1/8

Proanthocyanidins

Vitis vinifera

epidermoid carcinoma A431 cells, prostate
cancer cells, DU145 and LNCaP

Decrease in CDK-2, -4
and -6, cyclins D1, D2
and E, while increase
in CDKNI1A and 1B

[125-128]

G2/M

Apigenin

parsley, celery,
celeriac, and
chamomile tea

HT-29 and MG63 colorectal adenocarcinoma
cells, pancreatic and hepatoma cells

Decrease in cyclins A,
B,DI1,D2 and E,
CDK-2, -4, and -6, and
increase in CDKN1A
and 1B

[136-140]
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and 1B, but decrease in
CDKI1 and CDC25C

Cell Name of the Drug Source of the Drug Human Tumor Cells Affected Targets Refs.
Cycle
Phase
G2/M, Curcumin Curcuma longa neuroblastoma cells, colon adenocarcinoma Increase in CDKN1A [142-147]
and S- LOVO cells and HCT-116 cells, glioma U251 and 1B, and ING4
phase cells
G1/S Indole-3-carbinol Brassicaceae breast cancer, prostate cancer, endometrial Decrease in cyclins [148,149]
cancer, colon cancer, and leukemia cells D1, E, CDK-2, -4, -6
and increase in
CDKNIA, 1B, and 2B
G2/M Zerumbone Zingiber zerumbet promyelocytic leukemia HL-60 cells Decrease in cyclin Bl [151]
(L.) Roscoe ex Smith and CDK1
G1/S Dineolignan (saucer- | Saururus chinensis promyelocytic leukemia HL-60 cells Decrease in CDK-6 [153]
netin-7) and cyclin D1, and
increase in CDKN1A
G1/S, Silibinin Silybum marianum colon carcinoma FET and GEO cells Decrease in cyclins [155]
G2/M B1, D1 and CDK-2,
increased in CDKNIA
and 1B
GO0/G1 phenylbutenoid Zingiber cassumunar lung cancer A549 cells Increase in CDKN1A, [158]
dimer (+/-)-trans-3- ROXB and decrease in cyclins
(3, 4- A and D1, CDK-2, and
dimethoxyphenyl)-4- -4,
[(E)-3, 4-dimethoxy-
styryl] cyclohex-1-
ene
G1/S Rosamultic acid Rosa multiflora gastric cancer SGC-7901 cells Decrease in CDK4, [160]
CDK6 and cyclin D1
G2/M Tanshinone ITA Salviae miltiorrhizae gastric carcinoma AGS cells Decrease in CDC2, [167]
cyclin A, and cyclin
Bl
G1/S Rocaglamide-A Aglaia leukemic cells Induces phosphoryla- [190]
tion and degradation of
CDC25A, induces the
ATM (ATR)-CHEK1
(CHEK?2) pathway
G2/M Bufotalin Venenum Bufonis hepatocellular carcinoma HepG2 cells Decrease in CDC25, [192]
CDK1, cyclin A and
cyclin B1, and increase
in p53 and CDKN1A
S-phase | Berberine and Pal- Berberis lycium Royle | promyelocytic HL-60 cells Increase in CHEK2, [195]
matine decrease in CDC25A,
cyclin D1, and CDK1
G2/M Pseudolaric acid B Pseudolarix melanoma SK-MEL-28 cells Decrease in CDC2 and | [198]
kaempferi Gordon CDC25C, increase in
CHEK?2, and p53
G2/M Squamocin Annonaceous sp. myelogenous leukemia K562 cells Increased in CDKN1A | [200]
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Cell Name of the Drug Source of the Drug Human Tumor Cells Affected Targets Refs.
Cycle
Phase
G2/M Aclarubicin Streptomyces sp. acute myelocytic leukemia TOPO-I and II [223-226]
G2/M Paclitaxel Taxus brevifolia leukemia cells, nasopharyngeal carcinoma Stabilize tubulin poly- [236-239]
mers and inhibiting
disassembly of micro-
tubules
G2/M Epothilone A, B, D, Sorangium cellulosum | prostate cancer, glioma cells, leukemia K562 Stabilize tubulin poly- [234-252]
and F cells mers leading to mitotic
arrest
G2/M Discodermolide Discodermia disso- paclitaxel-resistant, multidrug-resistant carci- Microtubule- [253, 254]
luta noma cell lines stabilizing agent
Curacins A and D Lyngbya majuscule breast, colon and renal cancer cell lines Inhibit tubulin polym- [255,259-263]
erization
G2/M Dolastatin-10 and 15 | Dolabella auricularia | cancer cells of hematological origin, hormone- Inhibit microtubule [269-276]
refractory metastatic prostate adenocarcinoma, assembly
myeloma cell lines (RPMI8226, U266, and
M9)
Rhizoxin Rhizopus chinensis small-cell lung cancer H69/VDS cells with non- | Binds to a site on 3- [277-283]
and Rhizopus mi- P-glycoprotein-mediated resistance to tubulin
crospores vindesine, tumor xenografts, including mela-
noma (LOX), breast cancer (MX-1), nonsmall-
cell lung cancer (A549), small-cell lung cancer
(LXFS 605), and a vincristine-resistant small-
cell lung cancer (LXF 650), nonsmall-cell lung
cancer
Spongistatin 1 Spirastrella spinispi- leukemia, melanoma, pancreatic, prostate and Binds to a site on B- [284-289]
rulifera and Hyrtios colon cancer cell lines, LOX-IMVI human tubulin
erecta melanoma xenograft model in vivo
G2/M Tryprostatin A Aspergillus fumigatus | breast cancer, multiple myeloma, gastric carci- Inhibits MAP2-, TAU- | [294]
noma cells, prostate, and lung cancer cell lines induced tubulin po-
lymerization

CONCLUSION AND FUTURE PERSPECTIVES

To summarize current review, it is fair to view naturally
produced natural compounds as effective regulators and
modulators of cell cycle regulation in tumor cells. Natural
compounds from plants, microorganisms and marine life
forms were often showed to exhibit strong abilities to inhibit
tumor cell proliferation in vitro and even block tumor growth
in vivo. Accumulating evidence shows that many natural
compounds from numerous biological sources are able to
regulate various phases of cell cycle leading to cell cycle
arrest in tumor cells originated from a number of human
cancers. Furthermore, emerging evidence reveals that many
natural compounds exert their anti-proliferative activities
through similar molecular mechanisms involving downregu-
lation of phase-specific cyclins and CDKs, while upregulat-
ing CDK inhibitors. Moreover, other enzymes, (such as pro-
tein phosphatase, DNA topoisomerases), as well as proteins
implicated in regulation of microtubule architecture and

function were shown to be affected by certain natural com-
pounds and compounds from microorganisms and marine
life forms. Natural compounds described in this review are
categorized in Table and their chemical structures depicted
in (Figs. 1 and 2). Selected natural compounds schematically
depicted in the (Fig. 3), as modulators of specific phases of
cell cycle regulation. In order to define critical checkpoints
allowing to differentiate the potential effects of the natural
anticancer compounds on the tumor cells versus normal
cells, the inhibitory specificity of drugs on various phases of
the cell cycle leading to blocking tumor cell proliferation
should be analyzed in future studies in vitro. Moreover, the
more detailed analysis of potential targets affected by anti-
cancer natural compounds needed to increase specificity for
blocking cell proliferation of tumor cells, decrease unwanted
side effects associated with damage to normal cells, and to
address potential chemoresistance often occurred in tumor
cells upon treatment.
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Fig. (1). Chemical structures of selected natural compounds that exhibited anti-proliferative properties associated with the cell cycle regula-

tion.

Natural compounds have been widely used in vitro, in
vivo, and in preclinical cancer prevention and phase II clini-
cal treatment studies, as reviewed elsewhere [339]. Some of
these clinical trials have shown various degrees of success.
As cancer chemoprevention and treatment using natural phy-
tochemicals have been such an attractive approach, further
studies especially in vivo using xenograft models needed to
understand their potencies, pharmacokinetic performances,
pharmacodynamic responses, metabolisms, toxicities, drug-

drug interactions, polymorphisms, and then formulations,
stabilities and degradations, and dosage regimens [339]. Fur-
thermore, to address potential chemoresistance of tumor cells
to natural compounds or existing anticancer drugs, the com-
bination approach should be taken using two or several com-
pounds of natural or synthetic origin. The future full conver-
gence of prevention-therapy drug development will open
new avenues for natural compounds in reducing the public
health impact of major cancers. However, more preclinical
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phenylbutenoid dimer (+/-)-trans-3-
(3, 4-dimethoxyphenyl)-4-[(E)-3,
4-dimethoxy-styryl] cyclohex-1-ene

Chebulagic acid
‘Wogonin
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Fig. (3). Schematic representation of natural compounds that affect various phases of cell cycle in human tumor cells. Selected natural
compounds act on multiple checkpoints or targets. The arrows indicate activation and blocked signs indicate inhibitory effects of natural
compounds in the cell cycle regulation. Up and down arrows indicate the upregulated and downregulated levels of specific cell cycle regula-
tors upon treatment with indicated natural compounds.

studies and clinical trials are certainly needed to validate the
usefulness of these agents either alone or in combination
with existing therapies.

LIST OF ABBREVIATIONS

BUBI1
CDK
CDKN
CAK
DH-PMF

EGFR
ERK
GBM
7-HDNF
IkBo

INK
IKKa
MAP
MAP2K1
MLCK4
NF-xB
PSC

Budding Uninhibited by Benzimidazoles 1
Cyclin-Dependent Kinase
Cyclin-Dependent Kinase Inhibitor
CDK-Activating Kinase

5, 3'-dihydroxy-3, 6, 7, 8, 4'-pentamethoxy-
flavone

Epidermal Growth Factor Receptor
Extracellular Signal-Regulated Kinase
Glioblastoma Multiforme
7-hydroxydehydronuciferine

Nuclear Factor of Kappa light polypeptide
gene enhancer in B-cells inhibitor, Alpha

IxB Kinase-Alpha

c-Jun N-terminal Kinase
Microtubule-associated Protein
Mitogen-activated Protein Kinase Kinase 1
Myosin Light Chain Kinase 4

Nuclear Factor -kappa B

Phenylbutenoid Dimer (+/-)-trans-3- (3, 4-

dimethoxyphenyl)-4-[(E)-3, 4-dimethoxy-
styryl] cyclohex-1-ene

PDGF = Platelet-derived Growth Factor
RB = Retinoblastoma

RBL1 = Retinoblastoma-like 1

Tan-ITA = Tanshinone ITA

TOPO = Topoisomerase
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