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Abstract The story of the cell commonder, calcium,

reaches into all corners of the cell and controls cell pro-

liferation, differentiation, function, and even death. The

calcium-driven eukaryotic revolution is one of the great

turning points in the life history, happened about two bil-

lion years later when it was converted from a dangerous

killer that had to be kept out of cell into the cell master

which drives the cell. This review article will take the

readers to a tour of tissues chosen to best show the cal-

cium’s many faces (proliferator, differentiator, and killer).

The reader will first see calcium and its many helpers, such

as the calcium-binding signaler protein calmodulin,

directing the key events of the cell cycle. Then the tour will

move onto the colon to show calcium driving the prolif-

eration of progenitor cells, then the differentiation and

ultimately the programmed death of their progeny. More-

over, the reader will learn of the striking disabling and

bypassing of calcium-dependent control mechanisms dur-

ing carcinogenesis. Finally, recommendations should be

taken from the underlying mechanisms through which

calcium masters the presistance, progression, and even

apoptosis of colorectal cancer cells. Thus, this could be of

great interest for designing of chemoprevention protocols.

Keywords Calcium � Cell cycle � Differentaion �
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Introduction

Colorectal cancer progression from normal to malignant

phenotype is linked with various epigenetic modifications

[1, 2]. Many studies have been performed to indicate that

diet components are important factors in the modulation of

this cancer type [1, 3, 4]. Calcium is already known as a

promising chemopreventive agent [3–5].

Authors suggested that decreased calcium-containing

diet is associated with increased risk of pre-neoplastic

intestinal lesions in vivo models. In addition, Wild-type

mice got colon hyperplasia when fed with that diet for short

periods of time without carcinogen administration [6];

however, no malignancies developed in the colon [7].

Accordingly, calcium-enriced diet significantly suppressed

these changes in normal and diseased mice [6].

Together, these observations showed the importance of the

underlying mechanistic pathways through which calcium

drives the presistance and progression of colon cancer. Thus,

this could be of great interest for designing of chemopreven-

tion protocols. This review article focuses on the possible

strategies of calcium at genomic and non-genomic levels,

orcostrating the colorectal tumorigenesis.

Calcium and Cell Cycle

Calcium Drives Cell Cycle

Signaling pathways in cell biology are mainly regulated by

internal calcium ions. However, the know-how of this
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calcium-regulatory system remains obscure. Therefore, we

will go to illustrate the cell cycle regulatory pathway by

calcium ions as shown in (Fig. 1). First, the calcium sensor

calmodulin (CaM) is essential for driving cell cycle [8, 9];

however, it is scarcely mentioned in literature of the cell

cycle events checkpoints. Then, the impact of those cal-

cium ions on DNA replication, mitosis, and cytokinesis

will be mentioned.

Calcium ions ride the cell cycle waves of cyclin-de-

pendent kinases (CDKs) in the G0/G1, S, and G2/M pha-

ses, transitioining of the cell into two daughters. However,

calcium wave’s shifing will light up different cellular tar-

gets through the different stages of the cycle [10–12].

Intriguingly, scientistis on the verge of being able to per-

form 4D calcium mapping during the cell cycle is the first

step for grasping the cycle checkpoints [9].

Calcium Starts Cell Cycle

Cell cyle starts with a G0 reversible snoozing, due to an

absence of the suitable growth factors; however, the cycle will

be started upon those presences. Dissimilar to the differenti-

ated cells, those quiescent G0 cells are prepared to react with a

mitogen by keeping a pool of untranslated messages starting

with cycle started genes [13]. Those quiescent cells need

triggering its cycle-shutdown system. It needs to be planted

over its Gas-1 protein that in some way or another contributes

the concealment for burgeoning [14–16]. This will upregulate

the p27Kip1, which might piece any low-level surge from

claiming Cdk4/6 cyclin D (CD) action.

The silencing for development variable cell receptors

will influence RNA, protein, and also those mitochondrial

vitality supply. The calcium ions signs should trigger the

major phases of the cell cycle. A calcium surge is included

for beginning the G1 development. In a percentage of cells,

this calcium goes mostly from the inside, while in others a

fundamental piece of the calcium comes through mem-

brane channels [17].

The shutdown mechanism stops the processing of the

proliferation driving gene transcripts, demobilizes the

messages for growth-promoting peptides, reduces the total

mRNA content, decreases ribosomal RNA synthesis,

increases ribosomal RNA degradation, increases protein

degradation by lysosomes, reduces the flow into the

nucleus of short-lived non-histone proteins such as tran-

scription factors, and lowers mitochondrial activity [17].

Signals Orchestrate Cell Cycle

A signal to a quiescent, cultured cell from a growth factor

such as platelet derived growth factor (PDGF), to a hepa-

tocyte in the adult rat liver from an endogenous growth

factor such as the hepatocyte growth factor released in

response to partial hepatectomy, to start the final run-up of

DNA replication. This first wake-up signal triggers a veri-

table explosion of events. The signal-aroused cell will need

ATP energy from glucose, the uptake of which is enhanced

by c-Myc. The energy is supplied by mitochondria [18].

Calcium signal also activates the cytoskeleton, a striking

effect of which is cell surface ruffling, and the nuclear

actomyosin motor is switched on to reposition the chro-

matin to receive and respond to incoming transcription

factors and protein kinase and phosphatase modulators of

nuclear transcription factors [19, 20]. The c-Myc complexe

stimulates the genetic expression of BN51, eIF-4E, nucle-

olin, ornithine decarboxylase (ODC) and the cycle-starter

Fig. 1 Calcium ions strategy

for orcasterating cell cycle
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transcripts such as CAK, Cdk4, cyclin D2, c-Fos, and c-Fra

[17].

Growth Factor Velcroceptors Alarm Cell Cycle

Among the most common cellular alarm clocks are the

growth factor velcroceptors. Ligand binding to the extra-

cellular parts of the monomeric velcroceptors (e.g., EGF,

PDGF), heterodimeric velcroceptors (e.g., IGF-I, insulin),

or multi-component or modular velcroceptors (e.g., the T

cell receptor, or the IL-6 receptor with its associate JAK

protein tyrosine kinase) causes the receptor molecules to

activate their cytoplasmic protein tyrosine kinase (PYK)

domains, and cross-phosphorylate each other tyrosine

residues [21, 22].

Velcroization is a wonderful way of recruiting signal

enzymes to a place where they can be coordinately phos-

phorylated by the receptor protein tyrosine kinase domains,

and interact with each other and other membrane-associ-

ated molecules to switch on several differently targeted

signal mechanisms. To awaken a quiescent cell, it may be

induce to express the first set of proliferogenes by acti-

vating appropriate mitogenic velcroceptors on its surface.

The signals from such receptors will activate the tran-

scription factors that will turn these genes on [22, 23].

The activated MAP kinase can enter the nucleus to

phosphorylate and thus activate a variety of transcription

factors such as the multipurpose c-Jun and the exclusively

proliferation-related c-Myc whose targets are key prolif-

erogenes such as the Cdk4cyclin D-activating CAK [24].

Another key target of the MAP kinases are the S6 Ser/Thr

protein kinases, which are activated and phosphorylate five

serine residues of the S6 subunits of 40-S ribosomes [17].

These five domaions are on the platform of the 40-S

ribosome, which is involved in codon-anticodon tRNA

binding. This phosphorylation triggers a configurational

change, which increases the 40-S subunit message-binding

ability [25].

The first wave of diacylglycerols crashes within a few

seconds as the membrane-associated protein kinase-Cs

(PKCs) phosphorylate and silence phospholipase-C. How-

ever, while they have shut down phospholipase-C, they

have stimulated another one, phospholipase-D, which

breaks phosphatidyl choline down into phosphatidic acid

and choline. The phosphatidic acid is then dephosphory-

lated to diacylglycerol, which re-activates PKCs, thus set-

ting up a positive-feedback stimulation that produces a

second surge of membrane-associated PKCs activity [17].

Calmodulin Activates Cyclins and Kinases

The presence of calcium forms complexes with a variety of

cytoskeletal and other proteins, perhaps the most important

of which are the complexes with calmodulin (CaM). The

calcium surge also facilitates the movement of intermedi-

ately sized molecules into the nucleus by removing a central

plug or gate in the nuclear membrane pores [26, 27].

CaM waves activate a formidable array of enzymes such

as calcineurin (a protein Ser/Thr phosphatase), CaMKII

(calmodulin-dependent Ser/Thr protein kinase), CaMKIV,

and MLCK (myosin light chain kinase). The nuclear cal-

cium content shoots upwards and the resulting CaM com-

plexes do two important things; they activate MLCK and

thus stimulate the nuclear actomyosin machinery to move

the chromatin into a responsive configuration [19, 20], and

stimulate the expression in the quiescent cell of at least one

key proliferogene, c-Myc, by binding to and displacing the

transcriptionally inactive Max/Max homodimers from the

gene promoter, which enables their replacement by tran-

scriptionally active Myc/Max heterodimers [28].

The Myc/Max transactivates the genes for two very

important things needed to turn on Cdk4/6 cyclin D, the

G1-starting CDK. First are the components of Cdk7 cyclin

H, CAK, which besides being involved in activating Cdk4/

6 cyclin D, is part of the RNA polymerase II transcriber

pre-initiation complex when associated with the

MAT1(p36) protein [29]. Second is the early G1-specific,

CDKs-activating STY phosphatase Cdc25A, which like its

G2-specific isoform, Cdc25C, might be activated by being

phosphorylated by calcium CaM-stimulated CaMKII [30].

Indeed, specifically blocking CaMKII activity with KN-93

greatly reduces the level of cyclin D1 and blocks the G1

buildup in NIH3T3 mouse cells [31].

Starting a cycle can be lethal for a normal cell if there is

only an incomplete, thus unbalanced, G1 buildup [32]; for

example, hyperexpressing the c-myc proliferation-starter

gene in normal fibroblasts without the support of protector

signals from serum factors leads to the overexpression of

E2F1, which stimulates the accumulation of the apopto-

genic p53 and also the expression of cycle-driving com-

ponents such as cyclin A and Cdk1 cyclin B1, which are

apoptogenic when expressed out of context and without

protectors such as Bcl-2 and the anti-p53 Mdm2 [24, 32–

35].

The signal must trigger in the proper order the first wave

of cyclins, the cyclin Ds, and the assembly of active Cdk4

cyclin D protein kinases that start the G1 buildup. How-

ever, it must also supply the protectors and downregulate

the promiscuous CDK inhibitor p21Cip1/WAF1 that is

stimulated to increase by the mitogenic signal. To do this it

must receive converging streams of signals from serum

factors and a subset of integrin receptors that are activated

by binding to substrate proteins such as fibronectin and

vitronectin [32, 36].

However, CaM is a part of the DNA-replicating facto-

ries, tumor cells simply could not be expected to be able to
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do without them and they need for CaMKII to start repli-

cating DNA as studied on HeLa cells [37]. They are also

needed by fibroblasts transformed by the constitutive

hyperactivity of the avian sarcoma virus 60-kDa v-Src

protein tyrosine kinase. This wild hyperactive enzyme

eliminates the need for adhesion-triggered integrin signals

to restrain apoptogenesis and express CDKs such as Cdk2

cyclin A needed to trigger replication [17].

When calcium-binding parts of the replication machines

have done their jobs, phospho-Cdk2-cyclin A accumulates in

replication factories. When the chromosomes are all repli-

cated and there is no red light and wailing siren from an

alerted G2 checkpoint mechanism, the cell shreds the G1/S-

specific Cdk2 and starts expressing and using the mitotic

Cdk1 which has been suppressed by Cdk2 cyclin A while the

chromosomes were being replicated. It also starts expressing

the last of the cyclins, the mitotic cyclin Bs [35–37].

Calcium Regulats Mitosis

The Cdk1 cyclin-driven breakdown of the nuclear mem-

brane and all that goes with it are triggered by the strictly

localized release of calcium from thousands of endoplas-

mic reticular vesicles crowding around the nucleus [8, 38].

Preventing the calcium surge prevents prophase, while the

calcium-mobilizing caffeine or microinjected Ins(1,4,5)P3

triggers premature prophase [38, 39]. However,

Ins(1,4,5)P3 may not be the real physiological calcium

liberator because it is freely diffusible and the PLC that

would be needed to generate it is not in the membranes of

the calcium-storage, regulating vesicles in the prophase

mitotic apparatus. Instead, it could be leukotriene B4,

which is confined to the vesicles along with the PLA2 and

the other enzymes needed to make it [40].

Calcium signal triggers wave of CaMKII activity, but it

turns on the late-G1-specific Cdc25C, which activates the

Cdk1cyclins A/B that in turn activate the chromosome-

condensing condensins and phosphorylate H1 and H3 his-

tones to reconfigure the chromosomes to receive the

phospho-condensins that will condense them [30].

The calcium barrage may trigger nuclear envelope

breakdown at least in part by directly stimulating the pro-

tease calpain [8, 20]. In fact, inhibiting calpain blocks the

G2/M transition at least in some cells [41]. This is sup-

ported by some evidence that, as mitosis approaches, cal-

pain II relocates from the plasma membrane to the nucleus

and its entourage of calcium-loaded vesicles [42].

During the G2 buildup, PKC-II is translocated to the

nucleus and plugged into the nuclear membrane alongside

its target lamin B. Then, the membrane-tethered kinase is

selectively activated when a product of nuclear membrane

lipid breakdown, a specific type of nuclear phosphatidyl-

glycerol, binds to its C-terminal region [43]. The activated

PKC-II then triggers the disassembly of the lamin network

and the release of chromosomes from the nuclear envelope

by phosphorylating lamin B [44].

When the chromosomes have all assembled at the

mitotic spindle mid-zone and the last of the cycle check-

point mechanisms that monitors and responds to signals

from unattached kinetochores has been switched off, and

the tension on the straining sister chromatids from the

spindle fibers has reached a critical threshold, the Anaphase

signals start to be activated [45].

Cdk1 cylin B induces the spike(s) and the calcium spills

out of storage vesicles linked with the spindle [8, 17]. Once

again, a calcium wave activates CaMKII, which in turn,

activates the spindle-restricted anaphase-promoting com-

plex (APC) that contains a ubiquitin-conjugating E2

enzyme specific for mitotic cyclins [46, 47]. One result of

this is the polyubiquitination of the mitotic cyclins which

are marked for this and consequently the proteasome

shredding by a conserved N-terminal motif known as the

destruction box [17, 47].

The loss of the cyclin exposes the naked Cdk1 catalytic

subunit to further inactivation by having its Thr161 residue

dephosphorylated by type 2A protein phosphatase, which

prevents the subunit from grabbing another cyclin. This

allow the chromosomes to decondense at telophase, but they

are not needed for chromatid separation [47]. This requires

the APC-driven destruction of the cohesins that have been

tying the sister chromatids together [46], as well as the

removal of residual DNA tangles by calcium-stimulated, and

centromere-associated topoisomerase II [48, 49].

In addition, calcium may be involved in forming the new

nuclear envelope during telophase [20, 50]. While all of

these events have been going on, the cell has been putting a

belt of cortical actomyosin filaments around its middle. This

belt has been kept from tightening prematurely by having its

myosin motors turned off by the phosphorylation of certain

residues in their light chains by Cdk1cyclin B [17]. The

motors are activated by the destruction of Cdk1 cyclin B and

then started by the stimulation of their MLC (myosin light

chain kinase) by the CaM complexes generated by a final

prolonged calcium surge [17, 47].

The belt tightens and pinches the elongating cell into

two daughters, each with its own chromosomes awaiting

instructions from their surroundings to cycle or differenti-

ate normally or to start extensively cycling if it is going to

be malignant cell.

Calcium and Colon Cell Diffpoptosis

The cellular production in a colon crypt is so enormous that

the crypt populations are turned over completely every

3 days in the human beings and mice. Each crypt in a
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mouse’s proximal colon contains about 100 proliferating

cells, which generate about 6 new cells per hour, while in

the distal colon there are about 200 proliferating cells per

crypt, which generate about 21 new cells every hour [51,

52].

Each of the millions of crypts in the human transverse

colon produces up to 8.8 cells per hour. Therefore, there

has to be a mechanism to keep the cell population at a

constant size to avoid overgrowth. Accordingly, it appears

that colon cells are eliminated by apoptosis and then by

engulfment [53].

Freshly isolated normal human colon cells need about

0.1 mM external calcium to proliferate optimally, while

their proliferation is stopped and the colon cells are

induced to differentiate by higher calcium concentrations

(0.8–2.0 mM) that can be found in the fecal water [54–57].

Moreover, calcium controls proliferation in the crypt where

the cells need some of it to proliferate maximally but

cannot do so with smaller or larger amounts [55]. Thus, the

proliferative activity of cells in crypts from normal rats

given a diet containing either 0.5 or 15 g of calcium/kg was

significantly lower than the optimal activity in the crypts

from rats given a diet containing 5 g of calcium/kg [58].

Brenner group [59] have reported a striking bottom-to-

top intracellular calcium gradient in mouse colon crypts

and a crypt level-dependent responsiveness to a change in

the extracellular calcium concentration and have men-

tioned that the same gradient has been found in human

crypts. Thus, for example, the concentration of calcium in

the cells of isolated whole murine crypts rose from 70 to

83 nM in the lower crypt to 157 nM at the crypt mouth

when the crypts were in calcium-free buffer. When the

crypts were suspended in buffer containing 1 mM calcium,

the intracellular calcium rose from 262 to 297 in the lower

crypt to 463 nM at the crypt mouth. The maintenance of

this gradient required vitamin D3 because it was lost in

animals fed a low-vitamin D3 diet. This indicates the

involvement of the transcellular transport of calcium by the

vitamin D3-dependent protein calbindin from the lumen to

the blood. Also, it may indicate the involvement of signals

from the CaRs on the cells’ apical surfaces [60–64],

because expression of parathyroid gland’s CaR is promoted

by the seco-steroid [65].

Calcium and Colon Cancer Diffpoptosis

Deleted in Colon Cancer (DCC) Protein Activates

Apoptosis

An important key player in colon cell maturation is a cell–

cell adhesion protein belonging to the Neural Cell Adhe-

sion Molecule (N-CAM) family called Deleted in colon

cancer (DCC), which is lost during the later stages of the

progression to malignant colon cancer [66–68]. It is a

receptor activated by contacting the laminin-like netrin-1

with its Ig-like and fibronectin-type III extracellular motifs,

and then sends calcium and G-protein signals into the colon

cell through its cytoplasmic domain, which suppress

anoikis and somehow promote differentiation by inhibiting

CDK activity and guide the differentiating cell’s migration

up the crypt wall just as neurons use their DCC receptors to

steer growing neurites toward their target [66–70].

Furthermore, DCC is also part of fail-safe mechanism

that guards against a cell being able to detach from the

basal lamina with impunity and metastasize to distant

places [71]. Thus, the apoptogenic mechanism is silent

when the cell is attached to the basal lamina and DCC is

attached to its ligand and presumably steering the cell

along the trackway and emitting an anoikissuppressing

signal. The colon cell try to detach itself from the trackway

by increasing caspase-3 activity and cleaving it at

Asp1290, converts DCC into a potent apoptosis driver [71].

These several regulators and adhesion complexes trig-

ger different space–time–frequency-modulated calcium

transients of various shapes and sizes in different parts of

the cell. These specifically patterned streams of transients

are the words and phrases of the complex calcium lan-

guage that different agents use to tell cells how to

reconfigure themselves into mature absorptive or goblet

cells [12].

As the DCC directed colon cell proliferation shutdown

by the appearance of TGF-bs and fading of proliferation-

related integrins and cadherin- mediated adhesion to its

neighbors. This in turn shuts off c-Myc and c-Myb genes

[72]. It might be expected that as it moves up the crypt and

stops cycling, the differentiating colon cell would also stop

making its principal autocrine proliferogen, TGF-a, but it

does not. It keeps making TGF-a and the EGF/TGF-a
receptors [73]. However, these receptors are probably now

activated at least in part by the EGF-related amphiregulin,

which is expressed only by differentiated columnar

epithelial and goblet cells [74]. Because the receptor sig-

nals may be different and the signals’ old targets have been

replaced in the functionally reconfigured cell by new

diffpoptosis-related ones, neither the emerging amphireg-

ulin nor the TGF-a made at the top of the crypt can make

the maturing cell start cycling [73].

Eventually, the aged cell starts accumulating DNase

I142 and transglutaminase, which will be used to convert it

into a hardened corneocyte-like squame that is either

swiftly engulfed by its neighbors [75, 76]. However, we

must not forget the fibroblasts that have faithfully escorted

the epithelial cells and helped nourish and drive their

growth and differentiation during the journey up the crypt

[53].
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Starting the Road of Colon Cancer

TP53 genetic mutation-mediated apoptosis may occurs in

both colon and small intestine [77]. It happens that the

most apoptosis-prone cells in the mouse small intestine

crypts are the clonogenic stem cells in position 4 where

they do not contain the anti-apoptogenic Bcl-2 protein, but

in the colon the most apoptosis-prone cells are only the

non-clonogenic transit amplifying cells in the mid-crypt

region (cell positions 11–12) far from the well-protected,

Bcl-2-loaded clonogenic stem cells in positions 1 and 2

[78]. The importance of Bcl-2 is demonstrated by the fact

that in Bcl-2-null mice the level of spontaneous apoptosis

rises significantly in colon, while there is no increased

apoptosis in small intestine crypts [79].

According to conventional wisdom, the mutated and

epimutated human colorectal cancer clones appear in

hyperplastic adenomatous polyps [80, 81]. However, a

large fraction of early lesions as well as advanced col-

orectal cancers have arisen from flat mucosa rather than

polyps. In fact, the smallest detectable precursor lesions are

clusters or foci of hyperplastic, distended, flask-shaped,

branching, dividing aberrant crypts [79]. These Aberrant

Crypt Foci (ACFs) are the products an abnormal crypt

cycle and stem cell expansion. An ACF starts with exces-

sive clonogenic cell proliferation at the base of a crypt,

which causes a branching or fission that moves up until

there are two crypts, which in turn branch and divide to

produce a crypt cluster [82, 83].

Some hyperplastic ACFs turn into the dangerous dys-

plastic adenomatous ACFs. The post-hyperplasia-generat-

ing mutations that start the carcinogenic process disrupt the

differentiation program and extend the proliferative zone.

In normal human colon crypts, the nuclear, proliferation-

marking Ki67 and the hMSH2 mismatch-repair proteins are

intensely expressed in the lower third of the crypt, but they

are sharply downregulated and the p21Cip1/WAF1 CKI

upregulated when the tethered cells glide out of the pro-

liferative zone. However, in the carcinoma-hatching dys-

plastic ACFs, the mechanism that shuts off Ki67 and

hMSH2 expression and turns on the cycle-stopping p21Cip1/

WAF1 at the border of the diffpoptosis zone has been dis-

abled [84].

This extension of the proliferative zone into the differ-

entiation and killing zones is the result of the initiated cells

persistently producing autocrine/paracrine growth factors

such as platelet-derived growth factor-B (PDGF-B), IGF-I,

IGF-I variants, TGF-a, and the EGF-like Cripto, which is

not expressed by normal colon cells [85, 86]. Because they

can stimulate themselves with their hyperexpressed growth

factors, the proliferation of the activated cells is not limited

by the need for signals from adhesion-assembled com-

plexes of b1 integrins and expogenous growth factors and

their receptors. An example of the importance of a TGF-a-

autocrine/paracrine loop for the proliferation of at least

some colon carcinoma cells is the ability of a 23-base

antisense oligonucleotide that recognizes TGF-a mRNA to

reduce its secretion and proliferation of LIM1215 colon

carcinoma cells [87].

There is likely to be another serious drawback to loading

colons containing initiated cells with calcium above a

certain concentration. Cells in the early post-initiation

stages are probably proliferatively restrained by things

flowing into them from their normal neighbors through

their still functional gap junctions. However, gap junctions

are designed to be slammed shut by calcium. This is meant

to prevent the draining of components from the cellular

network through a damaged dying cell [88]. Calcium was

chosen as the damage detector and drain plugger simply

because its accumulation is a universal consequence of cell

injury. The closing of gap junctions by supra-optimal cal-

cium loading would release the initiated colon cells from

the restraining influences of their normal neighbors.

However, the importance of natural and essential dietry

supplemts in cancer chemoprevention [89], it was reported

that, in some cases, calcium from food sources and dietary

supplements increases the risk of advanced prostate cancer

[90].

Ending the Road of Colon Cancer

As the tumor promoters in the fecal stream and the

increasingly endogenously unrestrained CDKs relentlessly

drive the proliferation of mutating clones, a lucky winner

of the mutation lottery will emerge with all the mutations

[91]. It needs to escape from advanced adenoma to the

ultimate freedom of carcinoma and be resistant to apoptosis

[92]. Adenoma cells had increased their expression of the

Bcl-2 protector protein, but during the transition to carci-

noma, Bcl-2 is downregulated and its antiapoptogenic

relative Bcl-w is upregulated to maintain the protection

[93].

Another antiapoptosis change, which occurs in about

50–75 % of large adenomas on the threshold of adeno-

carcinoma, is a loss-of-function mutation of the p53 gene

on the short (p) arm of human chromosome 17 [94]. The

disabled p53 mutant protein has a prion-like ‘‘infectious-

ness’’; it can associate with the product of the normal allele

and cause the normal protein to reconfigure itself to the

inactive mutant form [95]. In other words, the G1/S

checkpoint of a p53 heterozygote is as useless as that of a

p53 homozygote. But eventually cells appear which have

also lost their normal allele. The loss of p53 function

coincides with the appearance of carcinoma in the polyp or

adenoma. It has eliminated a major safety checkpoint

guardian, which when activated by DNA damage would
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normally stop cells proliferating until the damage is

repaired, or failing this, trigger apoptosis [96].

The ultimate appearance of malignant cells is tightly

coupled to the loss of TGF-b signaling, which is most often

due to the disabling mutation of the Type II receptor, but

can also be due to the loss of functional Smad proteins

(Smad 2 or Smad 4) that mediate the proliferation-stopping

response of normal colon cells to TGF-bs [97]. Moreover,

in about 70–90 % of colon carcinoma cells, the DCC gene

is disabled [69].

With these several mutations and epimutations and their

strong Bcl-w shield, the carcinoma cells have completed

the divorce from control by external calcium that began

when their carcinogen-damaged ancestor lost its functional

APC. The extent of this divorce is indicated by the fact that

while the cells in the early hyperplastic stage up to the

well-differentiated adenocarcinoma stage still express

CaRs, these receptors, and with them the cells’ respon-

siveness to proliferation-restraining signals from external

calcium, vanish in the later stages [98, 99].

The loss of functional APC results in the over-expres-

sion and a buildup in the nucleus of the cycle-driving b-

catenin. However, it seems that b-catenin is most strongly

expressed by the cells on the tumor’s invasion front, while

cells in the core of the tumor have little or no b -catenin in

their nuclei, but have it on their cell membranes as do

normal colon cells. This raises the possibility that normal

cells somehow tell the cells in the oncoming tumor inva-

sion front to load their nuclei with b-catenin [100].

Summary and Prospectives

Our brief tour of the highlights of the parts of the calcium

surges concerned with cell cycle, differentiation, and death

has ended. We have seen the calcium oscillations that

mediates protein synthesis and transcription factors

translocation from the cell membrane and cytoplasm to the

nucleus. The products of these genes started the first wave

of proliferogene activities that, in turn, started the cascade

of cyclin-dependent protein kinases, which inactivated the

gene transcription suppressing protein (Rp), initiated the

buildup of the channels, receptors, and the auto-

crine/paracrine second signaler, such as IGF-I or IL-2.

Moreover, we have explained the emergence of Cdk4

cyclin D’s successor, Cdk2 cyclin E, that in turn continued

the inactivation of Rb protein to enable E2F DP-1 tran-

scription factor to stimulate the expression of key DNA

replication enzymes. Then there was the downregulation of

Cdk2 cyclin E and the cyclic AMP-dependent emergence

of Cdk2 cyclin A, which crosstalks with another calcium

oscillations triggered by autocrine IGF-I and enhanced by

c-Myb to activate the huge DNA replication factories

attached to the chromosomal replication origins on the

nuclear matrix.

When all of the chromosomes were replicated and after

the G2 delay, there was the calcium spike at the nuclear

envelope that activated the first of the two emerging

mitotic cylins, Cdk1 cyclin A, which triggered the chro-

mosome condensation and nuclear envelope breakdown of

mitotic prophase and then crashed to leave the rest of the

job to Cdk1 cyclin B. This was followed by another cal-

cium spike when the chromosomes had lined up on the

mitotic spindle, by activating the anaphase-promoting

polyubiquitination-proteolysis mechanism that destroyed

Cdk1 cyclin B, enabled the licensing of the sister chro-

matids for future replication, the removal of the residual

DNA strand tangles holding the sister chromatids together,

the destruction of the protein glues that also held the sisters

together, and started the motors that moved the sister

chromosomes to opposite spindle poles. Calcium surge

drove the contraction of an equatorial belt of actomyosin

filaments that pinched it into two daughters.

Moreover, we found an early loss of responsiveness to

the calcium signals commanding the cells to stop cycling,

differentiate, and then die by apoptosis of the malignanant

cells. We then saw how calcium might operate the brakes

and accelerator of the engine that drives the axon growth

cone as it advances toward its target.

Overall, calcium is a very busy ion with lots of different

targets and mediators scattered throughout the animal and

human beings, especially its role in cell cycle and diff-

poptosis. Clearly, further studies on the role of calcium in

colon cancer cell diffpoptosis will give us more insights

about the awesome networks used by calcium in its roles of

cell cycle driver, differentiator, and killer.
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