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Cancer stem cells display extremely large evolvability: 
alternating plastic and rigid networks as a potential mechanism. 
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Cancer is increasingly perceived as a systems-level, network 
phenomenon. The major trend  of malignant transformation can be 
described as a two-phase process, where an initial increase of network 
plasticity is followed by a decrease of plasticity at late stages of tumor 
development. The fluctuating intensity of stress factors, like hypoxia, 
inflammation and the either cooperative or hostile interactions of tumor 
inter-cellular networks, all increase the adaptation potential of cancer 
cells. This may lead to the bypass of cellu lar senescence, and  to the 
development of cancer stem cells. We propose that the central tenet of 
cancer stem cell definition lies exactly in the indefinability of cancer 
stem cells. Actual properties of cancer stem cells depend  on the 
individual “stress-history” of the given tumor. Cancer stem cells are 
characterized  by an extremely large evolvability (i.e. a capacity to 
generate heritable phenotypic variation), which corresponds well with 
the defining hallmarks of cancer stem cells: the possession of the 
capacity to self-renew and to repeatedly re-bu ild  the heterogeneous 
lineages of cancer cells that comprise a tumor in new environments. 
Cancer stem cells represent a cell population, which is adapted  to adapt. 
We argue that the high evolvability of cancer stem cells is helped  by 
their repeated  transitions between plastic (proliferative, symmetrically 
d ivid ing) and  rigid  (quiescent, asymmetrically d ividing, often more 
invasive) phenotypes having plastic and  rigid  networks. Thus, cancer 
stem cells reverse and replay cancer development multiple times. We 
describe network models potentially explaining cancer stem cell-like 
behavior. Finally, we propose novel strategies including combination 
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1 . Can ce r a s a n e t w o r k d e ve lop m en t d ise a se

Malign an t t ran sform at ion is in creasin gly descr ibed as a
system s-level, n e tw ork ph en om en on . Both h ealthy an d tu m or
cells can be p erce ived as n e tw orks. Nodes m ay be th e am in o
acids of can cer-re lated protein s, w h ere edges are re la ted to sec-
on dary ch em ical bon ds. Nodes m ay also be d efin ed as p rotein /RNA
m olecu les or DNA-segm en ts, w here ed ges are th eir ph ysical or
sign aling con tact s. In m etabolic netw orks, n odes are m etabolit e s
an d edges are th e en zym es, w h ich catalyze th e react ion s to con -
ver t th em to each oth e r [1–3]. Most of th e sta tem en ts of th is review
m ay ch aracter ize all th ese m olecu lar ne tw orks of tum or cells an d
can cer stem cells.

As sta ted already by Virch ow in 1859 [4], can cer is a devel-
opm en tal p rocess. Can cer cells are p rodu ct s of a com p lex ser ie s
of cell t ran sform at ion even t s. The star t in g steps are often m uta-
t ion s or DNA-rearran gem en ts, w hich destabilize th e form er ce llu lar
p h en otypes. As a resu lt , a ce ll popu lat ion w ith a large var iability in
ch rom at in organ izat ion , gene expression pat t ern s an d in te ractom e
com posit ion is form ed [5–9]. In th is process, ch anges in n etw ork
st ru ctu re an d d yn am ics p lay a crucial ro le .

Th is review w ill focus on th e large-scale ne tw ork rear-
rangem en ts dur in g can cer developm en t—an d th e em ergen t ,
system s-level ch an ges th ey develop . W e w ill sh ow th at ch an ges in
n e tw ork p last icity (an d it s opposit e : n etw ork rigid ity) m ay exp lain
cen t ra l ten et s in both can cer developm en t an d can cer stem cell
beh avior. Netw ork p last icity (or in oth e r w ords n e tw ork flexibility)
can be defin ed at th e leve l of both n etw ork re sp on ses an d st ructu re
[7 ,10] as it w ill be detailed in Sect ion 2.

2 . Malign a n t t r a n sfo r m a t io n p ro ce ed s via st a t e s
ch a r a ct e r ized b y in cr ea sed a n d d e cr e a se d n e t w o r k p la st icit y

2.1. In itia l increase of netw ork plast icity is follow ed by a decrease
of netw ork plast icity a t la te stages of ca rcinogenesis

In ou r earlier w orks [3 ,11 ,12], su m m arizin g several p ieces of evi-
d en ce w e proposed th at m align an t t ran sform at ion is a tw o-p hase
p rocess, w h ere an in it ial in crease of n etw ork p last icity is follow ed
by it s decrease at lat e stages of carcin ogen esis. Th e ph en otyp e of
th e alread y establish ed , la te -st age can cer ce lls is st ill m ore p last ic
an d im m atu re th an th at of n orm al cells, bu t m ay often be m ore
r igid th an th e ph en otype of th e cells in th e in term ed iate stages of
carcinogen esis.

In th is con cep t , n etw ork p last icity (or in oth er w ords fun ct ion al
n e tw ork flexibility) can be dete rm in ed eith er at leve l of n etw ork
responses (n etw ork dyn am ics, at t ractor st ru ctu re ) an d at th e leve l
of n etw ork st ru ctu re . Th e n etw ork h as a h igh p last icity at th e leve l
of it s responses, if sm all pertu rbat ion s in du ce large ch an ges in
n e tw ork st ructu re an d dyn am ics [7 ,10]. At th e leve l of n etw ork,
st ru ctu re n etw ork p last icity depen ds on the in ternal degrees of

of n etw ork d isorder du rin g tu m or developm en t . Se lf-am plificat ion
occu rs, w hen th e in creased d isorde r of n odes cau ses a d isord er
of th eir n e tw orks, w h ich am p lifies th e d isorder of th e nodes fu r -
th er. Th ese syn ergist ic processes cau se an accelerated decrease
of system -con strain t s, w ith a p aralle l increase in en t rop y an d th e
degrees of freedom both at th e level of th e ind ivid ual n od es an d
th eir n etw orks. All th ese chan ges lead to th e deve lopm en t of m ore
p last ic cellu lar n etw orks in th e ear ly p hase of can cer. Th e early stage
of can cer develop m en t , ch aracter ized by an in crease of n etw ork
p last icity, m ay corresp on d to th e “clon al exp ansion ” ph ase an d th e
app earan ce of tum or in it ia t in g ce lls. Su ch p last icity in crease m ay
ch aracter ize m ult ip le clon al expan sions occu rrin g in som e cancer
types.

Late stage carcin ogen esis is ch aracterized by a decrease of
n etw ork p last icity reflected by decreasing en t ropy both at th e in ter -
actom e an d sign alin g n etw ork leve l (su ch as in case of com parin g
colon carcin om as to aden om as; Hódsági et al. an d Módos e t al.,
u n publish ed obse rvat ion s). Late stage tum or cells m ay rep resen t
e ith er la t e stage p rim ary tum or ce lls, or m etastat ic ce lls, w hich
already set t led in th e ir n ovel t issue en viron m en t . Th ese fin d in gs are
in agreem en t w ith th e recen t data of Aih ara and co-w orkers [31 ,32]
sh ow in g a t ran sien t decrease of en t rop y of hum an bio-m olecu lar
in teract ion ne tw ork dur in g B cell lym ph om a, hepatocellu lar carci-
n om a an d ch ron ic h ep at it is B liver can cer developm en t . It is yet to
be sh ow n , w h eth er th e oth er types of p last icity in creases listed in
Table 1 for early stage can cer cells are also reversed in la t e stage
can cer cells.

Th e du al ch anges described above corresp on d w ell to vari-
ou s step s in th e t ran sit ion to th e can cer-specific sta te s, t erm ed
as “can cer at t ractors” by Stu art Kau ffm an in 1971 [33]. Cancer
ce lls have to first cross a barrie r in th e qu asi-poten t ia l (ep ige -
n et ic) lan dscape. Th is barr ier m igh t be low ered by m u tat ion s or
ep igen e t ic ch an ges [5], bu t it s bypass requ ires a t ran sien t desta-
bilizat ion of th e t ransform in g cell. Th is destabilizat ion leads to a
m ore p last ic ph enotyp e. Th is is follow ed by the stabilizat ion of
th e can cer cell in th e can cer at t ractor in voking a m ore rigid p he-
n otype . Im por tan t ly, th e at t ractor st ru ctu re it se lf m ay u n dergo
gross ch an ges dur in g can cer developm en t , due to ch an ges in
n etw ork st ructu re , dynam ics an d in teract ions w ith the en viron -
m en t .

Th e increase an d decrease of ne tw ork en t ropy re sem bles to
th at obse rved in cell d ifferen t ia t ion processes, w h ere an in it ia l
in crease of en t ropy of co-regu lated gen e expression p at t ern w as
follow ed by a la t er decrease [34]. An an alogou s se t of even ts
h app en s in cellu lar rep rogram m in g, w h ere an ear ly, very h etero-
gen eou s, stoch ast ic p hase is follow ed by a la t e p hase, w h ich is
p rogram m ed by a h ierarch ical set of t ran scrip t ion factors [35]. Plas-
t ic/r igid ph en otypes of early/la t e ph ases m ay corresp on d to th e
p rolife rat ive/rem odeling ph en otyp es of can cer ce lls obtain ed by
gen e expression sign atu re an alysis [36]. Im portan t ly, th e p rolife -
ra t ive /rem ode lin g p hen otype du ality is very sim ilar to th e duality
of p roliferat ive/qu iescen t sta tes of can cer stem cells, w h ich w e w ill
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Tab le 1
Sources an d signs of in creased ne tw ork p last icity in can cer developm en t .

Sou rce/sign of in creased n etw ork p last icity References Ration ale

More in tr in sically un st ru ctu red prote in s [13,16,27] The increased “con form at ional n oise” of in d ividual prote in s m akes
p rote in –p rote in in teract ions, sign alin g an d m etabolism fuzzier in cancer cells

Gen om e in st abilit y, ch rom osom al an om alies [7] Destabiliza t ion of DNA and ch rom atin st ru ctu re , as w ell as ch rom osom al
anom alies are both consequ ences and sou rces of in creased system d isorder

Larger n oise of netw ork dynam ics (in clud ing th at of signalin g
and m etabolic netw orks, as w ell as larger fluctu at ions of
st eady-st at e values an d sen sit ivity th resholds inducing
m ore stochast ic sw itch - type resp onses)

[5 ,14,21] The larger noise of system dyn am ics is both a sign of increased netw ork
p last icity at t he “bot tom ne tw ork” level and a sou rce of fu rth er increase in
ne tw ork p last icity at t h e “top n etw ork” level, t hus w orks as a self-am plifier
(“bot tom n etw orks” descr ibe n odes of t he “top netw orks” like prote in
structu re n etw orks descr ibe n odes of in teractom es)

In creased en tropy of prote in–p rote in in t eract ion an d
signaling n etw orks

[18–20,23] The increased en t ropy of various netw orks exten ds t he increased d isorder of
the elem en tary processes t o t he system level

Larger physical deform ability of cancer cells an d larger shape
h eterogeneity

[15,25,30] Larger cellu lar deform ability show s an in creased d isorder at th e leve l of t h e
cytoskele t al netw ork, an d con t ribu tes t o ch rom osom al dam age in creasing t he
ce llu lar disorder fu r th er. Act ive m ech an ism s ch anging cells from rounded t o
elongated sh ap e or vice versa increase st ructu ral d ive rsity fu r th er

Altern at ing sym m etr ic and asym m et r ic cell d ivision of cancer
st em cells

[17,24,29] Asym m et ric cell d ivision in crease s cellu lar heterogen eity. It s en viron m en tally
regu lat ed alte rn at ing ch aracter is both a sign and sou rce of increased d iversity
and p last icity of both in t ra- an d in t er-cellu lar n etw orks

Heterogen eou s ce llu lar respon ses t o t he sam e st im u li,
increased cellu lar h eterogeneity (of tu m or cells and
infilt rat ing lym ph ocyte s, m acroph ages, m ast cells,
ep ithelia l cells, endoth elial cells, fibroblast s an d st rom al
cells)

[7 ,22,26,28] Cellu lar h eterogeneity is both a sign of in creased p last icity of in t ra-cellu lar
ne tw orks of tum or cells, an d , via an increase of t he h eterogeneity of
in ter-cellu lar signals of th e tu m or m icroen viron m en t , act s as a sou rce of
fu rthe r increase in system p last icity w orking as a se lf-am plifier

2.3. Fluctua ting changes of tum or m icroenvironm ent m ay induce
an increased adaptat ion potentia l of cancer cells via their
a lterna ting plast ic and rigid netw ork structures

Plast icity an d rigid ity chan ges of tu m or ce ll n etw orks are
often p rovoked by ch an ges in th e en viron m en t of tu m or cells.
W e su m m arize th e m ajor en viron m en tal factors en h an cin g p las-
t icity/ rigid ity t ran sit ion s du rin g cancer develop m en t in Table 2
[22,26,28,37–64]. As sh ow n in Table 2, in ter -cellu lar n etw orks
often develop p ro-on cogen ic cooperat ion , bu t also give a con t in -
u ou sly ch an gin g environ m en t in creasin g th e adap tat ion poten t ia l
of can cer ce lls. Moreover , tu m ors grow in a h ost ile en viron m en t
ch aracter ized by h ypoxia , in flam m atory respon ses, low p H, low
n u tr ien t s, exten sive necrosis an d t argeted by im m u n e an d th e r-
apeu t ic at tacks. Th e con t in u ou s flu ctuat ion of th ese st ress factors
in creases th e adap tat ion p oten t ia l of cancer ce lls fu rth er . Altern at -
in g ch an ges in n etw ork p last icity and rigid ity m ay p lay a key role
in th is “m atu rat ion ” process. En viron m en t- in du ced ch an ges m ay
lead to th e byp ass of cellu lar senescen ce and to th e developm en t
of can cer stem cells (Table 2).

3 . Net w o r k m o d e lin g o f ca n ce r st em  ce lls

3.1. Definit ion(s) and properties of cancer stem cells

Can cer stem ce lls h ave been defin ed in an Am erican Associa-
t ion for Can cer Research w orksh op he ld in 2006 as “cells w ith in

th e t erm “cancer stem cell” in stead of th e large variability of n am es
in th e lite ra tu re .

Can cer stem cells h ave an ext rem ely h igh adap tat ion p oten t ial
to d ifferen t en viron m en ts. Th us, th e ext rem ely h igh p last icity of
can cer stem cells can be expressed m ore p recisely as an extrem ely
h igh ability to ch an ge th e p last icity/r igid ity of th eir n etw orks. Such
a proper ty is called m etap last icity in n eu roscience [79 ] an d evol-
vability in gene t ics [80]. Evolvability (i.e . “an organism’s capacity
to genera te heritable phenotypic varia tion” [80]) is a se lectable t ra it
[81], w h ich is m ediated by com plex n e tw orks [82]. Th is gives us
h ope th at th e n etw ork requ irem en ts of th e extrem ely h igh evolva-
bility of can cer stem ce lls can be elu cidated an d used in an t i-can cer
th erap ies in th e fu tu re . W e w ill sum m arize th e cu rren t view on can -
cer stem cell n etw orks in Sect ion 3.2 and su ggest nove l th erapeu t ic
st ra tegies in Sect ion 4.

Th ree prop ert ies em erge as d ifferen t ia t in g hallm arks of can -
cer stem cells from n orm al stem cells: (A) in creased prolife rat ive
poten t ia l w ith a loss of n orm al t erm in al d iffe ren t iat ion pro-
gram s; (B) in creased in d ivid uality (in creased n ich e-in depen den ce
or n ich e-p arasit e behavior); an d (C) large efficien cy in re spon ses
of en viron m en tal chan ges. Th e h igh self-ren ew al poten t ia l of n or-
m al stem ce lls gives yet an oth er pow erfu l tool of can cer stem ce ll
su rvival an d evolvability [75 ,78].

Stem n ess, especially in tum ors, is ch aracte rized by large u n pre -
d ictability, w h ere th e ou tcom e is h eavily dep en den t on th e
in d ividual “st ress-h istory” (p ast ch an ges of it s environm en t ) of th e
given can cer stem cell. In d eed , m ore and m ore data su pp ort th e
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Tab le 2
Environm en tal ch allenges provokin g ch anges in n etw ork p last icity an d rigidity in cancer developm en t .

En vironm en tal ch allen ge Effects on cancer developm en t an d on n etw ork p last icity/r igid ity Referen ces

Alternat in g cooperat ion and
com petit ion of in ter-cellu lar
n etw orks of t he t um or
m icroenviron m en t

Tum ors harbor an ext rem ely heterogen eous cell popu lat ion of tu m or cells,
im m un e cells, ep ith elia l ce lls, en dothelia l cells, fibroblasts and strom al cells.
These cells m ay form a coop erat in g in ter-cellu lar n etw ork, an d m ay deve lop a
p ro-on cogen ic m icroenvironm en t . Stabiliza t ion of t um or m icroenvironm en t
sh ift s cellu lar netw orks tow ards a m ore rigid st at e . On th e con t rary, a
fluctuat ing environm en t provokes th e developm en t of m ore flexible n etw orks.

[22,26,28,38,49,55,58,64]

Changes in th e “em beddednes” of
tum or cells in th e ext racellu lar
m at r ix of t um or m icroenvironm en t

Cancer st em ce lls often occu py a specia l n iche, w here n ich e cells and cancer
stem cells m utually help each other’s su rvival by cell adhesion beyond soluble
factors. Cancer-associa t ed fibroblast s he lp t he developm en t of a pro-on cogen ic
m icroen vironm en t by a con tact depen den t m ech an ism . High m olecu lar w eigh t
h yalu ron ic acid em erges as a key regu la tor of tu m or m icroen viron m en t .
In creased “em beddedn ess” of t um or ce lls in t heir ext racellu lar environm en t
m ay increase th e rigidity of t h eir netw orks. (Th is is th e case in t h e in vasive
ph enotype u sin g ext racellu lar con tacts t o m igrate , an d invade new n ich es, as
d iscussed in Sect ion 3.2). On th e con t rary, in creased indep enden ce from th e
extracellu lar en vironm en t allow s in creased ne tw ork p last icity.

[39,42,44,49,52,53,56,61,63]

Fluctu at ions in oxygen t en sion lead in g
to various degrees of h ypoxia and t o
a large variabilit y of h ypoxia-re lat ed
respon ses

In agreem en t w ith t he h ypoxia-indu ced in h ibit ion of senescence, st em cells
u sually reside in th e m ost hyp oxic region of t he respect ive t issue , and are
resistan t t o oxidat ive stress. Hypoxia-re la t ed n etw orks are h igh ly sensit ive to
m inor changes in oxygen concen t ra t ion , w h ich indu ces a large variabilit y of
h ypoxia-re la t ed respon ses. Thu s, fluctuat ion s of oxygen t en sion (w h ich are
m agn ified in t um or m icroenvironm en t ) m ay p lay a key role in t h e
“m atu rat ion ” of p last icity/rigid ity netw ork t ran sit ion s, and t hu s t he
developm en t of can cer st em cells.

[40,41,46,51]

Fluctu at in g in tensity of ch ron ic
in flam m ation

In flam m ation has a key role in all ph ases of t um or developm en t . Inflam m at ion
m ay t ran sform st em cells t o a m ore p lu ripoten t , m ore aggressive p hen otype
resem bling t hat of can cer st em cells. Th e Toll- recep tor re la ted inflam m atory
sign aling netw ork and its key p layers, such as MYD88, p lay an im portan t role
in can cer st em cell in duct ion . Th e fluctuat in g in ten sity of ch ron ic
inflam m at ions m ay in crease fu r th er t h e adap ta t ion poten t ia l of cancer cells
m ed iated by p last icity/rigid ity-ch an ges of t heir n etw orks.

[22,43,57,59,60]

Cellu lar sen escen ce and escape from
th e sen escen t sta t e

Although t herapy-in duced cellu lar senescen ce m ay be ben eficial, sen escen t
tum or ce lls h ave a num ber of harm fu l propert ies su ch as: product ion of
inflam m atory cytokin es and paracrine act ivators of can cer stem cells,
degradat ion of t um or m icroenviron m en t , as w ell as th eir poten t ial re -en try t o
the cell cycle . Escape from th e senescen t st at e is a m ajor t h reat in t um or
p rogression . On e of t he m ediators, su rvivin , protect s senescen t cells, m ay
reverse senescence, an d characterize s can cer grow th show ing a co-exp ression
w ith can cer st em cell m arkers. Recen t stu d ies uncovered a set of h igh ly
p rolifera t ive m icroRNAs (such as m em bers of t he m iR302/367 an d m iR520
clusters) p layin g a m ajor role in sen escence bypass. Man y of th ese chan ges
ch aracter ize can cer st em cells. Cells escap ing t herapy-in duced sen escence
d isp lay a n um ber of prote in s ch aracter ist ic of can cer st em cells such as CD133
or OCT4, an d are ch aracterized by an in creased am ou n t of an t ioxidan t
en zym es. Senescen t cells m ay harbor m ore r igid n etw orks, w h ile escape from
senescence m ay be characterized by re-gain ed netw ork p last icity.

[37,45,47,48,50,51,54,62]

a system ic you n g environ m en t [85], w h ich ra ises the possib il-
ity that in teract ion s betw een qu iescen t cancer stem  cells an d
th eir rap id ly p roliferat ing en vironm en t m ay h e lp th e prolonged
su rvival of can cer stem cells.

• Bioact ive food com pon en t s m ay foste r th e aberran t se lf- ren ew al
of can cer stem ce lls in flu en cin g th e balan ce be tw een th e ir proli-
ferat ive an d qu iescen t ph en otypes [86].

• An ti-can cer th e rapy often in duces a w oun d-h ealin g re spon se,
an d con t ribu tes to th e in crease of tu m origen ic poten t ia l of resid -

ph en otypes [90]. Th ese ph en otyp e t ran sit ion s, often m ediated by
gen et ic lesion s, offer an in creased chan ce to adop t a can cer stem
ce ll- like iden t ity [91]. Drug resist an ce is also a p last ic proper ty of
som e can cer cells. Mult i- re sist an t can cer ce ll lin es reversib ly form
sen sit ive or resist an t p rogen y d epend in g on w h eth er th e cells are
passaged w ith or w ith ou t th e drug [92]. How ever, m an y of th e
exist in g eviden ce for reversib le t ran sit ion s betw een tum origen ic
an d non- tum origen ic sta tes com es from stud ies of cells in cu ltu re ,
an d th eir sign ifican ce h as yet to be establish ed in vivo [28].
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Tab le 3
Com m only believed can cer stem cell defin in g hallm arks—an d t heir quest ion m arks.

Com m only believed can cer st em cell
defin ing h allm ark

Qu est ion m arks of hallm ark Referen ces

Is able to form t um ors in d ifferen t
en viron m en ts (e specia lly w hen
u sing ser ia l t ran sp lan tat ion assays)

Th is defin it ion is th e origin al an d m ost app licable defin it ion of can cer st em
cells. Im m uno-com prom ised m ice, w hich are often used in t ran sp lan tat ion
assay, st ill m ay supp ress cer ta in tu m origen ic cells by a w ound-h ealin g type
re sponse, an d m ay m iss several hum an cell t ypes (form ing t he can cer st em cell
“n ich e”) needed for t um or developm en t . Mouse -re lat ed test environm en t s are
not fu lly in form at ive of t um ors in hum an pat ien t s.

[28,65–67,77]

Is th e precu rsor of n on-tum origen ic
cells of t he origin al tu m or

Th is w as conside red as a consequen ce of t he above defin it ion . How ever
several lin es of evidence su ggest th at t he tw o st at em en t s m ay be un rela ted t o
each oth er , an d t he h ierarch ical lineage typ ical t o m ost norm al st em cells does
not character ize m any cancer st em cells. Man y t ypes of t um ors have a
su rp r isingly large gene t ic h eterogeneity suggest in g d ist in ct cancer st em cell
popu lat ion s w ith in t h e sam e t um or. How ever , deta iled m easu rem en t of th e
tu m origen ic poten t ia l of th e various in tra-tum or gen otypes is largely m issin g.
Resu lts of t he few lin eage t racin g an d select ive cell-abla t ion experim en t s
cou ld n ot be generalized so far .

[26,28,68,74]

Form s on ly a m inor cell su bpopu lat ion
of t um ors

Cancer st em cells m ay form a rare subpopu lat ion of t um or cells. How ever, in
som e experim en t s a h igh am ou n t of can cer cells (e .g. 50% in st ead of t he
or iginal 0.0004%) w ere foun d t um origen ic.

[28,69,70,72–74,77]

Is derived from n orm al stem cells Though several expe rim en ts sh ow ed th at norm al st em cells can be
transform ed to cancer st em cells, m any cancer st em cells seem t o be gen erated
from m ore differen t ia t ed cells.

[47,71,75–78]

Is resist an t to th erapy Therap ies in ducin g cell d ifferen t iat ion successfu lly targe t som e can cer stem
cells. Therapy su rvival seem s to be a stoch ast ic p rocess often depen d in g on de
novo m u tat ions.

[28]

Can be character ized by various can ce r
st em cell m arkers

A n um ber of prom ising cancer st em cell m arkers (such as CD34, CD38, CD133,
CD271, Lgr5) w ere n ot generally app licable t o t he respect ive t um or t ype.

[28]

Undergoes asym m et ric cell d ivision Cancer st em cells seem t o alt ern ate betw een sym m et r ic an d asym m etr ic cell
d ivisions. Th is property, w h ich depen ds on th e environ m en t of cancer stem
cells, m ay be an im portan t sou rce of t he in creased p last icity and evolvability of
cancer st em ce lls.

[17]

w ith th e fin d in gs th at : (A) th e tu m or su ppressor, p 53 prom oted
asym m et ric cell d ivision of breast can cer stem cells [93] possib ly
in h ib it in g th eir ability to cycle be tw een asym m etr ic an d sym m et -
r ic cell d ivision form s; (B) block of asym m et r ic cell d ivision led to
abn orm al p roliferat ion an d gen om ic in stability in Drosophila [94]
an d (C) rate s of asym m et ric cell d ivision w ere d ifferen t be tw een
tu m ors of a sin gle tum or typ e [95], an d m ay h ave to be de te rm in ed
in d ividu ally for each tu m or (or tum or ce ll).

In crease in asym m et ric ce ll d ivision is sim ilar to th e deve lop -
m en t of th e qu iescen t , cooperat ive sta te afte r qu oru m sen sin g,
w h ile in crease in sym m et ric cell division is sim ilar to quorum
quen ch in g [96]. Thu s, can cer stem cells m ay h ave ded ifferen t ia ted
to th e level th at u ses com m un ity regu lat ion m ech an ism s sim ilar to
th ose of u n ice llu lar organ ism s, su ch as bacter ia . How ever, it is an
op en qu est ion , w h eth er in ter -cellu lar cooperat ion of tum or cells
in creases w ith in creased asym m etric ce ll d ivision of can cer stem
ce lls. Th e recen t p ap er of Dejosez et al. [97] sh ow ed th e existen ce
of a p53, topoisom erase 1 an d olfactory recep tor-cen tered m olec-
u lar ne tw ork, w h ich regu lates th e cooperat ion of m urin e in du ced
p lu ripoten t stem ce lls. It w ill be a quest ion of la te r excit in g stu d -
ies to exam ine w h eth er th is m olecu lar n etw ork is in volved in th e

In con clusion , as th e m ajor h ypoth esis of th is review w e
propose th at th e ad ap tat ion poten t ia l of can cer stem ce lls is
in creased by repeated t ran sit ion s betw een th eir p last ic (p rolife -
ra t ive ) an d rigid (qu iescen t /oft en m ore in vasive ) ph en otypes. Th e
m ajor dr ivin g force beh in d th ese t ran sit ion s is the ch an ges in th e
m icroen viron m en t of can cer stem cells (exem plified by th e ser ial
t ran sp lan tat ion s in th e defin in g exp erim en t of cancer stem cells).
Thu s, can cer stem ce lls seem to be able to reverse an d rep lay can -
cer deve lop m en t m u lt ip le t im es. In can cer deve lopm en t can cer
stem cells are rep eated ly selected for h igh evolvability, an d becam e
“ad ap ted to ad ap t” (Fig. 1).

3.2. Network m odels of cancer stem cells

In th e last years, several ne tw ork m odels of variou s types of
stem ce lls h ave been pu blish ed . W e qu ote h ere on ly th e w ork of
Mulle r e t al. [101], w h ere gen e exp ression data of app roxim ately
150 of d ifferen t h um an stem cell lin es w ere collected an d analyzed .
Tran scrip tom es of p lu r ip oten t stem cells (em bryon ic stem ce lls,
st em em bryon al carcin om as and in du ced p lu ripoten t cells) form ed
a t igh t cluster , w h ile th ose of oth er stem cells w ere very d iverse .
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Fig. 1. “W h at does n ot kill m e m akes m e stron ger”: Environm en tal st ress- in duced alternat ion of p last ic an d rigid n etw orks m ay exp lain t he extrem ely h igh evolvability of
cancer stem cells. Th e figure illu st ra t es t he m ajor hypoth esis of t he cu rren t review sh ow in g t hat a large varie ty of en vironm en tal st resses (su ch as hypoxia, inflam m at ion and
an t i-cancer t herap y it se lf) and st ress-responses (su ch as inflam m atory responses and sen escen ce of su rround ing ce lls) m ay induce t he alt ernat ion of p last ic and r igid st a tes
of m olecu lar n etw orks of cancer st em cells. In t hese n etw orks nodes m ay be prote in s or RNA m olecu les, w hile edges m ay rep resen t th eir ph ysical or signalin g in te ract ions.
Sim ilar p last icity/r igid ity alt erat ions m ay occu r in m etabolic netw orks (w h ere n odes are sm all m etabolit es and edges are en zym es con vert ing them t o each oth er), or in
n etw orks of larger cellu lar com plexes, w here n odes rep resen t various m icrofilam en t s or cellu lar organe lles (such as m itoch on dria) and edges st and for t heir in te ract ions.
Alt ernat in g p last ic and r igid netw ork st at es m ay help t he m atu rat ion of cancer st em cells develop ing th eir larger adap tability, evolvability an d lon g-t erm su rvival. Thus
th e proverbia l sayin g of Nietzsche: “W h at does not kill m e m akes m e stron ger” [7 ,125] is especia lly t rue for can cer stem ce lls, an d in volves th e cycling of th eir m olecu lar
n etw orks (such as in t eractom es, m etabolic and signaling netw orks) betw een m ore p last ic and m ore r igid st at es. Ch an ges of r igid and p last ic n etw ork st ructu re s m ay involve
th e creat ion of new nodes and edges, as w ell as chan ges of th e w eigh t s of exist in g edges as described in Table 4 in deta il.

su ggest th at can cer stem ce lls h arbor sign alin g circu it s, w h ich are
se ria lly sw itched on an d off in an alt e rn at in g an d cross-regu lated
m an n er [76 ,78,86,103–108].

A n u m ber of com plex m odel an d real w orld ne tw orks un dergo
abrup t an d exten sive ch an ges in th eir topology as a respon se
to a sh or tage of resou rces n eeded to m ain tain in te r-nodal con -
n ect ions and /or u pon en viron m en tal st ress. Th ese ch an ges are
called n e tw ork topological p h ase t ran sit ion s an d re su lt in a m as-
sive re -organ izat ion of n etw ork st ru ctu re , dyn am ics an d fu n ct ion
[109–112]. Sin ce th e en viron m en t of can cers p rovides an extrem e
varie ty of re sou rce/st re ss levels, w h ich are m agn ified fu r th e r by
an t i-can cer th erap ies, w e h ave all reason s to assu m e th at n e tw orks
of can cer cells re spon d to th is environ m en tal var iability by topo-
logical p h ase t ran sit ion s ra th er often .

Table 4 d escribes several hypoth et ical n etw ork beh aviors,
w h ich m ay exp lain the ext rem ely h igh evolvability of can cer stem
cells. Th ese m ech an ism s are in te rre la ted , an d m ay in volve th e dele-
t ion of exist in g n odes an d edges, creat ion of n ew n odes and ed ges,
as w ell as ch anges of edge w eigh ts. High ly d yn am ic, in ter-m odu lar
creat ive n odes m ay break rigid n etw ork st ru ctu res sim ilarly to
la t t ice defect s. In creasin g n e tw ork core size or fu zzin ess, overlap -

top ological n etw ork p h ase t ran sit ion s m en t ion ed before . Im por-
t an t ly, th e qu iescen t cancer stem cell p h en otype often coin cides
w ith th e invasive ph en otyp e [98–100]. It is ra th e r p lausib le th at
h igh m obility an d in vasiven ess requ ires a m ore r igid n e tw ork st ru c-
tu re up to th e level of cytoskeleta l n e tw orks, sin ce ph ysical force
requ ired for both m igrat ion an d in vasion can on ly be exercised e ffi-
cien t ly, if th e u nd erlying n etw ork is n ot p last ic (Fig. 1). How ever,
m ore stu d ies are n eeded to assess th e generality of th e associat ion
of th e qu iescen t an d th e m ore in vasive can cer stem cell ph en otyp es.

4 . Ne t w o r k -r e la t e d d r u g t a r ge t in g o f can cer st e m  ce lls

Can cer stem cells fo llow Nie tzsch e’s p roverbial sayin g “w h at
does n ot kill m e m akes m e st ronger” [125]. Th us, con ven t ion al
an t i-can cer th e rap ies m ay actually p rovoke can cer stem cell devel-
op m en t [7 ,28 ,87]. How ever , in th e last years a nu m ber of cancer
stem ce ll-sp ecific th erap ies h ave been deve loped . Man y of th e key
n odes of can cer stem cell sign alin g n etw ork, such as m em bers of
Hedgeh og, W NT an d Notch pathw ays, as w ell as m icroRNAs, are
already used as t arge t s of th e rapeu t ic in te rven t ion s again st cancer
stem cells. Th is rep ertoire is exten ded by an t ibod ies again st p u ta-
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Tab le 4
Hypothet ical netw ork-level exp lan at ions an d possible n etw ork m odelin g approach es of can cer st em cell-like beh avior .

Alt ern at ing netw ork property in ducing
m ore/ less system p last icity

It s possible con t ribu t ion t o can cer st em ce ll behavior Possible n etw ork m odelin g approach References

(A) Ch an ges in n etw ork topology and dyn am ics
Successive larger /sm aller expression of

capacitors of evolvability in clud in g
creat ive ne tw ork n odes

High ly dyn am ic, in t er-m odu lar creat ive nodes (an d/or other capacitor
p rote in s of evolvability in clud ing m olecu lar chaperon es, prions, an d
prion -like Q/N-rich prote in s) m ay break rigid n etw ork st ru ctu re s
sim ilar ly t o lat t ice defects. Rigid ity-seed nodes m ay establish a rigid
cluster , an d rigid ity-p rom ot ing nodes m ay h elp its grow th cau sing a
rigid ity phase t ransit ion . Decreased creat ive n ode dyn am ics m ay
con t ribu te to th is process.

Creat ive nodes can be determ ined by t heir
in t e r-m odu lar netw ork posit ion con nect in g
m u lt ip le m odu les at th e sam e t im e an d by th eir
ext rem ely large dyn am ics.

[11,82,110,113,116,119–122]

Pu lsat ion of large /sm all (or
fu zzy/com pact ) netw ork cores

Larger/fu zzy netw ork cores (i.e . a larger cen tra l and dense n etw ork
segm en t s) in crease system robustn ess, evolvability and p last icity.
Decreased netw ork core size and /or in creased core com pactn ess m ay
in crease t he con trollability of t he system .

Net w ork core size can be calcu la ted by several
m e th ods both for un d irected an d d irected
(bow -t ie ) core-per iph ery netw orks.

[112]

Altern at ing ‘st ratu s’/‘cum ulus’
(fuzzy/w ell-separated ) ne tw ork
m odu les

Fuzzy n etw ork m odu les have a large overlap , an d form a st ructu re
re sem bling t o th at of flat , dense, dark, low -lying, stra tu s clou ds. This
p last ic st ructu re d issipates pertu rbat ion s w ell. W ell-defin ed ,
separated n etw ork m odu les h ave a st ructu re resem blin g to th at of
pu ffy, w h ite , cum ulus clouds. This locally rigid st ructu re develops after
st ress, and d isp lays reduced pertu rbat ion d issipat ion .

Net w ork m odu larizat ion m ethods detect ing
ove rlap p in g m odu les m ay be used t o assess t he
sep arat ion of netw ork m odu les. Meth ods detect in g
extensive (pervasive ) overlaps are esp ecially good
for t h is purpose.

[18,116–118,124]

Altern at ing p last ic/ r igid n etw ork
topologies

All t he above changes m ay lead to altern at in g p last ic and r igid
netw ork structu res. Chan gin g sub-cellu lar localizat ions m ay often
con t ribu te to ch an ges in n etw ork p last icity/r igid ity.

Net w ork rigid ity an d rigid n etw ork clu sters m ay
be calcu la ted by gen eralized pebble gam e m odels.

[3 ,10–12]

(B) Ch an ges in n etw ork environm en t
Altern at ing larger/sm aller in t racellu lar

w ater con ten t
The m ore t han a dozen know n h um an aqu aporin w ater t ran sporters
have d ifferen t ia l effect s on t um or developm en t . Increased in t racellu lar
w ater m ay act as “lubrican t” increasin g system p last icity, w h ile
decreased in t racellu lar w ater con ten t m ay in crease m olecu lar
crow din g an d t h us n etw ork r igid ity.

In tr acellu lar w ater con ten t m ay be m easu red by
several expe rim en tal m eth ods such as n uclear
m agn et ic resonan ce spect roscopy. W ater- in duced
changes in m olecu lar n etw ork dynam ics m ay be
calcu la ted using prote in dynam ic m odels an d th eir
con sequences of in t eractom e, signalin g n etw ork
and m etabolic n etw ork dynam ics.

[114,115]

(C) Consequen t changes in t he qu asi-poten t ia l (ep igen et ic) landscape of cancer st em cells
Alt ern at ing sm ooth /rough

qu asi-poten t ia l (ep igen et ic)
lan dscape of can cer cell n etw orks

All t he above changes m ay help th e alt ern at ion of a sm ooth
quasi-poten t ia l (ep igen et ic) landscape ch aracter ized by “sh allow ”
cancer at t ractors and a rough quasi-poten t ia l (ep igen et ic) lan dscape
ch aracter ized by “deep” can cer at t ractors.

Th e st at e space landscape and netw ork at t ractors
can be calcu la t ed from analyt ical m odels and
sim u lat ions of n etw ork dynam ics.

[5 ,7 ,118,123,124]
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n e tw ork in flu en ce st ra tegy sh ift s th e m alfu nct ion in g n etw ork of a
m ore d iffe ren t ia ted cell back to it s norm al sta te . Th is st ra tegy is
u sefu l w h en at t ackin g rigid n e tw orks.

Sin ce can cer stem cells cycle betw een p last ic an d rigid state s
(Fig. 1, Table 4) con ven t ion al ch em oth erapeu t ic in terven t ion s (t ar-
get in g p last ic ne tw orks [3]) on ly sh ift th e p last ic/ r igid cycle of
can cer stem cells tow ard s th e rigid state . For th e erad icat ion of can -
cer stem cells a m ult i- t arge t th erap y is requ ired w h ich at tacks th eir
p last ic state w ith “cen t ra l h it -type” com ponen t and th eir rigid sta te
w ith a “n etw ork in flu en ce-type” com p on en t at th e sam e t im e. Su c-
cessfu l can cer stem cell erad icat ion requ ires a ne tw ork ap proach
all th e m ore, sin ce th e n e tw ork influen ce st ra tegy requ ires a m u lt i-
t arget ap proach by it se lf [3 ,123]. Moreover , e fficien t t arget in g of
r igid n e tw orks (correspond in g to qu iescen t cancer stem cells) often
requ ires an in d irect approach , w here e.g. n eigh bors of th e real t ar-
get are targeted . Th ese dru gs are called allo-n etw ork d ru gs an d can
also be iden t ified usin g n e tw ork-re la ted m eth ods [3 ,127].

An alt ernat ive th e rapeu t ic st rategy is to “lock” can cer stem cells
e ith e r in th e ir p last ic/p roliferat ive, or in th e ir r igid /qu iescen t sta te .
Such an in terven t ion h as to be follow ed by a le th al h it of the par-
t icu lar, “locked” sta te of th e can cer stem ce ll.

W e st ron gly be lieve th at a d etailed an alysis of can cer stem cell
n e tw ork topology an d dyn am ics based on single cell data w ill offer
a great h elp to delin eate th ose drug com bin at ions or m ult i- t arge t
d rugs, w h ich act m in im ally on 3 differen t t arge ts (on e at t ackin g th e
p last ic an d tw o th e rigid n etw ork-rela ted can cer stem ce ll p h en o-
types). It w ill be an im por tan t quest ion of fu rth er stu d ies, w h ich
chron ological order and d urat ion of the dru g com bin at ions w ill
form th e m ost efficien t an t i-can cer stem ce ll th erapy.

5 . Con clu sio n s a n d p e r sp e ct ives

In con clu sion , in th is review first w e sum m arized add it ion al
p ieces of eviden ce (Table 1) su pport in g our earlie r proposal
[3 ,11,12] th at th e m ajor t ren d of m align an t t ran sform at ion is a
tw o-p hase process, w h ere an in it ia l in crease of n etw ork p last ic-
ity is follow ed by a decrease of n etw ork p last icity at la t e stages of
carcinogen esis. W e sh ow ed h ow en viron m en tal ch an ges in crease
th e adap tat ion poten t ial of can cer cells lead in g to the bypass of
cellu lar sen escen ce an d to th e develop m en t of can cer stem cells
(Table 2). W e p roposed th at cancer stem cells are ch aracter ized
by an ext rem ely large evolvability h elped by th eir repeated t ran si-
t ion s betw een p last ic (p roliferat ive , sym m et rically d ivid ing) an d
r igid (qu iescen t , asym m et rically d ivid in g, often m ore in vasive)
p h en otypes (Table 3, Fig. 1). Th us, can cer stem cells reverse an d
rep lay can cer d eve lopm en t m ult ip le t im es. Several h ypoth et ical
n e tw ork beh aviors w ere described (Table 4), w h ich m ay exp lain
th e ext rem ely h igh evolvability of can cer stem ce lls. Netw ork rigid -
ity/p last icity m arkers m ay h e lp to d eve lop n ove l biom arkers of
can cer stem ce lls. “Lockin g” cancer stem cells eith er in th eir p las-
t ic/p roliferat ive , or in th eir rigid /qu iescen t sta te , or com bin at ion
or m u lt i- t arget the rap ies in volvin g a “cen tra l h it ” an d tw o “n et -

Ap p e n d ix A. Su p p lem e n t a r y d a t a

Su pp lem en tary data associated w ith th is art icle can be fou n d , in
th e on lin e version , at doi:10 .1016/ j.sem can cer.2013.12.004.
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