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STEM CELL PROLIFERATION AND DIFFERENTIATION ANDSTOCHASTIC BISTABILITY IN GENE EXPRESSIONV. P. Zhdanov *a;baDepartment of Applied Physi
s, Chalmers University of Te
hnologyS-41296, Göteborg, SwedenbBoreskov Institute of Catalysis, Russian A
ademy of S
ien
es630090, Novosibirsk, RussiaRe
eived 23 August 2006The pro
ess of proliferation and di�erentiation of stem 
ells is inherently sto
hasti
 in the sense that the out
omeof 
ell division is 
hara
terized by probabilities that depend on the intra
ellular properties, extra
ellular medium,and 
ell�
ell 
ommuni
ation. Despite four de
ades of intensive studies, the understanding of the physi
s behindthis sto
hasti
ity is still limited both in details and 
on
eptually. Here, we suggest a simple s
heme showingthat the sto
hasti
 behavior of a single stem 
ell may be related to (i) the existen
e of a short stage of de
isionwhether it will proliferate or di�erentiate and (ii) 
ontrol of this stage by sto
hasti
 bistability in gene expressionor, more spe
i�
ally, by trans
riptional �bursts�. Our Monte Carlo simulations indi
ate that this s
heme mayoperate if the number of mRNA (or protein) generated during the high-rea
tive periods of gene expression isbelow or about 50. The sto
hasti
-burst window in the spa
e of kineti
 parameters is found to in
rease withde
reasing the mRNA and/or regulatory-protein numbers and in
reasing the number of regulatory sites. FormRNA produ
tion with three regulatory sites, for example, the mRNA degradation rate 
onstant may 
hangein the range �10%.PACS: 87.16.-b, 05.40.-a, 05.65.+b1. INTRODUCTIONAdult stem 
ells, possessing the ability for self-renewal and generation of more spe
ialized 
ells, were�rst identi�ed in the hematopoieti
 (blood-forming)system in the early 1960s [1℄. Later on, stem 
ellni
hes were found to exist in the skin [2℄, gut [3℄ andbrain [4℄ (for general readership, see Ref. [5℄). Despitefour de
ades of intensive studies and high 
urrent inter-est in potential appli
ations in treatment of numeroussevere diseases, tissue engineering, diagnosti
 purposes,drug testing, et
. [6℄, the understanding of the me
ha-nism(s) of proliferation and di�erentiation of stem 
ellsis still limited both in details and 
on
eptually [7℄.One of the reasons of 
on
eptual di�
ulties in thisarea is that the pro
ess of proliferation and di�erenti-ation of stem 
ells is inherently sto
hasti
 in the sensethat the out
ome of 
ell division (whether it results intwo stem 
ell or a stem 
ell and a di�erentiated 
ell) is*E-mail: zhdanov�
atalysis.ru


hara
terized by probabilities that depend on the intra-
ellular properties, extra
ellular medium, and 
ell�
ell
ommuni
ation. Whether these probabilities are deter-mined by 
omplex (e.g., 
haoti
) kineti
s, whi
h 
an bedes
ribed by deterministi
 equations, or by sto
hasti
kineti
s due to a small number of rea
tants parti
ipat-ing in some of the steps is still not 
lear.To illustrate the last point more expli
itly, it is in-stru
tive to brie�y dis
uss the models used in des
rib-ing the kineti
s of proliferation and di�erentiation ofstem 
ells.(i) The simplest approa
h is based on the use of�xed probabilities for stem-
ell self-renewal, di�erenti-ation, and death. The 
orresponding sto
hasti
 modelshave been widely used sin
e the mid-60s (see the ear-liest models [8℄ and re
ent reviews [9℄ 
ontaining nu-merous relevant referen
es). The advantage of this ap-proa
h is that it allows one to easily perform analyti
aland numeri
al 
al
ulations or Monte Carlo (MC) simu-lations with the various fa
tors (e.g., 
ell�
ell 
ommu-ni
ation or aggregation of 
ells due to adhesion [10℄)180
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ompli
ating the stem-
ell kineti
s taken into a

ount.But su
h models do not des
ribe expli
itly what hap-pens inside 
ells.(ii) To 
larify general prin
iples of proliferation anddi�erentiation, one 
an represent a 
ell by a set of non-linear 
hemi
al rea
tions without spe
ifying their bio-
hemi
al fun
tion. This strategy was realized in a se-ries of papers by Kaneko and 
o-workers [11℄. In theirmodels, the internal dynami
s of a single 
ell typi
allyexhibits os
illations, 
haos, and/or 
oexisten
e of mul-tiple attra
tors, with only one attra
tor for randomly
hosen initial 
onditions. The emphasis is made onthe behavior of an ensemble of 
ells intera
ting via ex-
hange of some of the rea
tants. With su
h intera
-tions, the models predi
t di�erentiation from a �stem�
ell to other 
ell types. Thus, di�erentiation is essen-tially 
onsidered a 
olle
tive feature of stem 
ells havinginternal os
illatory dynami
s.(iii) Di�erentiation of stem 
ells was interpreted interms of a Boolean network model of geneti
 regula-tory networks [12℄. With pres
ribed rules of swit
hesof the gene states, this model predi
ts state 
ir
les orattra
tors. Di�erentiation is viewed as resulting froma transient or persistent perturbation that 
auses a 
ellto �jump� from one attra
tor to another attra
tor. Al-though the terminology and mathemati
s are here quitedi�erent from those in item (ii), the general 
on
ept isbasi
ally the same.(iv) Re
ent kineti
 models tend to utilize 
ell-spe-
i�
 data (see reviews [9, 13℄). For example, the mean-�eld kineti
 models [14, 15℄ are fo
used on signal net-works, based on the known 
omponents of epidermalgrowth fa
tor re
eptor signal pathways (this re
eptoris often 
onsidered to play an important role in prolif-eration and di�erentiation). In su
h models, the pro-liferation or di�erentiation events are usually assumedto o

ur if the 
on
entration of some of the rea
tantsis higher or lower than the 
riti
al 
on
entration (see,e.g., Ref. [15℄). Pra
ti
ally, this means that under �xedexternal 
onditions, the fate of a 
ell is deterministi
.Under transient external 
onditions, e.g., due to 
ell�
ell 
ommuni
ation, the models are able to des
ribeboth proliferation and di�erentiation in an ensembleof 
ells. (See Refs. [16, 17℄ for a dis
ussion of variousaspe
ts of bistability in 
ell signaling.)In general, the proliferation and di�erentiation ofstem 
ells is usually believed to be related to gene ex-pression. During the past de
ade, this pro
ess wastheoreti
ally analyzed in numerous papers. The 
orre-sponding models 
an be divided into three overlappinggroups, fo
used respe
tively on (i) general prin
iplesof gene expression in
luding sto
hasti
 e�e
ts [18�21℄

(see Ref. [22℄ for dire
t observation of sto
hasti
 burstsin protein produ
tion during gene expression), (ii) ex-pression of spe
i�
 genes [19, 23, 24℄, and (iii) 
omplexgeneti
 networks [20; 21; 23; 25℄. Although stem 
ellsare often mentioned in these studies, the details of howdi�erentiation is governed by genes are not dis
ussedthere.Sto
hasti
 e�e
ts in gene expression are 
ommonbe
ause most genes exist in single or low 
opy num-bers in a 
ell. The potential importan
e of su
h ef-fe
ts for proliferation and di�erentiation of stem 
ellsis often arti
ulated in general dis
ussions of these twopro
esses [21; 26℄. But the me
hanisti
 details of theinterplay of sto
hasti
ity of gene expression and dif-ferentiation and the quantitative 
riteria allowing oneto understand when this interplay is possible remainvague.To illustrate the points above expli
itly, it is in-stru
tive to brie�y present typi
al examples showingthe state of the art in studying the me
hanisms ofdi�erentiation of spe
i�
 
ells. We �rst mention the
omprehensive proliferation- and di�erentiation-relatedstudies of the gene-expression map in Arabidipsis [27℄.Despite the analysis of the performan
e of 22000 genes(90% of the genome), the me
hanisms of proliferationand di�erentiation remain hidden in this 
ase.Another example is adult rat neural stem 
ells or,more spe
i�
ally, adult hippo
ampal progenitor 
ellsgrowing in 
ulture [28℄. Under appropriate 
onditions,these multipotent 
ells are able to proliferate and/orgenerate neurons and glial 
ells (astro
ytes and oligo-dendro
ytes) daily for at least the �rst month of 
ul-ture. The relative rates of these pathways are knownto depend on the growth fa
tors (highly spe
i�
 pro-teins mostly required in low 
on
entrations (10�9�10�11 M)) [29℄1). A detailed analysis [30℄ of the 
hangesof gene expression during di�erentiation of these 
ellsis impressive. A 
lear me
hanisti
 interpretation of theresults obtained is la
king, however.To 
omplement the theoreti
al works des
ribedabove and to guide experiments, we suggest (Se
. 2)a simple 
on
eptual s
heme showing how sto
hasti
bistability in gene expression may result in sto
hasti
proliferation and di�erentiation of a single 
ell. In ad-dition, we present (Se
. 3) MC simulations of sto
hasti
bistability in gene expression in order to quantify someof the aspe
ts of our general dis
ussion or, more spe
if-i
ally, to obtain 
riteria for 
larifying the 
onditions of1) Di�erentiation 
an be readily observed by immuno
yto-
hemistry, i.e., by dete
tion of expression of proteins, spe
i�
to ea
h type of di�erentiated 
ell.181
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heme suggested. Taken together,the results in Se
s. 2 and 3 extend the 
on
eptual ba-sis for the understanding of the likely role of sto
hasti
intra
ellular pro
esses in proliferation and di�erentia-tion of stem 
ells and may promote further steps in thedire
tion under 
onsideration.2. PROLIFERATION AND DIFFERENTIATIONThe fate of stem 
ells is now believed (see the pre-
eding se
tion) to be determined by kineti
 swit
hesrelated to gene expression and/or other bio
hemi
alrea
tions. This general s
heme admits various realiza-tions. The s
enario dis
ussed here is based on two keyassumptions.(i) The division of a stem 
ell results in the appear-an
e of two stem 
ells or a stem 
ell and a di�eren-tiated 
ell. This means that the 
ell must 
ome to ade
ision whether it will proliferate or di�erentiate. Inour s
heme, the de
ision stage is assumed to be narrow
ompared with the duration of the 
ell 
y
le. Physi-
ally, it is 
lear that the de
ision 
an hardly be madejust after the 
ell birth, be
ause the 
ell should grow af-ter the birth, with the 
onditions inside the 
ell rapidly
hanging during this phase. Therefore, the internal andexternal 
ontrol of the 
ell fate 
annot be robust. Thede
ision 
an also hardly be made just before the 
ell di-vision, be
ause the 
ell needs time in order to developthe ma
hinery 
orresponding to the birth of either twostem 
ells or a stem 
ell and a di�erentiated 
ell. Thus,the de
ision is expe
ted to be made somewhere in themiddle of the 
ell 
y
le2).(ii) The de
ision whether to proliferate or di�erenti-ate is assumed to be related to the sto
hasti
 expressionof one of the genes. In parti
ular, the protein synthe-sized due to the a
tivity of this gene is 
onsidered togovern the performan
e of a few other genes 
ontrollingthe 
ell fate. Spe
i�
ally, the gene is assumed to op-erate in the sto
hasti
 bistable regime and to exhibitsequential periods of high and low expression (tran-s
riptional bursts) due to positive feedba
k betweenthe messenger ribonu
lei
 a
id (mRNA) and proteinprodu
tion and a small number of mRNA and/or pro-tein. These periods are assumed to be 
omparable toor somewhat longer than the duration of the de
isionstage and a

ordingly mu
h shorter 
ompared to the2) We note that the proliferation, e.g., of di�erentiated mam-malian 
ells is 
ontrolled by regulating the progression throughthe G1 phase and entry into the S phase [31℄. There are alsoindi
ations that this is an early period in di�erentiation of stem
ells [31℄.

duration of the 
ell 
y
le. The fate of a 
ell dependson whether the level of the gene expression during thede
ision stage is high or low.If assumptions (i) and (ii) are ful�lled, the di�eren-tiation rate 
onstant is given bykdif = kdivP1; (1)where kdiv is the division rate 
onstant, andP1 = �1�1 + �2is the probability that the gene is in state 1 
orrespond-ing to di�erentiation (�1 and �2 are the respe
tive aver-age durations of the gene a
tivity periods 
orrespond-ing to di�erentiation and proliferation). For the prolif-eration rate 
onstant, we havekpr = kdivP2; (2)where P2 = 1� P1 = �2�1 + �2is the probability that the gene is in state 2 
orrespond-ing to proliferation.We note that Eqs. (1) and (2) do not imply that a
ell should somehow measure probabilities P1 and P2.Instead, for ea
h given 
ell, the 
orresponding sto
has-ti
 pro
ess of gene expression o

urs, and the 
ell fatedepends on realization of this pro
ess. The probabil-ities P1 and P2 and the rate 
onstants kdif and kprare introdu
ed for an ensemble of stem 
ells. In real-ity, these probabilities and rate 
onstants may dependon the 
ell 
on
entration if the gene expression and/orother related intra
ellular pro
esses are in�uen
ed by
ommuni
ation between 
ells.In general, a stem 
ell may generate spe
ialized 
ellsof two or more types (e.g., a neural stem 
ell may gen-erate neurons and glial 
ells). In su
h 
ases, a stem
ell is expe
ted to make two or more de
isions. The�rst de
ision, e.g., should dis
riminate between prolif-eration and di�erentiation, and if di�erentiation is the
hoi
e, the se
ond de
ision has to dis
riminate betweentwo types of the di�erentiated 
ell.The spe
ial feature of the s
enario outlined above isthat the average rate of expression of the gene(s) 
on-trolling proliferation and di�erentiation of a stem 
ellmay be the same as that in di�erentiated 
ells. In ad-dition, the sto
hasti
 bursts in gene expression may begenerated only during a part of the 
ell 
y
le in
lud-ing the de
ision stage. This may hinder identi�
ationof the me
hanism of di�erentiation and simultaneouslyexplain why the identi�
ation of the genes responsiblefor di�erentiation is often di�
ult.182
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ell proliferation and di�erentiation : : :Although the s
enario suggested is simple, to ourknowledge, it was not expli
itly dis
ussed in detail inthe literature. In this 
ontext, it is of interest to 
lar-ify how low the number of mRNA or protein should bein order to realize the s
enario above and whether thisnumber depends on the details of the regulation of thegene a
tivity. The answers to these questions are givenin the next se
tion.3. STOCHASTIC BISTABILITY IN GENEEXPRESSIONExpression of the information en
oded in DNA isknown [32℄ to o

ur via a templated polymerization
alled trans
ription, in whi
h the genes (segments ofthe DNA sequen
e) are used as templates to guidethe synthesis of shorter mole
ules of RNA. Later on,many of these mole
ules (or, more spe
i�
ally, messen-ger RNA) serve to dire
t the synthesis of proteins onribosomes. The whole pro
ess of gene expression 
an beregulated at all steps. In parti
ular, the gene trans
rip-tion, performed by RNA polymerase, is often 
ontrolledby master regulatory proteins. In the 
ase of positivefeedba
k between the mRNA and protein produ
tion,the gene expression may exhibit bistability [19℄. (Forthe general dis
ussion of various aspe
ts of bistabilityin 
ellular systems with emphasis on 
ell signaling, seeRef. [16℄.)In our treatment, we analyze the situation wherethe gene has a few regulatory sites. The mRNA (R)produ
tion rate is 
onsidered to be high if all the reg-ulatory sites are o

upied by the protein (P ). In this
ase, the generi
 mean-�eld equations for the R and Pnumbers are given by (
f., e.g., Ref. [19℄)dNRdt = k0 + k1� NPKP +NP �n � kRNR; (3)dNPdt = ksNR � kPNP ; (4)where k0 and k1 are the rate 
onstants of the basaland protein-regulated gene trans
ription (n is the num-ber of regulatory sites, KP is the protein asso
iation�disso
iation 
onstant, and (NP =(KP + NP ))n is theprobability that all the regulatory sites are o

upied byP ), ks is the rate 
onstant of protein synthesis, and kRand kP are the respe
tive rate 
onstants of the mRNAand protein degradation.Equations (3) and (4) predi
t bistability if n � 2.Our 
al
ulations below are performed for n = 2 or 3.These lowest values of n are most natural. In addition,

there are indi
ations that the 
ell di�erentiation doeso

ur with parti
ipation of autoa
tivating trans
riptionfa
tors like GATA-3 with n = 2 [19℄.To illustrate the sto
hasti
 kineti
s exhibiting tran-s
riptional bursts, we fo
us our attention on the 
asewhere NR is relatively small. To keep the analysis assimple as possible, (i) NP is 
onsidered to be large, (ii)the protein atta
hment to and deta
hment from mRNAare assumed to be rapid, and (iii) the protein forma-tion and degradation are assumed to be rapid as well.Conditions (i) and (ii) guarantee that the e�e
t of theprotein on the gene trans
ription 
an be des
ribed inthe mean-�eld approximation even if NR is small. Con-ditions (i) and (iii) guarantee in turn that NP is 
loseto a steady state, i.e.,NR � kPks NP ;both in the mean-�eld and sto
hasti
 regimes (the va-lidity of this statement was veri�ed and 
on�rmed byindependent MC simulations). Substituting this rela-tion between NR and NP in Eq. (4) yieldsdNRdt = k0 + k1� NRKP +NR�n � kRNR; (5)where KP = KP kPks :To study �u
tuations, we perform MC simulationsof the kineti
s 
orresponding to Eq. (5). Spe
i�
ally,we use the standard MC algorithm [33℄ based on 
al
u-lation of the total rea
tion rate. In our 
ase (Eq. (5)),there are two parallel pro
esses, the mRNA produ
tionand degradation, running with the ratesW1 = k0 + k1� NRKP +NR�nand W2 = kRNR:The total rate of these pro
esses isWt =W1 +W2:For a given number of mRNA, we generate a randomnumber � (0 < � � 1) and exe
ute one of the pos-sible pro
esses (i.e., in
rease or de
rease NR by one)if � < W1=Wt and � > W1=Wt, respe
tively. Afterea
h MC trial, time is in
reased by j ln�j=Wt, where �(0 < � � 1) is another random number.The time s
ales 
hara
terizing elementary bio
hem-i
al pro
esses inside 
ells are about a minute or shorter.183
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Fig. 1. Rates of the mRNA produ
tion W1 (thi
k line)and degradation W2 (thin lines), as fun
tions of NRfor n = 2, k1 = 60 min�1, KP = 15, and kR = 0:702,0:9, and 1:04 min�1In 
ontrast, the time s
ale of division of stem 
ells istypi
ally about one day. Taking these restri
tions onthe time s
ales into a

ount, we use kR � 1 min�1 inour simulations (kR is 
onsidered to be the governingparameter). The 
onstants k1 and KP are 
hosen inorder to ensure bistability with a relatively small num-ber of mRNA. Typi
ally, k1 is sele
ted to be appre
ia-bly larger than unity. The dependen
e of the resultsof simulations on k0 is weak. To be spe
i�
, we setk0 = 0:01k1 in all the examples. The duration of theMC runs is 2000 min (this value is 
omparable to orsomewhat longer than the time s
ale of the division ofstem 
ells). We note that although the parameter val-ues indi
ated above and 
hosen below are biologi
allyreasonable, the 
orresponding values are in reality dis-tributed in a wide range (due to the diversity of 
ells)and a

ordingly may of 
ourse be both smaller and/orlarger.Figure 1 shows the mRNA produ
tion and degra-dation rates as a fun
tion of NR in the 
ase of tworegulatory site (n = 2). The produ
tion rate is 
al-
ulated for k1 = 60 min�1 and KP = 15. Thedegradation rate is shown for kR = 0:702, 0.9, and1:04 min�1. The values kR = 0:702 and 1.04 min�1
orrespond to the boundaries of the bistability win-dow. The value kR = 0:9 min�1 is nearly at themiddle of the bistability window. With these param-eters, the steady-state numbers of mRNA are low.Typi
ally, NR is about 30 for the high-a
tive gene-expression regime and NR is about 5 for the low-a
tiveregime. Although the bistability window is relatively
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02040

2040
02040

60NR



b
a

TIME;minFig. 2. The number of mRNA as a fun
tion of timefor kR = 0:85 (a), 0:90 (b), and 0:95 (
) min�1. Theother parameters are as in Fig. 1. The initial mRNAnumber is 25wide (0:702 � kR � 1:04 min�1), the sto
hasti
 os-
illations with transitions between the high- and low-a
tive regimes 
an be observed at t � 2000 min onlyfor 0:85 � kR � 0:95 min�1, as shown in Fig. 2. Out-side the last window, the model predi
ts either high- orlow-a
tive regime at t � 2000.To illustrate what happens for higher values of NRduring the high-a
tive regime, we keep n = 2 and usek1 = 180 min�1 and KP = 45. For these parameters,the dependen
e of the mRNA produ
tion and degra-dation rates on NR is similar to that shown in Fig. 1ex
ept that the range of the values on the horizontalaxis is to be extended to 105. The NR number for thehigh-a
tive regime is about 90. The bistability win-dow (0:702 � kR � 0:104 min�1) is the same as inthe previous 
ase. But the sto
hasti
 os
illations withtransitions between the high- and low-a
tive regimes
an now be observed at t � 2000 min in a very narrowrange of the kR values (from 0.93 to 0.95 min�1). Ty-pi
al kineti
s generated inside and outside this range184
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TIME;minFig. 3. The number of mRNA as a fun
tion of timefor n = 2, k1 = 180 min�1, KP = 45, kR = 0:92 (a),0:94 (b), and 0:98 (
) min�1. The initial mRNA num-ber is 75of kR are presented in Fig. 3.Figure 4 shows the dependen
e of the mRNA pro-du
tion and degradation rates on NR in the 
ase ofthree regulatory sites (n = 3). The produ
tion rateis 
al
ulated for k1 = 50 min�1 and KP = 10. Thedegradation rate is shown for kR = 0:360, 0.660, and0:766 min�1. With these parameters, NR is about40 for the high-a
tive gene-expression regime. Thesto
hasti
 os
illations with transitions between thehigh- and low-a
tive regimes are observed (Fig. 5a�
)at t � 2000 min for 0:58 � kR � 0:72 min�1(this means that inside the sto
hasti
-burst window,the mRNA degradation rate 
onstant is 
hanged inthe range �10%). The probability of the high-a
tiveregime as a fun
tion of kR is exhibited in Fig. 5d.If we keep n = 3 and use k1 = 150 min�1 andKP = 30, the dependen
e of the mRNA produ
tionand degradation rates on NR is similar to that in Fig. 4ex
ept that the range of the values on the horizontalaxis must to be extended to 135. With these param-
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NRFig. 4. Rates of the mRNA produ
tion W1 (thi
k line)and degradation W2 (thin lines), as fun
tions of NRfor n = 3, k1 = 50 min�1, KP = 10, and kR = 0:360,0:660, and 0:766 min�1eters, the sto
hasti
 os
illations with transitions be-tween the high- and low-a
tive regimes are not observedat t � 2000 min (see Fig. 6).Comparing the results in Figs. 4 and 5 with thosein Figs. 1 and 2, we 
on
lude that with in
reasing nfrom 2 to 3, the bistability and sto
hasti
-burst win-dows be
ome appre
iably wider. With a further in-
rease in n (e.g., up to 5), the bistability window 
aneasily be in
reased. The sto
hasti
-burst window 
analso be in
reased, but only slightly. For the mRNAprodu
tion with �ve regulatory sites, for example, themRNA degradation rate 
onstant 
an be 
hanged in therange �13% [34℄. For the 
onventional Hill expressionfor the protein-regulated gene-trans
ription rate (thismodel implies 
ooperative asso
iation of P with regu-latory sites), the results are similar [34℄. In both 
ases(for the expression in Eq. (5) and for the Hill expres-sion), further in
rease of the sto
hasti
-burst windowis possible with de
reasing the R and/or P numbers.If, e.g., n = 5, the maximum R number is about 20 andthe mRNA degradation rate 
onstant 
an be 
hangedin the range �15% [34℄.Finally, it is appropriate to note that the sto
has-ti
 bistable kineti
s 
an be s
rutinized by 
al
ulatingthe distribution of the numbers of rea
tants (see, e.g.,re
ent simulations in [35℄ and the referen
es therein).For the kineti
s exhibiting bursts, the distribution iswell known to be bimodal. Using su
h distributionsallows 
ompa
tifying the presentation of results. How-ever, from the standpoint of the understanding of thelikely e�e
ts of the trans
riptional bursts on di�eren-tiation of stem 
ells, it is mu
h more instru
tive (es-185
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Fig. 5. The number of mRNA as a fun
tion of timefor kR = 0:62 (a), 0:66 (b), and 0:70 (
) min�1). Theother parameters are as in Fig. 4 (the initial mRNAnumber is 25). Panel (d) shows the probability of thehigh-a
tive gene-expression regime as a fun
tion of kRfor these parameters (ea
h data point used to 
onstru
tthe 
urve was obtained by using 5 MC runs exe
utedup to t = 2000 min)
pe
ially for general readership) to expli
itly show thetrans
riptional kineti
s.
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501000

50100
50100150NR

TIME;minFig. 6. The number of mRNA as a fun
tion of timefor n = 3, k1 = 150 min�1, KP = 30, kR = 0:70 (a),0:71 (b), and 0:72 (
) min�1. The initial mRNA num-ber is 754. CONCLUSIONWe have proposed a simple s
heme showing thatthe sto
hasti
 behavior of a single stem 
ell may berelated to (i) the existen
e of a short stage of de
i-sion whether it will proliferate or di�erentiate and (ii)
ontrol of this stage by sto
hasti
 bistability in geneexpression. Our MC simulations of gene expressionwith positive feedba
k between the mRNA and pro-tein produ
tion indi
ate that this s
heme 
an be re-alized if the number of mRNA (or protein) generatedduring the high-rea
tive periods of gene expression isbelow or about 50. For the simplest models of geneexpression, the sto
hasti
-burst window in the spa
e ofkineti
 parameters is found to be not too wide, how-ever. For example, the mRNA degradation rate 
on-stant may be 
hanged in the range narrower than orabout �15%. Thus, one may question the plausibilityof the suggested me
hanism for 
ell fate determination,be
ause it depends 
riti
ally on the values of the rate186
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onstants. For example, ks depends on the number ofribosomes, and this parameter alone 
ould easily varyby a fa
tor of 2 or more. But this variation is primarilyrelated to the growth of a 
ell. Spe
i�
ally, the numberof ribosomes in
reases simultaneously with the in
reasein the 
ellular volume. This results in the de
rease ofthe mRNA 
on
entration, whi
h in turn 
ompensatesthe in
rease in the number of ribosomes. Thus, the sit-uation is not so dramati
 as one 
ould expe
t. On theother hand, the 
hanges related to the 
ellular growthmay of 
ourse in�uen
e the sto
hasti
 bistability of thegene expression. For the appli
ability of the proposedme
hanism of di�erentiation, the sto
hasti
 bursts ingene expression should be generated during the de
i-sion stage at least. At the late stages, the bursts maydisappear (if this is the 
ase, the identi�
ation of theme
hanism of di�erentiation may be 
ompli
ated).Con
erning the robustness of the suggested s
hemeof the 
ell-fate determination, it is also appropriate tonote that our analysis of sto
hasti
 bistability in geneexpression is fo
used on the generi
 situation where thepositive feedba
k between the mRNA and protein pro-du
tion o

urs due to a few sites regulating the mRNAprodu
tion. In more spe
i�
 situations, e.g., with addi-tional steps in protein pro
essing and/or the interplayof two or more genes (for relevant mean-�eld models,see [16, 36℄ and the referen
es therein), the sto
hasti
-burst window may perhaps be wider and if this is the
ase, it may help to realize the s
heme under 
onsider-ation.To relate our analysis to experiments, we repeat (
f.Se
. 2) that the spe
ial feature of the suggested s
enariois that the average rate of expression of the gene(s) 
on-trolling proliferation and di�erentiation of a stem 
ellmay be the same as that in di�erentiated 
ells. In ad-dition, the sto
hasti
 bursts in gene expression may begenerated only during a part of the 
ell 
y
le in
lud-ing the de
ision stage. This may hinder identi�
ationof the me
hanism of di�erentiation. Con
erning more
onstru
tive predi
tions, we note, e.g., that the degra-dation of proteins usually o

urs in spe
ial 
ompart-ments 
alled lysosomes [32℄. Thus, the 
orrespondingrate 
onstant (in Eq. (4)) is proportional to the ratio ofthe volume of lysosomes and the 
ell volume. Takinginto a

ount that the duration of the trans
riptionalbursts depends on this rate 
onstant, one 
an try tostudy 
orrelations between this ratio (or other kineti
parameters in Eqs. (3) and (4)) and the di�erentia-tion probabilities. Although the observation of su
h
orrelations 
annot guarantee that the me
hanism sug-gested is operative, it might be interpreted in favor ofthe me
hanism.

Finally, we 
an arti
ulate that sto
hasti
 e�e
ts ingene expression are 
ommon be
ause most genes existin a single or low 
opy numbers in a 
ell. Although thelikely importan
e of su
h e�e
ts for proliferation anddi�erentiation of stem 
ells has often been emphasizedin general dis
ussions of these two pro
esses (see theIntrodu
tion), the 
orresponding me
hanisti
 s
hemesillustrating in detail how the system may operate arela
king. We have tried to s
rutinize this problem.Our analysis is spe
ulative. The results obtainednevertheless make it possible to deeper understand thetype of di�
ulties en
ountered here and to take furthersteps to 
larify the interplay between sto
hasti
 geneexpression and 
ell di�erentiation.This work is a part of the FP6-proje
t STREPNANOCUES (Nanos
ale surfa
e 
ues to steer 
ellularbiosystems), funded by the European Commission, andis partially funded by the Chalmers Bios
ien
e Pro-gram, the Swedish S
ien
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 Resear
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