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This paper develops a point-mutation model describing the evolutionary dynamics of a population of adult
stem cells. Such a model may prove useful for quantitative studies of tissue aging and the emergence of cancer.
We consider two modes of chromosome segregatibnrandom segregation, where the daughter chromo-
somes of a given parent chromosome segregate randomly into the stem cell and its differentiating sister cell
and(2) “immortal DNA strand” co-segregation, for which the stem cell retains the daughter chromosomes with
the oldest parent strands. Immortal strand co-segregation is a mechanism, originally propd&ir iy
Nature (London 255 197 (1975], by which stem cells preserve the integrity of their genomes. For random
segregation, we develop an ordered strand pair formulation of the dynamics, analogous to the ordered strand
pair formalism developed for quasispecies dynamics involving semiconservative replication with imperfect
lesion repair(in this context, lesion repair is taken to mean repair of postreplication base-pair mismatches
Interestingly, a similar formulation is possible with immortal strand co-segregation, despite the fact that this
segregation mechanism is age dependent. From our model we are able to mathematically show that, when
lesion repair is imperfect, then immortal strand co-segregation leads to better preservation of the stem cell
lineage than random chromosome segregation. Furthermore, our model allows us to estimate the optimal lesion
repair efficiency for preserving an adult stem cell population for a given period of time. For human stem cells,
we obtain that mispaired bases still present after replication and cell division should be left untouched, to avoid
potentially fixing a mutation in both DNA strands.
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I. INTRODUCTION Mature skin cells, for example, are continually regener-

%ted by adult stem cells. The tissue cells, after undergoing a
respecified number of divisions, cease dividilagprocess
nown as terminal differentiatiorand are eventually shed.

The generation and maintenance of tissues in mammals
currently a topic of intense investigation by experimental an
theoretical biologists. Besides its intrinsic scientific interest,
an understanding of tissue cell kinetics, architecture, and de
velopment has important implications for aging and cancer.

In vertebrate animals, many tissues and organs are gene
ated by what are known as adutir equivalently, somatjc =
stem cells. Adult stem cells are rare, undifferentiated cells
that divide asymmetrically to renew differentiated cells in

adult tissues. They divide to produce the original stem cell
and a differentiating progeny cell. The differentiating prog- \ / \ /
eny cell then proceeds, through a series of division and dif-
ferentiation stepgsee Fig. 1, to produce a large collection of \ /
mature tissue cells.
At this point, it is not clear how adult stem cells emerge in
multicellular organisms, nor is it known how this method of
generating tissue cells evolved. Nevertheless, it is believec

that this mechanism may serve to delay the emergence @
cancer in mammals.
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"Electronic address: jsherley@mit.edu FIG. 1. (Color online Generation of differentiated tissue cells
*Electronic address: eugene@belok.harvard.edu (greenl/lighter grayfrom an adult stem cellblue/darker gray
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not all postreplication DNA mismatches are corrected. Oth-

Oldest DNA Stem erwise, daughter-strand synthesis errors can become fixed as
strand cell mutations in both parent and daughter strands, thereby elimi-
nating the advantage of keeping the oldest template strand in
l the stem cel[4-7].

Finally, because a high lesion repair efficiency reduces the
overall mutation rate, while low lesion repair efficiency pre-
serves the information in the parent strand, there is an opti-
mal lesion repair efficiency for maximally preserving the

/ \ stem cell lineage for a given period of time. In our case, the
period of time of interest is a human lifetime, which we take
" Tissue to be on the order of 80 years.
cell In the following section, we derive the finite sequence
(Differentiating) length equations describing the evolutionary dynamics of

) ) ] adult stem cells, for the cases of random segregation versus
FIG. 2. (Color on_Ilne lllustration oflmmortal_ DNAstrand chro-  jmmortal strand co-segregation. In particular, we develop an
mosome segregation. The red/dark gray lines represent newgfqereq strand pair formulation of the dynamics, analogous
strands, while the brown/lighter gray line represents the oldest teMy the ordered strand pair formulation of the quasispecies
plate strand. equations for semiconservative replication with imperfect le-

Thus, any potentially cancerous mutation in differentiatedSion repaif5-7]. For random segregation, the equations de-
skin tissue cells will eventually leave the body, thereby re-fived are similar to the corresponding quasispecies equa-
ducing the risk of skin cancer. tions. For |mmortal strand co-segregation, the equations are
In order to effectively reduce mutation rates, however,dualitatively different. Nevertheless, despite the age depen-
there must exist a mechanism or collection of mechanismgence of the chromosome segregation mechanism, for im-
that protects the genetic integrity of the adult stem cell popuMortal strand co-segregation it is still possible to develop an
lation. Otherwise, because adult stem cells are long-lived i@rdered strand pair formulation of the dynamics.
the body, they will eventually accumulate a sufficient num- In Sec. lll, we derive the infinite sequence length form of

ber of mutations to become cancerous, or become geneticall)€ €volutionary dynamics equations, for a class of fitness
inferior stem cells. landscapes defined by a master genome. These equations are

One important mechanism by which adult stem cells pro_ana!og(_)us to the equations _developed for semiconservative
tect the integrity of their genomes is through a form of asym-eplication with imperfect lesion repgir]. We then proceed
metric chromosome segregation during cell division, knownfO obtain the system of differential equations governing the
asimmortal DNA strancto-segregation. The immortal strand decay of the stem cell population with the master-genome

hypothesis was originally proposed by Caifig. It states 9€notype.
that when an adult stem cell divides to form a stem cell and We continue in Sec. 1V, where we use the master-genome

a differentiating tissue cell, the stem cell retains the chromo€duations to determine the optimal lesion repair efficiency
somes with the oldest DNA strands of the genaisee Fig. fpr preserving the stem cell lineage f(_)r a given amount of
2). Presumably, the oldest DNA strands of the genome protime. In particular, we show that lesion repair should be
vide the most accurate template for daughter strand synthdurned off in stem cells. That is, postreplication DNA mis-
sis, and hence their preferential segregation into the aduffatches should be left uncorrected in stem cells.
stem cells ensures optimal maintenance of stem cell genetic We conclude in Sec. V with a summary of our results, and
integrity and overall tissue health. plans for future research.

The immortal strand mechanism was recently confirmed
experimentally[2,3]. The confirmation of this segregation
mechanism has motivated the authors to develop a math-/l- DERIVATION OF THE FINITE SEQUENCE LENGTH
ematical model describing the evolutionary dynamics of a EQUATIONS
population of adult stem cells. A. Definitions

We are interested in three aspects of stem cell evolution- ) ) o
ary dynamics: First of all, we seek to develop a set of ordi- Ve consider a population diis replicating adult stem
nary differential equations describing the evolutionary dy-Cells- As is illustrated in Fig. 1, each of these stem cells
namics of a population of adult stem cells. This is done in theJenerates a lineage of differentiated tissue cells. o
following section. For simplicity, we assume an infinite Y/ assume that each stem cell has a genome consisting of
population, continuous time model. While strictly speaking@ Single, double-stranded DNA molecule. A given genome
this is not correct, stochastic simulations show good agred?@Y then be given by the sgt, o”}, whereo ando”’ denote
ment already at populations with as few as 10 000 stem cell$he two strands. In principle, DNA consists of two antiparal-

Second, we wish to rigorously show that immortal strandl€!, complementary strands. Thus, a genome of lerigth
co-segregation is necessary to preserve the stem cell lineaglould consist of the strandsand its complement, where
Immortal strand co-segregation can only provide an advane=b;---b = o=b---b;. (b, denotes the complement bf.
tage, however, if, during a process knownlasion repair  For the four bases used in DNA, complementarity is defined
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by the Watson-Crick pairs Adenine:Thymif&:T) and Gua- denote a strand that has been the temgladeenj strand at
nine:Cytosine(G:C). See Fig. 1 in[5].) However, due to least once, while¥™V denotes a strand that has never been
mutations, it is possible that the two strands of a given gethe template for the synthesis of a daughter strand. For im-
nome are not perfectly complementary, and so we have tmortal strand segregation, then, we consider genomes of the
relax this restriction. form {o™,o'™} and {c™,o’™}. We do not consider ge-

We also assume f[rst—order growth, so that with each gepgmes of the form{a™, '™}, since, if our population ini-
nome{o, o’} is associated a first-order growth rate constanija)iy consists of genomes that have never been involved in
Koo+ The collection of all first-order growth rate constants daughter strand synthesis, then such genomes can never ap-
is known as thditness landscapé-or simplicity, we assume pear in the population. The reason for this is that when a
in this paper sstatic or time-independent landscape. parent strand serves as the template for daughter strand syn-

As with all cells with QOubIe—lgtrel_nded ENA gﬁnomes, We%esis, then it should be clear that the daughter strand auto-
assume semiconservative replication, where the genome gf-v 2y “recoives the *N' designation, Thus, two “T"

each cell unzips to form two strands, each of which serves 83rands can never be paired with one another.
a template for the synthesis of the complementary daughter
strands. The end result is two new daughter genomes, one of
which is retained by the stem cell, while the other becomes B. Random segregation
the genome of the differentiating sister. When genome _
{o, o'} replicates, then we assume that with daughter strand For random chromosome segregation, each of the parent

synthesis there is associated a per-base mismatch probabilfands of a replicating genome has an equal probability of
of €0ry- becoming incorporated into the stem cell. The random seg-

After replication is complete, and stem cell division has€92tion equations are then given by
occurred, there may still be some errors in the daughter

strands that were missed by various error-correction mecha- o0/} _ 1 D

nisms(DNA polymerase proofreading and mismatch repair at Moo XKoo 5 ~ Ko omX(a",o}

These mismatches result in lesions along the DNA chain, oo™

which may be recognized and repaired by various mainte- X [p((a”,d"){o,0'}) +p((d”",0") {0, D].
nance enzymes in the cell. It should be noted that in this (1)

case, the cell cannot distinguish between parent and daughter
strands (which it does during daughter strand synthgsis 1,

Thus, a given error in the daughter strand has a 50% prob @ term iy, Xy} arises from the observation that, in
) 0 - . . . . .
ability of being corrected, but it also has a 50% probabilitysem|conservat|ve replication, the separation of the parent

of being communicated to the parent strand. When this ha strands corresponds to the effective destruction of the origi-
. H ,Mhm' !
pens, the mutation is said to figedin the genome. Lesion nal genome. The second term gives the rate at o'}

repair is generally not perfect, and so we assume that wheR produced, due to replication and mutation, by all genomes

genome{o, o'} replicates, a postreplication mismatch in the N the population. The factor cﬁ arises because for random

resulting daughter genomes is repaired with probabilityChromosome segregation, both parent strarfdsndo™ of a

N replicating genoméo”, o’} have an equal probability of be-
loo’y . . . ing retained by the stem cell.

Errors during daughter strand synthesis and lesion repair The above equations are fairly cumbersome for direct
result in a probability distribution for the p_ossible daughter nalysis, since the dynamics occurs over a space of double-
genome which can ,be 9enerat,ed from a given parent stran tranded genomes. If the strands are completely correlated,
Thus, we defing((d”,0”),{o,c'}) to be the probability that so that in a genoméo, o’} we always haver' =g, then,
parent strando”, as /part of genomds”, o}, forms the following the derivation in[5], it is possible to convert the
daughter genoméy, o”}. , , . dynamics over the space of double-stranded genomes into an

We may also note that” can f‘),rm{"’f’ } by either be- o ivalent dynamics over the space of single strands. This
coming o, with daughter strand’, or o', with daughter  .qnyersion is not possible when the assumption of comple-
strando. The probability of the former process is denoted by mentarity does not hold. Nevertheless, following the deriva-
p((a”,0™),(0r,0")), and the probability of the latter process jon jn [7], we can convert the dynamics over the space of
is denoted byp((0”,0”),(d",0)). Note that if o#0¢’,  goyple-stranded genomes into an equivalent dynamics over
then p((¢”,0") . {o,0')=p((¢",0"),(d,0"))+p((c”,0"),  the space of ordered strand pairs. Specifically, given some
(0',0)), while p((c”,0") {o,0})=p((c",0"),(c,0)). AN genome{c,ds'}, define
expression fop((¢”,0”),(o,d’)) was derived inf7].

Finally, because stem cell divisidmore properly, asym- 1
metric self-renewalresults in a constant value fdNg, it is B B EX{"""} if o# o',
equivalent to look at population fractions. We therefore de- Yo.oh = Yo' o) = ()
fine x, ., to be the fraction of the stem cell populatitat a X0y ifo=0'.

given timet) with genome{o, o'}.

For immortal strand co-segregation, the preceding definiFurthermore, define an ordered strand pair fitness landscape
tions need to be somewhat modified, since we need to als§@ Ks,o")=K(o',0)=K(so'}- The random segregation equa-
keep track of the ages of the strands. To this end, we'lét  tions then become
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dY(.07) 1 Finally, note in the second equation that we are not con-
o :—K(g_'o./)y(o_’g_;)'FE > Ko oMY (o" o) sidering probabilitiesp((¢”,0”),{o,c'}), but rather prob-
(o"0") abilities p((¢”,0™),(o,d’)). The reason for this is that in
X[p((o”,0"), (o 0")) + p((a”, 0, (o, ))]. considering the production of genorie™, '™}, strando

is explicitly marked as the template strand, while stratis
®) explicitly marked as the newly synthesized daughter strand.
Therefore, to form{c'",o’™}, it is clear that the parent
C. Immortal strand co-segregation (template strand¢” must becomer, with daughter strand
To derive the evolutionary dynamics for a stem cell popu-o”.
lation replicating with immortal strand segregation, we have As with the random segregation equations, we may define
to take into account the ages of the strands. In this case, wan equivalent dynamics over the space of ordered strand
have to separately derive the dynamics for genomes whereairs. We do this in two steps. First, define,
neither strand has been used as a template for daughter strand

synthesis, and where one of the strands has been used as a lx{(,mn sy if o # o,
template for daughter strand synthesis. The resulting system YN o/ = Yo (N 5(N)) = 2 ' ©)
of equations is given by XN oy if o=0,
AX(5N) o7 (N B and
dt - K{(r,a’}x{a(N),o"(N)}!
YoM, N) = X(o(T) 57 (N} (6)
AX((M o Ny B The ordered strand pair fithess landscape is defined as for
= 7 Koo KoM, (N} random segregation. The result is the transformed system of
dt
equations,
1
+ E (N)E " K{U"’,U""}X{O"’(N>,U""(N)} dy(U(N)’Ur(N))
{0 ™), "Ny T == Ko,a)Y (o), o' (N,
X [p((a",0"),(o,0")) + p((c”,0"),(0,0"))]
dY( (M 5 (N)
+ U " U " ’
//(T)zl//(N) o o Xio D) S =T K(o,0)Y(o,g' (N)
{0} dt ' '
4 s !

X p((OJ :GJ )1(0-10- )) (4) + E K((r",o-’")y(o'”(N),(r’”(N))
Note that genomes of the forfwY, o’ ™} cannot be pro- (0" N, o)
duced via replication, since replication occurs via a parent x p((a”,0"),(a,0"))
strand which has then been used as a template for daughter
strand synthesis at least once. + > Ko oY (o), o(N))

Note also that when a genonfe”™ "N} replicates, (@M o (N))
. N . .

strandsg” and ¢”” have an equal probability of being re- x p((”,0™),(c,0)). 7)

tained by the stem cell. Of course, when a genome
{0”™, o""N)} replicates, then it is strand’ that is retained by  The key equality to note in deriving the transformed dynam-
the stem cell. ics is,

2 KXo gy X [p((0”,0"),(0,07)) + p((”",0”),(0,0"))]
{OJI(N)YO_/H(N)}

=2 E X [K(o"’,a"”)y(a"’(N),O"”(N))p((oﬂi O'm), (0', O'I)) + K(a./rr’aJ!)y(oJr/(N)voJr(N))p((O’m,0'”),(0', O',))]
{OJI(N)'O_/H(N)}'O_/!$U/H

+2 2 KoY (o™, P(a", 0", (0,0 ) =2 D K em Y gm0, 0™, (0, 0)). (8
{OJ’(N),OJ’(N)} (aﬂ(N)'OJH(N))

Finally, if we definey(, ,)=Y o™ o ) +Y M ,n) then we obtain

dy((r,(r’)
=~ Ko Woo) ¥ 2 KaromYienomP(o”,a"),(0,0"). (9)
dt (Uﬂ,ﬂj,’)
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Note that the ordered strand pair population fractions ar@opulation initially satisfies property3) (obtained with a
defined somewhat differently for immortal and random chro-lesion-free population, for exampleit is possible to show
mosome segregation. For random chromosome segregatiahat property(3) holds for all time. The proof of this is simi-
the age of the strands is irrelevant to the division kineticslar to the proof of the analogous statement for quasispecies
Given a genoméo, o'}, there is no canonical ordering of the dynamics with imperfect lesion repdir], and will therefore
strandso and ¢’. If o# ¢, then the ordered pairsr, o) be omitted here.
and (¢’ ,0) should receive identical contributions from the  When lesion repair is perfect, then an initially lesion-free
genome{o,a’}. population remains lesion free.

For immortal strand segregation, the above argument In this case we have,
holds for genomes of the forfu™, '™}, However, for

genomes of the forrfio'™, o’ N}, a canonical ordering of the Do =~ Ko Y(05)

strands exists. Namely, we place the older strand before the dt ’ '

younger in the ordered strand pair representation. This means 1 o

that, for immortal strand co-segregation, we may regard 3 > KWV aP(a' ), (0,0)
Y0y t0 be the total fraction of stem cells with template (0" ,07)

strando and daughter strand’. The only potential problem 1 . .
with this interpretation is the inclusion gf,m ., as part += X kgY@ ,0),(0,0)
of this population fraction. However, this may be resolved by (0".07)

noting that while{e™™, s’} has not yet undergone a repli- =~ Ko 5Y(05)

cation cycle, when it does, eithef™) or o™ will be segre- .

ated into the original stem cell. Therefore, we may effec- 4 _ _ r =
gvely preassigna gT designation to eithew or o' hY o t3 2 Koo 7P ) (0,0)
=¢’, then o is the preassigned template strand for all ge-
nomes, while ifo# o', then o is the preassigned template
strand for half of the genomes. This interpretationygr,,
is consistent with the definition foy, ,,) (1/2Xyn) 5ty
+X(,(M oy fOr 0% o', andX(, 0 ;N + X, L0y if o=0"). =T Koo)Y(o0

In contrast to random chromosome segregation, for im- -~ -~ ;=

mortal strand segregation it is not generally true ¥at.,) t 2 Koo 7 P00, (,0), (10
=Y(s.0")- The reason for this is that in the caseg(ofo’), o is _ o _ . _
the template strand that has been present through all stefich coincides with the immortal strand equations.
cell divisions (though perhaps mutated to something differ-
ent from the original strandIn the case ofo’,0), it is ¢’
that has remained in the stem cell.dfand o’ are different, lll. THE "MASTER-GENOME" FITNESS LANDSCAPE
there is no reason to expect an identical evolutionary path-
way for the two strands, hence it is incorrect to assume that

y(a’,o”):y(u",o)'

(o,0")

1
*5 > Ko e aP(a',a),(a,0)

(o,0")

(o",07)

A. Infinite sequence length equations

Following the derivation of the quasispecies equations
with imperfect lesion repaif7], we will now develop the
infinite sequence length equations for a class of fitness land-
scapes defined by a “master” genofe, op}. For simplic-
ity, we assume thag, ,n and A, .1 are genome indepen-

Under very general conditions, it is possible to show thatgent, and may respectively be denotedebgnd .
when lesion repair is perfect, then random and immortal  Foliowing the convention used with quasispecies dynam-
strand segregation yield identical stem cell dynamics. Wecs, we derive the infinite sequence length equations with
need only make the following assumptiori$) For any or- , =| ¢ held constant. This is equivalent to fixing the genome
dered strand paito, o”), we havexgz) = K(s,01). (2) FOrany  replication fidelity, given bye™, in the limit of infinite se-
two ordered strand pairgéo,o’) and (¢”,0”), we have quence length.
p((e",0"),(o,0"))=p((c",d"),(c,0")). (3) For any or- The derivation of the infinite sequence length equations
dered strand paifo,0’), we havey;51=Y(y.07)- from the finite sequence length equations for stem cell divi-

Because taking the complement of a strand essentiallgion parallels the derivation of the infinite sequence length
amounts to a relabelling of the bases and a change in theguations for semiconservative replication with imperfect le-
direction in which the strand is read, there is no reason tion repair. We therefore refer the readefpfor details. In
assume that conditioid—3 should not hold in general. In- this paper, we only provide the necessary definitions for un-
deed, cases where propertigis-3 do not hold indicate a derstanding the final form of the infinite sequence length
strand asymmetry, a condition which results from specificequations. .
and presumably nongeneric, base orderings. To begin, we note that the “master” genofag, o) gives

If we assume that the fitness and “mutation” landscapesise to the ordered sequence pditg, o) and (o, 09). In
are chosen so that propertigly and(2) are met, then if our the limit of infinite sequence length, the two master strands

D. Equivalence of random and immortal strand segregation
when lesion repair is perfectly efficient
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1 ) . Rand'om segregation, t-heory
ool Random segregation, simulaton =4 |
Immortal strand co-segregation, theory ««---=-:--
! Immortal strand co-segregation, simulation X
?‘.”3 0.7 f
£ FIG. 3. A comparison of
2 06 F theory and simulation for a popu-
2 sl lation of 10 000 stem cells with
£ - genomes of sequence length 20.
S We assumek, =10,k =1, ©=0.1,
,§ 04T andl=1. We iterated in time steps
8 of length 0.001 out to a time of
s 03F 10.
02F
0.1 F
0 2
0 2 4 6 8 10

Time (Dimensionless)

oo and o, become infinitely separated from each other insimilarly characterizedexceptoy ando, are swapped in the
Hamming distance, hence we may regaigy,o,) and  definitions given above . _
(00, 00) as infinitely separated from each other in the ordered We assume that the fitness of a given sequence pair of the
sequence pair space. first class is determined by, I, I, andlg, hence we may
We may therefore group all sequence pdisso’) into write that K(o,o") = Kl Irlg)" Th.e fitness Qf a sequen_ce pair
one of three classes: A sequence ffairo”) is said to be of (0,0") of the second class is determined by noting that
thefirst classif Dy(o, o) andDy (o’ , o) are both finite. A (07, 0) is of the first class, and tha,, ;)= k(). We take
sequence paito,o’) is said to be of thesecond classf  the third class sequence pairs to be unviable, with a first-
Dy(o, ag) andDy(a” , o) are both finite. Finally, a sequence Order growth rate of 1.

pair not belonging to either one of the first two classes is said We also assume tha | i.15) = Kic gl lp- THIS IS @ natu-
to belong to thethird class ral assumption to make if one assumes symmetry between

A given sequence paifo, o) of the first class can be the two master strands. [i7], we show that this assumption

characterized by the four parameters, dendged , I, and implies thatksr)= Kg.q)- . .

lg. The first parametel, denotes the number of positions Ve allow our system to come to equilibrium starting from
whereo ando’ are complementary, yet differ from the cor- the initial conditiony(, 5, =Yy ;) =1/2. This initial condi-
responding positions e, and o, respectively. The second tion corresponds to an initially mutation-free stem cell popu-
parameter| , denotes the number of positions wherelif-  lation. _ _ .

fers from o,, but the complementary positions i are We may sum over the p_opulatlon fr_actlons of all first class
equal to the corresponding onesdg. The third parameter, Seduence pairs characterized by a given ség.df, I, and

Iz, denotes the number of positions wherés equal to the e, @nd reexpress the quasispecies dynamics in terms of these
ones inoy, but the complementary positions i differ ~ quantities. We defineg, .1, to be the total population
from the corresponding ones iny. Finally, the fourth param-  fraction of first class sequence pairs characterizedchy,

eter, |, denotes the number of positions wherando’ are  Ir, andlg. We similarly definez;_, .1, to be the total popu-

not complementary, and also differ from the correspondindation fraction of second class sequence pairs characterized
positions inoy and oy. These definitions are illustrated in by I¢, I, I, lg. Following the derivation in7], we then

Fig. 3 of [7]. A sequence pair of the second class may beobtain

d2(|c,|L,|R,o

1
gt = Kl g0l 10 T ( —[u(1-N] A —[,U«(l NIRS o)e HIM2)

)\ |'|C lC oo
X E o ( ) > Kt 02 111 ) (11)
c!

" vicT'cTv'2 lCClZ
16=0 7=0 13=0
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for random segregation, and % - %[1 (] FAN (K, K )z + K 2],
d
w = T Kig0lg 0010 é(u(l AR dz 1 uv2) o2
5 L E=—<1—§(e“ +et ))[(Ia—k_)zlﬂuz]-
1 (Aulc
X Z @(7) Z K(1-14.017,0&1-1£,01,0 (13
=0 170 (12 For immortal strand segregation, we obtain
d_ZO =_ ~u(1-M2) -
for immortal strand co-segregation. An analogous set of dt kzo+e [k =~z +kz],
equations may be derived for timg ) .1,)- Using the fact
that Yoo =Y(o.01) We havezg i 1o10=21 1 e lg)- dz

A ~m(1-M2) -
An interesting feature to note from comparison of these g - ket fi(u, ek, —k)zg + K Zo],

two equations is that for random chromosome segregation, it

is possible for [ >0, while for immortal strand co- dz
segregation, we havig=0. In the case of random segrega- 2= _(1-eM)[(K, -k )zy + K 2,]. (14)
tion, the ordered strand paifs,¢’) and(o’,0) are equiva- dt

lent, hence we have, .1, 1y =Zicl,igl1p» Which implies that We may solve Eqs(13) and(14) using standard numeri-
Zicll lp) = Lol gty 1N the case of immortal strand segre- cal methods, for the initial conditiody=2,=2,=1/2. This
gation, the first strand of the ordered strand pair represengorresponds to an initial stem cell population consisting en-
the parent strand. Because the parent strand differs &gm tirely of the master genome genotype.

(or oy when looking at the equationgin only a finite num- In Fig. 3 we show a comparison of the numerical solution
ber of positions, in the limit of infinite sequence length theof Egs. (13) and (14) with the results of stochastic simula-
probability that a mismatch occurs where the parent strantions of dividing stem cells. The lesion repair probabilitys
differs from oy is 0. Therefore, any lesions that occur will be taken to be 0.5 in this case.

due to an error made in the daughter strand, where the cor-
responding bases of the parent strand are identical to those of
og. Thus,l; remains 0, butg can become positive.

Finally, from these equations it is possible to show that a We can use Eq14) to determine the optimal lesion repair
population of adult stem cells will eventually degrade unlessprobability for preserving the stem cell line out to a given
lesion repair is turned off and chromosome segregation oaime T. We usez, as our measure for the extent of the pres-
curs via the immortal strand mechanism. For random chroervation of the stem cell line. The higher the valuezgfthe
mosome segregation, a given stem cell will periodically re-petter the stem cell line is preserved. To this end, for sim-
tain an erroneous daughter strand, resulting in a steadylicity, we also takeé_=0, i.e., we assume that unviable stem
degradation of the genome. For immortal strand co-<ells do not replicate at all. We also rescale the time by
segregation with nonzero lesion repair efficiency, mistakes ijefining r=k,t. We then obtain
the daughter strands will periodically be communicated to
the parent strand via lesion repair. The result is again a 20(7-)=1e‘7<1+
steady degradation of the genome. 2

IV. OPTIMAL LESION REPAIR PROBABILITIES

fi(wNexd-u(1-NM2)]7 _
el 1.
N )>

(15

Therefore, maximizingzy(T) is equivalent to maximizing
We may derive a set of differential equations describinggi(\; 1, T) = (€lWNH—-KANIT_ 1) /f (1, \).
the decay of the master genome population. We consider a It is instructive to consider the behavior gffor |=0 and
fitness landscape where the viable genomes have a first-ordefe. For 1=0, we have gy=e>##1N2IT—1 which is
growth rate constank,, and the unviable genomes have aclearly maximized for anyt. and T when\=1. This makes
first-order growth rate constamt. <k,. An ordered strand sense because, whénO0, then any lesion renders the stem
pair is taken to be viable ifc<I¢c s, and if I +Ig+Ig=<I.  cell unviable. Preserving the information in the parent strand
Thus, an ordered strand pair is viable if it has no more thary reducing the lesion repair efficiency does not help main-
lc maxfixed mutations, and no more thatesions. Otherwise, tain the population of master genomes, since an unviable
the strand pair is unviable. stem cell does not replicate. Therefore, in this case, it is
Defining  2=2¢,0,0,0, 21=E:r=oz(o,01',0): and z, optimal to make lesion repair maximally efficient, thereby
=37 _ Z00)7.0, We Obtain, for random segregation, that reducing the overall mutation rate away from the master ge-

B. Decay of the master-genome population

nome.

d 1 For imperfect lesion repair to allow for better preservation
% - p(1-\12 of the stem cell population within our model, we must there-

— =-kzg+ —e “IN[(k, -k )7y + k2], Pop ; ; ’

dt k2o 2 L. 1z d fore assume thdt>0. While typical values of for cellular
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organisms are not availabl¢ghe matter is also complicated Thus, in determining that, for human stem cells, lesion
by additional repair mechanisms such as SOS respowse repair should be turned off during cell division, we mean that
may note that the smaller the valuemfthe fewer errors are  mismatches along the DNA genome should be left alone, so
made during replicatiofan average oft are madg Thus, in  as not to risk fixing a mutation in both strands.
practice, for smalk, one may assume thit, since a large While it is possible that distinct cellular mechanisms exist
number of lesions will not be produced in any cgs@th-  for repairing postreplication mismatches and lesions due to
ematically, this is equivalent to the observation thr_:lt the seriegnA damage, it is also possible that both types of modifica-
{fi(u,\)} converges tof..(u,\)=e“*™) more quickly at tions to a DNA genome are handled by the same repair path-
smaller values ofu than at larger values qk]. Since cells \yays(nucleotide excision repair, for instanpd). Thus, it is
have various error correction mechanisms that keep the Oveb'ossible that the way by which adult stem cells suppress
all number _of replication errors to on the order of 1 or lesscorrection of mismatches along the DNA chain is by a gen-
P:;Srgﬁgg?et'g%:yglned tzﬁl %sesLLj;nepglcr)]r;r?abo seems to be a eral suppression of lesion repair. In this case, adult stem cells
For | =o0. we then havey :e‘#(l‘“)(eexi’(‘”"’zﬁ—l) For a should be more syspepuble to the eﬁgqt; of agents that can
' ° . damage DNA. This increased susceptibility to DNA damage

given u and T, we definey=e"*N?T, giving g.,.=e ™T?(eY h : : ;
2 5 i - 5 _ as been hypothesized by Caiff$, and does indeed appear
1)/y=. The function(e-1)/y= goes tox at y=0 andy to be a property of adult stem cefi8].

=, |t has a unique point where its derivative vanishes, cor-
responding to a global minimum. Thus, on any given inter-

val, thg maximum value c_)(e_y— 1)_/y2 occurs at one of the V. CONCLUSIONS
endpoints. In particular, this implies thgt is maximized for
a givenu andT at eithern=0 or A=1. This paper developed a set of ordinary differential equa-

To determine whether the optimalis 0 or 1 for given tions describing the evolutionary dynamics of a population
values ofu and T, we note that\=0 corresponds tg=T,  of adult stem cells. For simplicity, we considered stem cell
while A=1 corresponds tg=e *?T. The minimum value of genomes consisting of a single double-stranded DNA mol-
(e"-1)/y? occurs beforey=2, hence, once *?T>2, (& ecule, i.e., one chromosome.

-1)/y? becomes monotone increasing [@*/2T, T], so that We considered two possible mechanisms of chromosome
0. is maximized forA=0. For human cells, the genome segregation. In the first case, we assumed that chromosomes
length is of the order of & 10° base pairs, giving.~ 3 [4]. randomly segregate into the adult stem cell and undifferenti-
Therefore, ifT>2e73?=9, then optimal preservation of the ated tissue cell. In the second case, we assumed that the stem
stem cell line occurs fon=0. Current estimates place the cell retains the chromosome containing the oldest DNA
number of adult stem cell divisions over a human lifetime atstrand of the genome. This co-segregation mechanism,
around 50008]. In our rescaled time coordinates, this givestermed the immortal strand hypothesis, was originally pro-
T=5000>9. Clearly, then, to optimally preserve the stemposed by Cairns in 197B] as a mechanism by which stem
cell line, our model indicates that lesion repair should becells preserve the integrity of their genomes.

turned off during cell division. For the case of random segregation, we derived a set of

We should note that, at short times, it is optimal to keepequations analogous to the quasispecies equations for semi-
N=1, independent of (this can be shown by expandigy  conservative replication with imperfect lesion repair. In par-
out to first order inT, and optimizing. Also, for finite values ticular, the ordered strand pair formalism developed7h
of |, it is possible to show that, at sufficiently long times, thewas used.
optimal lesion repair efficiency can be made arbitrarily close For immortal strand co-segregation, we showed that an
to 1 by making the mutation ratg arbitrarily large. This analogous ordered strand pair formalism is possible, though
makes sense, because, at high mutation rates, it is necessarycontrast to random segregation, the labelling of parent and
to prevent the formation of more thanesions during repli- daughter strands leads to a canonical method for constructing
cation, which renders the adult stem cell unviable. an ordered strand pair from a given genome. This results in a

For our purposes, however, thec simplification seems different set of equations describing the dynamics over the
appropriate, since it is reasonable to assume flvaB is  space of ordered strand pairs.
considerably less than the number of mismatches that a hu- Following the approach taken with the semiconservative
man adult stem cell can tolerate before becoming unviable quasispecies equations with imperfect lesion repair we

It is important to note that, by lesion repair, we specifi- developed the infinite sequence length equations for the stem
cally refer to mismatched base-pairs along the DNA chaincell population, assuming a fithess landscape defined by a
The underlying assumption, however, is that each of thenaster genome. From both the random and immortal strand
bases is chosen from one of the four standard ba@s€eE G,  equations it is readily shown that immortal strand segrega-
C). Thus, when considering lesions in this model, we are notion with imperfect lesion repair helps to maintain a popula-
considering lesions caused by chemical modifications ofion of stem cells.
bases, due to, for example, radiation or oxidative damage. In From the infinite sequence length equations, we obtained
principle, these lesions can be correctly repaired, assumintpe differential equations governing the decay of the master
that the damage is localized to only one of the strands, begenome population, and developed a criterion for determin-
cause the chemical changes to the bases allows the celluleng the optimal lesion repair probability for maximizing the
repair mechanisms to determine on which strand the lesion igopulation of stem cells with the genotype defined by the
present. master genome. Based on parameters for human stem cells,
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we predict that lesion repair should be completely turned ofinosome is sufficient for studying immortal strand co-
in adult human stem cells. This result, of course, is in the endegregation, in reality vertebrate cells contain numerous
a prediction made by a highly simplified model and needs ta@hromosomes. Furthermore, it is known that certain free-
be experimentally tested. Furthermore, because it appealiging organisms, such aSaccharomyces cerevisiaariants
that postreplication mismatches and lesions due to DNABaker’s yeast segregate chromosomes according to the im-
damage are repaired by the same biochemical path{@dys mortal strand mechanisiii2]. For single-chromosome ge-
future research will need to explicitly incorporate DNA dam- nomes, the immortal strand mechanism cannot be applied to
age in order to refine our estimate for optimal lesion repaiifree living cells, since there is no qualitative distinction be-
efficiency in adult stem cells. tween the two daughter cellsuch as “stem” and “tissug”

We should also add that an additional effect which furtherHowever, with multiple chromosomes, it is possible for
complicates the dynamical model presented here is a procegsymmetric segregation to occur so that one of the daughter
known assister chromatid exchangéSCB, which, even cells retains the chromosomes with the oldest DNA strands.
when lesion repair is completely suppressed, leads to th&hus, the study of immortal strand co-segregation for multi-
accumulation of mutations in immortal DNA strands. While ply chromosomed genomes is an important extension of the
this effect will need to be incorporated in future models ofmodel presented here and the imperfect lesion repair qua-
adult stem cell division, we must emphasize that the prosispecies equations presented h
posed evolutionary basis for immortal DNA strands in adult  Finally, we should also point out that the tissue architec-
stem cells is taeducethe rate of carcinogenesis sufficiently, ture topology illustrated in Fig. 1 is a specific instance of
so that mammals survive for effective reproductionwhat is known as avolutionary graphThe study of mu-
[1,8,10,11. Thus, while SCEs can and do occur, and maytation and selection on graphs of arbitrary topology is known
indeed be responsible for the observed cancer rates, immorta$ evolutionary graph theoryThere has been some recent
strand co-segregation nevertheless acts to reduce the overaiprk on how the structure of evolutionary graphs can change
accumulation rate of mutations in adult stem cells to a levethe effective accumulation rate of mutations in a population
that allows the organism to survive long enough in order td13]. Another important extension of the model presented
reproduce. The reduction in overall mutation rate as a resuhere is to incorporate semiconservative replication and addi-
of immortal strand co-segregation and suppressed lesion réonal effects(imperfect lesion repair, immortal strand co-
pair is clearly captured by our model. Thus, despite the simsegregationinto evolutionary graph theory.
plifying assumptions made in this work, we regard this paper
as an important first step toward a quantitative modeling of
stem cell evolutionary dynamics. This research was supported by the National Institutes of

In this paper, we assumed that the stem cell and tissueealth, and by the Ellison Medical Foundation for Aging
genomes consist of only one chromosome. While one chroResearch Grant No. AG-SS-1087-03.
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