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ABSTRACT Experimental approaches based on cell population av-
erages are mostly not able to answer the outlined ques-
Time lapse video microscopy facilitates the observation tions for two reasons: first, stem cell populations have a
and anaIySiS of individual cell fates. Information on cel- Certain, hard|y reducib|e, degree of inherent heterogene_
lular development, divisional history, and differenttati ity which makes it extremely difficult to initiate cultures
are naturally comprised into a pedigree-like structure, de of identical and synchronized cells. Second, the popula-
noted as cellular genealogy. Characteristics of the differ tjon approaches do not capture the temporal evolution and
entiation process are potentially imprinted in these eellu chronology of cellular development as it occurs within a
lar genealogies. Here we study a set of topological mea-sjngle cell. However, it is precisely the development of
sures that are SpeCiﬁca”y tailored to extract typlcal COr- each individual cell and its progeny that represents a pos-
relation patterns between characteristic cell death svent sible realization of the deve'opmenta' sequence and re-
and to relate them to relevant biological processes. Usingtains much of the necessary information: on the correla-
a single-cell based, mathematical model of hematopoietictions between differentiation and cell cycle regulatiom, o
stem cell organization we compare differentiation strate- the timing of lineage specification processes and cell death

gies that are based on either the instructive or the setectiv events as well as on the role of asymmetric deve|0pments_
action of cell fate specific signals and show their conse-

quences on the level of the cellular genealogies. The application of time lapse video microscopy for

the analysis of cell cultures facilitates the tracing ofn
cells, including all its progeny over extended time periods
up to several days. This comprises the temporal analy-
Although somatic stem cells play a central role in tis- SiS Of cell specific parameters like morphology, cell cycle
sue maintenance and repair as well as in cancer initia-ime, motility or the occurrence of cell death within the
tion and progression, many questions about their Orga_populatlon context. AII t.he dlffgrent |nf0rmgt|0n on gel-
nizational principles are still unresolved. For example, Ular development, divisional history, and differentmati

it is an open question whether asymmetric cell division c&n be comprised into a pedigree-like structure in which
events play a functional role for the maintenance of the the founder cell represents the root and the progeny is ar-
stem cell pool or if the observed developmental patternsranged in the brar_1ches. These pedigrees are referred to as
are induced by asymmetric cell fates which are not nec- c€llular genealogies.

essarily linked to the cell division event [1, 2]. Moreover, Although the numerical methods are still under devel-
the nature of multipotency as well as of the dynamic pro- opment, the automised analysis of time lapse videos from
cesses that initiate and regulate the specification of the di cell cultures will soon allow the simultaneous tracking of a
versity of functional cells (lineage specification) is only multitude of root cells. The expected resulting cellular ge
insufficiently understood [3, 4]. In particular, there are nealogies represent unique examples of the developmen-
reports that lineage specification is iaustructive process  tal sequence as they occur under the particular assay con-
in which a combination of cytokines and cell fate specific ditions. Statistical analysis of these cellular geneasgi
signals influences the gene expression pattern of an un<an reveal typical patterns of cellular development as they
differentiated cell such that certain lineages are procthote are imprinted in the topology. The main objective of this
whereas others are not. In contrast, it has been arguedvork is the application of a set of recently proposed topo-
that lineage specification &lective in the sense that the logical measures [9] to characterize the differences in the
intrinsic influence on the gene expression pattern is negli- cellular genealogies that have been derived using either
gible, but the regulation occurs on the level of differehtia theinstructive or the selective mode of lineage specifica-
survival signals. In the latter setting, cytokines promote tion. Since difficulties in the automatic identification and
the survival of certain lineages whereas cell determinedtracing of single cells in current image-processing tech-
towards other lineages are not supported and consequentlpiques still limit the availability of experimentally degd
undergo cell death [1, 3, 5]. cellular genealogies, we use simulated in silico cell cul-

1. INTRODUCTION



tures in Order to approach the Stated question |n par_rootgeneration 1st generation 2nd generation 3rd generation  4th generation

ticular, we obtain cellular genealogies from a single-cell S dé &

based computer-model of hematopoietic stem cell organi- < ‘ —; d; Cis
zation which is able to describe self-renewal, differenti- d, g s fu
ation and lineage specification within heterogeneous cell <", . o G
populations and which has been verified for different in o d ° €12

vivo and in vitro situations [6, 7, 8]. Based on this model < time

we show how changes in the particular mode of lineage

specificationipstructivevs. selective) influence the topol-  Figure 1. Schematic sketch of a cellular genealogy.
ogy of the cellular genealogies. Within the given five generation genealogyhe thin hor-

izontal lines represent the cells € C whereas the divi-

2. METHODS sionsd; € D ar?e marked by the thick vertical bars. The

Characterization of cellular genealogies. Cellular ge- horizontal dimension is timewith the founding root cell
nealogies are derived from the tracking of a single, speci- co indicated on the left side. The degree of relatigp

fied cell object (root cell) and its entire clonal offspring.  between any two cells, andc, is given by the number of
Technically, a cellular genealogy is an unordered tree divisions between them. For example, celiandcs have

graphG = {C,D} in which the edge€ = {c;;i = a degree of relations s = 4 (separated by the divisions
1,..., N} represent cells and the branching poifts= ds, di, da, anddy).
{d;; i = 1,...,m} represent division events. Unordered

trees are characterized as trees in which the parent-daught

relationship is significant, but the order among the two

daughter cells is not relevant. Each geneal@dg/uniquely

identified by its root celk, € C° which is the cell that ~ phase (differentiating cells) and are finally removed from
had been chosen as the initial cell of the tracking pro- the system after a subsequent maturation phase without
cess. Within such a structure cells are ordered into sub-further divisions.

setCY9 according to their generatiofy starting with the
root cellcy € C° and followed by the daughter cells in
the first to thegth generationd; € C',C?,...). To each
cell ¢; belongs either a subsequent division ew&ntgiv-
ing rise to two daughter cells:{ € C4V, with C4v rep-

In this model lineage specification is described by in-
tracellular propensities for the development of particula
lineage fates. Whereas the quiescent state equalizes the
lineage specific propensities (uncommitted state), the-dom
resenting the subset of all cells which undergo division), ipance ofone or anothgr Iine_age_is e_sta_blished in a stochas-
or the cell's existence terminates without a further divi- t_|c process dur_lng prollferatlor_w, |nd|<_:at|ng the process o
sion either by cell death:( € Cdeath, with Cdeath repre- Imeagg commltment.. In part|cular.|t has been assum.ed
senting the subset of all cells which die within the obser- that bi-potent progenitor cells are influenced by the (in
vation period) or by termination of the tracking process Silic0) conditions such that only one of the two possible
(c; € C'*™ with C'*™™ representing the subset of all cells lineage fates is promoted and_ the other oneis largely sup-
with censored observation, i.e. no information about fu- pressed. For the scope of this work two different modes

ture cell fate available). Final cells are termed leaf cells Qf Ilneaé;e specification Eavehbeeql ?F’P_"e‘?'- In $He_c-
i.e. Cleaf = death clem The degree of relatior,, be- tive mode, we assume that the cell-intrinsic commitment

tween any two cells, ande, is defined as a topological process is unbiased and promotes the development of both

distance which measures the number of divisions betweerP0SSiPle Iineages._ However,_ there is a tar_ggt_ed cell death
cellsc, andc,. Daughter cells that share the same parental process preferentially affecting ce_lls that initiated elev
cell are termed siblings. A schematic representation of aopment towards the suppressed lineage, whereas the pre-

cellular genealogy and an illustration of the distance mea- fe”e‘?' Ilnea%e IS rl]argeII)I/ }Jngﬁgcted. In f:ontrast, initie )
sure are provided in Figure 1. structive mode, the cell-intrinsic commitment process is

The temporal dimension of the tracking process is usu- biased towards the preferred lineage. In this scenarib, cel
ally encoded in the length of the edges; however this is death occurs randomly in all cells. The parameter config-

an associate information rather than a genuine topologicalurat.'on_h"_“S bgen chosen such that the po!oulanon kinetics
parameter. are indistinguishable for both scenarios (Figure 2).

For the application of a number of statistical measures
Generation of cellular genealogies. Cellular genealo-  we compare two sets of 500 cellular genealogies, derived
gies are generated from a single-cell based, mathemateither under thénstructive or the selective mode of lin-
ical model of hematopoietic stem cell organization that eage specification. In particular, we have initiated two
has been developed in our group [6, 7, 8]. Within the cell populations of 500 initially undifferentiated, bi-fgmt
model stem cells are able to reversibly switch between two cells with impaired self-renewal ability which undergo the
characteristic states: proliferating and quiescent. SCell desired lineage specification process generating one of the
that have lost their propensity to change into the quiescenttwo possible cell types. The tracking process for each of
state continue regular cell divisions within a prolifecati  the genealogies extends over 200 hours.
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events should occur closer to each other, and more often,
preferentially in sibling cells.

In Figure 3C we show a boxplot for the distribution
of the distance between a cell death event and the closest
other cell death event{ = min,(rpy; cp, ¢, € CIeath),
averaged over all “dead cells” within a particular geneal-
ogy. It is obvious that theelective mode of lineage spec-
ification leads to shorter average minimal distances be-
tween such cell death events. Furthermore, we have an-
alyzed the fraction of sibling pairs (two cells directly de-
rived from on common parental cells) in which both cells
undergo cell death before they can initiate a further cell
division (cp, ¢, € C°2h; ¢, ¢, are siblings). As the cor-
responding boxplots in Figure 3D indicate, this fraction is
increased for theelective mode of lineage specification
as compared to th@structive mode.

4. DISCUSSION

The availability of time lapse video microscopy and the

establishment of efficient image-processing methods will
soon allow the “high throughput” tracing of single cells
within cell cultures. The interpretation and management
of the resulting cellular genealogies is a challenge to ex-
Figure 2.Population development. The growth kinetics  perimental and theoretical biologists alike. We showed
(A) and the temporal development of the lineage specifi- that cellular genealogies bear a number of additional in-
cation (B) are shown for both cell populations (500 initial formation which is not accessible on the population level.
cells in either theénstructive or selective mode of lineage  We demonstrated that the application of suitable measures,
specification). In (B) the decline of undifferentiated blas such as the average minimal distance between cell death
cells and the appearance of committed cells of genericevents or the fraction death sibling cells, is appropriate
type A are provided. to distinguish different modes of lineage specification. In
particular, theselective mode of lineage specification is
characterized by an increased fraction of death siblings as
compared to thénstructive mode while the average min-
imal distance between cell death events is considerably
reduced.

We are aware that the application of the outlined mea-
; : . sures to a set of experimentally derived cellular genealo-
the selective mode of lineage specification we apply a set gies does not ultimately allow the identification of the par-

of measures that we described previously [9]. In partic- . - :
ticular mode of lineage specification since the necessary
ular the measures on the total number of leaves and the

. -~ . reference scenario is missing. However, we take this as a
characteristic path lengths are indicators of the expansio strong argumentin favor of our modeling anproach. Given
In Figure 3A a boxplot for the distribution of the num- garg gapp '

ber of leaves, = [Cl**|) is provided for both modes of the populqtlon kinetics for the cell culture_m questiorg th
. o | : .o~~~ mathematical model can be adapted using eitheiirthe
lineage specification. Since the population kinetics in Fig

ure 2 have been fitted to resemble almost identical grovvthStrucnve or the selecuve. mode of lineage specification.
. o The resulting genealogies can act as the reference scenar-
behavior of the cell cultures, these findings are reflected.

. . N ios to which the experimental data is finally compared.
on the single cell basis, too. Also for the application of P y P
weighted Colless’ indeg™ in Figure 3B , which is a nor-
malized measure of the imbalance within the tree branches,

no significant differences in 'Fhe frequency of occurrence The authors thank Dirk Hasenclever and Ronny Lorenz
for the 500 sample genealogies can be found. for discussion and programming. This research was funded

However, as we have outlined previously, itis the prox- by European Commission project EuroSyStem (200270).
imity between cell death events which can potentially re-

veal whether two events are correlated or not. In particu-
lar, one assumes, that closely related cells share a similar
stage of development, such that these cells undergo sim{1] T. Schroeder, “Tracking hematopoiesis at the single
ilar regulating processes, like induced cell death due to cell level.,” Ann N Y Acad i, vol. 1044, pp. 201-9,
selective lineage specification. In this scenario, celtldea 2005.
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3. RESULTS

Addressing the structural differences in the shapes of the
genealogies generated by use of eitheritis uctive or
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Figure 3.Measures of tree shape. Shown are boxplots of the distributions for the topologroalasures (A) total number
of leavesL (shown on a logarithmic scale), (B) weighted Colless ind&% (C) minimal distance between cell death
events, (D) fraction of death siblings. Median values amshby the thick bars, boxes correspond to the first and third
guartile. Whiskers extend to the most extreme data pointivisino more than 1.5 times the interquartile range from the
box.
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