Stochastic modeling and simulation of flow-
cytometric labeling experiments reveals distribution
of rates of DNA replication
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Short Abstract — A stochastic model is proposed to simulate
flow cytometry data derived from EdU-DNA incorporation
time-course experiments. The model aims to reveal different
rates of DNA replication at different segments of S-phase. It is
designed reproduce the labeling experiments with associated
changes in fluorescence intensity of DNA stains. Our findings
show that DNA replication in the early segment of S-phase is
slower compared to the late S-phase, which is consistent with
independently determined DNA synthesis curves.
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. INTRODUCTION

DNA replication plays a crucial role in cell cycle Kinetics
and its understanding is important for cancer research.
Modeling as a method of understanding of a biological
system has been extensively applied in this field. In the
eukaryotic cell, DNA replication is initiated at different
replication origins called replicons that are fired at different
times during the S-phase [3]. Among a number of stochastic
and semi-stochastic approaches that have been used to
model cell cycle progression, a few use data derived from
flow cytometry labeling experiments [1,2,4]. These models
provide estimates of DNA replication rates based on
analyzing and evaluating BrdU-DNA flow cytometric
histograms in the pulse-labeling cell sample scheme.

However, our data were obtained by using “click
chemistry” [5] as a recently introduced approach to assess
DNA replication that offers several advantages over the
BrdU incorporation methodology [6]. The method is based
on the use of EdU with a DNA precursor which allows EdU
to penetrate into the specimen more easily than BrdU does,
which results in greater accessibility of the EdU to the
fluorochrome. Another advantage stems from the fact that
no DNA denaturation is required. Detection using this
methodology is expected to be more precisely reflecting the
actual extent of EdU incorporation (proportional to DNA
replication rate) compared to the BrdU incorporation.

We observed, during 30 — 120 min continuous exposure
to EdU, the frequency of cells with variable EdU intensities
and DNA content. The typical “horseshoe” pattern of the
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joint distribution of BrdU or EdU and DAPI (this latter
proportional to the total DNA content) is observed to have
left asymmetry in the measurements at our disposal. In the
present study, we approach this observation mathematically,
modeling the observed variability in EdU incorporation
across the span of the S-phase.

Il. MODEL AND SIMULATION

The modeling scheme is composed of two steps following a
‘top-down’ approach. The first is to carry out the simulation
of in vitro cell growth to mimic the cell culture procedure in
order to achieve the ‘exponential steady-state’ cell
population, where proportions of cells in different phases
remain the same, and from which cell samples can be
drawn. The next step is to simulate DNA labeling. For each
dividing cell during S-phase, the time points at which
replicons are fired are modeled by a Non-homogeneous
Poisson Process (NHPP), assuming shifted gamma
distributions for durations of cell cycle phases G;, S and
G,M. At the present stage, results provide a good fit to the
experimental figures suggesting that the NHPP has impact
on the labeling intensities of the cell samples. Our findings
are consistent with independently determined DNA
synthesis rate curves [7].
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