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Abstract

DNA is replicated in a defined temporal order that is developmentally regulated and constitutes a
unique and stable fingerprint of a given cell type. Recently, we developed a robust assay to profile
replication timing genome wide that can be applied to essentially any proliferating cell population.
Asynchronously cycling cells are pulse labeled with the nucleotide analog 5-bromo-2-
deoxyuridine (BrdU). The cells are sorted into S-phase fractions on the basis of DNA content
using flow cytometry. BrdU-labeled DNA from each fraction is immunoprecipitated (BrdU IP),
amplified, differentially labeled and co-hybridized to a whole-genome comparative genomic
hybridization microarray (or sequenced). Since the basic steps of this protocol have been detailed
elsewhere, here we focus on problems encountered when adapting this protocol to different cell
types or tissue sources and modifications that have been successfully applied to troubleshoot these
problems. There is an increasing demand for such studies to address how replication is regulated
during development, its relationship to chromatin architecture and other chromosome functions,
and the relevance of cell culture models to regulation in the native organismal niche.
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1. Introduction

All eukaryotic organisms replicate their DNA in a defined temporal order that is
evolutionarily conserved, but the mechanisms regulating this “replication timing program”
and its biological significance remain fundamental mysteries [1-3]. Recently, analyses of
replication timing (RT) genome wide have provided a means to test many longstanding
hypotheses as to how this program is executed and regulated during development.
Comparison of many cell types and analyses during directed differentiation of stem cells has
revealed that at least half the genome experiences changes in RT during development,
generally coordinated with transcriptional regulation, creating cell type specific RT patterns
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[4-8]. Most of these changes occur coordinately across 400-800 kb segments of
chromosomes, supporting the concept of replication domains [5,8,9]. Genome-wide RT
profiles can be aligned to other chromosome properties. By far the closest alignment is to
long-range chromatin interaction maps [9], defined by chromatin conformation capture [10],
suggesting that replication domains represent structural and functional units of genome
organization and a simplified readout for Hi-C. Several protocols have been developed to
measure RT genome wide [11]. The protocol most commonly used in our laboratory is
optimized for the rapid assessment of the global RT program in many different types of cells
or experimental conditions and has been described in detail [12], including bioinformatic
scripts to perform basic analyses with the resulting data.

There is an increasing need for comparative genomic studies of different cell types, diseased
vs. normal tissue, differentiation intermediates and studies in the context of a whole animal,
in order to understand normal developmental regulation and its alterations in disease.
Moreover, replication timing analysis is now sufficiently robust and simplified that many
different experimental conditions (drug treatments, gene knockouts or knockdowns) can be
queried for their effects on replication timing genome wide. However, some preparations are
not amenable to certain steps of the standard protocol. Here, we focus on how to identify
and troubleshoot these problems, and alternative protocols that can be implemented to solve
them.

2. Outline of protocol

The study of cell cycle regulation requires cell synchronization, which can be performed
prospectively or retroactively (prior to or after cell collection). If the goal is to directly
compare many different cell types, prospective cell synchrony is impractical because it
requires developing a different synchronization regime for each cell type [3,13]. Many years
ago, we developed a retroactive synchronization method that can be applied to any
proliferating cell type that can be dissociated into a single cell suspension [14,15]. This
protocol has been optimized for genome wide analysis and has been described in detail, so
this report focuses on variables to modify for different cell types [12]. A brief synopsis of
the method is as follows: Newly synthesized DNA is first pulse-labeled with 5’-bromo-2’-
deoxyuridine (BrdU) while the cells are growing unperturbed in the native conditions to be
queried, including intact animals and tissues (unpublished results), provided that the labeling
times are first optimized using methods such as BrdU-immunofluorescence [16]. Cells are
then dissociated into a single-cell suspension. DNA is subsequently stained with one of
several fluorescent dyes, and cells are retroactively synchronized into early and late S phase
fractions based on their increasing DNA content during S phase. Cells are fixed in Ethanol
and the DNA that was synthesized either early or late during S phase is then purified,
sheared by sonication, and the BrdU-substituted nascent DNA isolated by
immunoprecipitation (BrdU-1P) [12]. A series of DNA sites that are known to replicate at
specific times are then analyzed by PCR to verify the quality of the nascent strands, which
can then be subjected to whole-genome amplification and microarray hybridization or next
generation sequencing library preparation [4,7,12]. Once the cells are sorted into early and
late fractions, the source of the starting material does not influence subsequent steps, which
are all performed as described [12]. It should be noted that although labeling of non-
replicative DNA synthesis such as DNA repair is a theoretical concern, the amount of signal
from this is negligible compared to the signal from DNA replication as evidenced by the
extremely low levels of BrdU-substituted DNA when G1-phase cells are sorted [14,15] and
the absence of localized spikes in BrdU-IP signals that would be indicative of patches of
DNA repair.
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3. Considerations

3.1 Cellular material

The choice of starting cellular material will influence how you BrdU label, collect and stain
for fluorescence activated cell sorting (FACS). The only limitation is that the cells should be
proliferating. We have analyzed dozens of cell lines, differentiation intermediates derived
from stem cells, and tissue explants from patients with different diseases [5,8,17,18],
unpublished results). The primary variables are the number of starting cells, the method of
cellular dissociation and the method of DNA staining. It is also important that your cells
have a reasonably uniform karyotype, since synchronization is based upon DNA content. In
our experience, only a significant mixture of diploid and tetraploid cells can preclude
success [19], and we have profiled many aneuploid cancers (unpublished results). It is
recommended that you run a preliminary flow cytometry cell cycle analysis with your
material before attempting the full protocol. We will suggest ways to modify each step of
the protocol as it is discussed.

3.2 Cell number

The number of starting cells you will need is directly dependent upon the percentage of cells
in S phase. The central goal is to acquire 10,000 cells in early and late S phase. We continue
to optimize this aspect of the protocol, but presently we have concluded that somewhere
between 5,000 and 8,000 cells is the limit to permit an effective BrdU IP. If you cannot
obtain this number of cells with the standard protocol, you can consider longer BrdU
labeling times, higher concentrations of BrdU, or larger sorting windows (discussed below).
When cell number is unlimited (e.g. immortalized cell lines) or when it is not possible to
perform a preliminary flow cytometry cell cycle analysis (e.g. primary human patient
samples) we recommend 5 to 10 million cells, which is sufficient for several experiments
even when there are fewer than 5% of cells in S phase. With precious samples, and using the
standard protocol, we have generated genome-wide profiles with as few as 200,000 starting
cells with 25-30 percent in S phase.

3.3 BrdU labeling time

In almost all cases, you will want to label your cells in their native unperturbed environment
first, and then dissociate them. In some cases (such as tissue from patients) it is impossible
to do so and cells must be isolated first and then labeled. In either case, we label all
mammalian cultures of any type for 2 hours with 50 uM BrdU. With few exceptions, S
phase in mammalian cells is 8-12 hours, and a 2 hour labeling time ensures sufficient BrdU
to provide an effective BrdU-IP while still being less than half the duration of the sorting
window. Recently, we discovered that, for some cell types, increasing the BrdU
concentration resulted in good quality BrdU IP even with less than 10,000 cells. This may be
due to different nucleotide pools in different cell types. Therefore, if the standard
concentration does not give robust results, the BrdU concentration can be empirically
adjusted. With mouse ES cells, we have found that 90 minutes is sufficient, but 60 minute
labeling periods can give erratic results, which we attribute to increased noise in the BrdU-
IP due to the inevitable presence of contaminating unsubstituted DNA. In principle, a
double-IP could eliminate most contamination, but we have found the yields of BrdU-DNA
to drop precipitously after a double-1P. On the other hand, we have found that 2 hours does
not detectably reduce resolution vs. 1 or 1.5 hour labeling times, and the increased yield of
BrdU-substituted DNA eliminates replicate variability. We have not found the need to label
longer than 2 hours, but with extremely limited S phase cell numbers, increasing the labeling
time would be a reasonable approach, even though this could, in principle, come at a
sacrifice of resolution.
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3.4 Isolating Early and Late S phase Cells by Flow Cytometry

The quality of this assay critically depends upon clean separation of cells in early vs. late S
phase. Hence a good quality FACS profile is crucial (Fig 1). To accomplish this, cells must
be dissociated into a single cell suspension without introducing excessive variability in cell
shape and size. The most common problem encountered with the standard protocol is cell
clumping: some cell types are difficult to dissociate, while others aggregate during staining.
An appropriate DNA staining method should be adopted to minimize cell clumping or cell
breakage. A less common problem is cell sizes and shapes that confuse the scatter gates or
cannot be distinguished easily from contaminating doublets. A third and surprisingly
uncommon problem is a cell line with a karyotype so unstable that its S phase position is not
homogeneously proportional to DNA content from cell to cell. In fact, in nearly 100
independent cell preparations, we have yet to encounter such a cell type.

Once a clean cell cycle profile is obtained, gating the FACS profile becomes relatively easy
for any trained FACS operator. Only two fractions are gated to simplify subsequent analyses
and facilitate rapid cell type comparisons. Although intuitively one might imagine that
higher resolution might be achieved by taking more fractions of S phase, we have not found
any detectable differences between 2 and 6 fractions [9]. We attribute this to the likelihood
that the limiting factor for resolution is the BrdU pulse, which labels hundreds of kilobases.
Two fractions captures the entire S phase, due to slight overlap between sorting windows

(Fig 1)

The primary problem encountered here is drifting in the gain of the machine, which needs to
be checked from time to time. A second problem is nozzle clogging, which is a standard
flow cytometry problem and should not be onerous with a good single cell suspension. Gates
should be set to minimize cross contamination of early and late S phase fractions, although
they can be set quite close to each other if the laser is stable and the operator is attentive
throughout the sort. G1 or G2 phase contamination is less of a concern, since cells do not
incorporate BrdU during these phases, although too much unlabeled contamination will
reduce BrdU IP yield. To gather more cells in cases where material is limiting, the operator
can set the left boundary of the early S phase gates to capture some G1 phase cells, and the
right boundary of the late S phase window to capture G2/M cells, which legitimately contain
DNA that was labeled during late S phase and completed replication by the end of the BrdU
pulse label.

4. Adapting to different cell types

We have profiled nearly 100 different cell preparations, including primary patient samples,
gene knockouts, and differentiation derivatives of stem cells (see
www.replicationdomain.org) [20]. In theory the protocol is designed for any proliferating
cell population that can be labeled and dissociated into a single cell suspension. However,
some cell types pose particular challenges. Here we provide ways to address common
problems encountered while extending the protocol to new cells types and available options
to overcome them.

4.1 Types of Problems Most problems

Most problems occur at the FACS sorting step. A good FACS profile is the most reliable
predictor of ultimate data quality and depends on obtaining a properly stained single cell
suspension. The problems we encounter can be divided into three categories:

a. Difficulties dissociating cells. This situation usually applies to fresh tissue or
biopsies and dispersal methods to solve this problem are highly sample specific and
beyond the scope of this article. With cells such as mouse embryonic stem cells that
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grow in clumps and are sensitive to complete dissociation, one can use strong
proteases such as trypsin without worrying about cell viability since the protocol is
an end stage protocol.

b. Cell clumping during ethanol fixation: some cell types spontaneously clump during
ethanol fixation (Figure 2A).

c. Cell clumping during the staining protocol. It is not uncommon for cells to look
well dissociated after ethanol fixation, but clump during steps of the staining
protocol.

d. Cell morphology. We have also encountered problems during sorting due to large
cell size (Figure 2B). These problems are pronounced when using certain models of
cell sorters where the beam size or shape may be inadequate to illuminate the entire
cell.

4.2 Solutions

a. Clumping in ethanol can be avoided by being very gentle during ethanol fixation
(gentle vortexing is essential) and effective trypsinzation during cell collection.
Substituting trypsin with gentler proteases such as accutase might help in some
cases. Some cells simply do not remain in a single cell suspension after ethanol
fixation. In such cases a live cell sort can be performed using a dye such as DAPI.

b. Cell clumping during FACS preparation can be reduced by adding FBS in the
staining buffer throughout the sorting process, which reduces clumping by
eliminating cell surface electrostatic effects. Finally, when conventional cell-
staining methods fail, we have found that sorting Pl-stained nuclei is a robust
alternative that adds only a few steps to the protocol. We recently developed a
nuclei sorting protocol that combines conditions used in several previously
published protocols of nuclei isolation/sorting [21-23]. In our experience, this
protocol effectively solves the clumping and morphology problems described
above (Figure 2C and D).

4.3 Advantages and Disadvantages of different staining protocols

As described previously [12], live cells sorting using DAPI is a quick and easy method to
overcome clumping during ethanol fixation. But a drawback of DAPI is the requirement for
short-wave UV light for its excitation, since BrdU-substituted DNA is sensitive to UV-
induced damage. Also, since the cells are live, long term storage is not an option.

The nuclei protocol has solved all the problems we have encountered to date. A major
disadvantage of nuclei isolation is, since the cell membrane is lost, the cells cannot be sorted
based on cell surface markers if needed. Also, the protocol is lengthier than conventional
FACS protocol, but it obviates the need of filtering through nylon mesh (used to obtain
single cell suspension), which is a cumbersome step in conventional FACS protocol.

5. BrdU labeling and Nuclei sorting protocol

5.1 Materials

«  Round-bottom polystyrene tube (5 ml; Falcon, Cat. no. 352054)
e FACS Aria cell sorter (BD Biosciences, or a comparable sorter)
*  Hemocytometer

+  BrdU (5-bromo-2" -deoxyuridine, Sigma Aldrich, B5002) Make stock solutions of
10mg/mL and 1mg/mL in ddH20 and store at —20°C.
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PBS (1x) To prepare 1 liter, dissolve 8 g NaCl, 0.2 g KCI, 1.44 g Na2HPO4 and
0.24 g KH2PO4 in 800 ml of ddH20. Adjust pH to 7.4 with HCI and adjust the
final volume to 1 liter. Sterilize by autoclaving. Store at room temperature.

Fetal Bovine Serum (FBS)
Pepsin (Sigma, Cat.No: P6887-1G)

Propidium iodide (1 mg ml ~1) To prepare 20 ml, dissolve 20 mg Pl powder
(Sigma P4179-100MG) in autoclaved ddH20O to obtain a final volume of 20 ml and
filter by syringe. Store protected from light for up to 1 year at 4 °C.

RNase A (10 mg ml ~1; Sigma, Cat. No: R6513)

0.2X Trypsin-EDTA To make 50mL, combine 10mL 1X Trypsin-EDTA
(Mediatech 25-053-ClI) with 40mL 1X PBS. Store at 4°C for up to one month.

Warm to room temperature before each use.

5.2 BrdU labeling and fixing

1.
2.

9.

Add BrdU to cells in culture medium at a final concentration of 50uM.

Incubate cells for two hours in a carbon dioxide incubator at 37°C, 5% CO2. For
adherent cells, rinse gently with ice-cold PBS twice. For suspension cells, collect
cells in a 15mL tube and proceed directly to step 6.

Detach adherent cells using 0.2X Trypsin-EDTA for 2-3 minutes or Accutase for
3-6 minutes. CRITICAL STEP Incubate cells at 37 °C with the enzyme treatment
and/or use gentle trituration if necessary to achieve a single cell suspension, as this
is essential for accurate FACS sorting.

Add 5mL of cell culture medium (containing FBS if trypsin has been used) to the
cell culture dish or flask, pipette gently, and transfer contents to a 15mL round
bottom tube.

Count the number of cells collected using a hemacytometer. Collect enough cells to
obtain at least 20,000-30,000 (preferably >150,000) cells in each fraction after
sorting; this will generally require 0.5-1x10° cells, with more required if few cells
are in S-phase. For first-time users, we recommend starting with 4x106 — 8x10°
cells.

Centrifuge at approximately 200 x g for 5 minutes at room temperature.

Aspirate supernatant carefully and resuspend cells in 2.5 mL of ice-cold PBS
containing 1% FBS.

Add 7.5 mL of ice-cold 100% ethanol dropwise while gently vortexing. CRITICAL
STEP: Note that vortexing should be performed gently to avoid cell damage.

Seal the cap of the 15 mL tube with parafilm and mix gently but thoroughly.

10. Cells can be stored in the dark at —20°C indefinitely.

5.3 Staining protocol

1.
2.
3.

Transfer 2 million fixed cells to a 5-ml polystyrene round-bottom tube.
Centrifuge at ~200¢g for 5 min at room temperature.

Decant supernatant carefully.
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4. Resuspend the cell pellet in 2 ml of PBS with 1% (vol/vol) FBS. Mix well by
tapping the tube.
5. Centrifuge at ~200g for 5 min at room temperature.
6. Decant supernatant carefully.

7. Incubate cells in 5 mL 0.015% pepsin (Sigma) w/v in 0.01N HCI for 45 minutes at
37°C with occasional tapping to resuspend.. Centrifuge at ~600g for 5 minutes and
decant supernatant carefully.

8. Resuspend nuclei in 1 mL PBS.

9. Add 1 mg mI~1 of PI to a final concentration of 20 ug/ml.

10. Add 10 mg ml~! of RNase A to a final concentration of 250 pg/ ml.
11. Incubate for 20-30 mins at RT.

12. Place samples on ice in the dark and proceed directly to FACS sorting.
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Count
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Figure 1. Hlustration of a successful FACS cell cycle profile and ideal gating

Typical cell cycle FACS profile of proliferating cells. The early and late gates are positioned
in such a way as to minimize cross contamination of early and late fractions, yet obtain
maximum coverage of S-phase.
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Figure 2. Common Problems Encountered With Certain Cell Types Can Be Resolved by

Staining Nuclei Instead of Cells

Panels A and B show cases where cells clump during the classical Pl staining procedure (A),
or are too large to be properly illuminated by the flow cytometer laser (B). In both cases, a
well resolved cell cycle profile can be obtained by staining nuclei rather than cells (nuclei in
C and D were derived from the same cells shown in A and B, respectively). Clumping can
occur at different stages of the classical Pl staining procedure, depending on cell type, but
sorting nuclei has similarly resolved all cell types analyzed to date. Scale bar represents 5

um.
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