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Precise control of the initiation and subsequent progression through the various phases of the cell cycle are of paramount importance in
proliferating cells. Cell cycle division is an integral part of growth and reproduction and deregulation of key cell cycle components have been
implicated in the precipitating events of carcinogenesis "“. Molecular agents in anti-cancer therapies frequently target biological pathways
responsible for the regulation and coordination of cell cycle division 3, Although cell cycle kinetics tend to vary according to cell type, the
distribution of cells amongst the four stages of the cell cycle is rather consistent within a particular cell line due to the consistent pattern of
mitogen and growth factor expression. Genotoxic events and other cellular stressors can result in a temporary block of cell cycle progression,
resulting in arrest or a temporary pause in a particular cell cycle phase to allow for instigation of the appropriate response mechanism.

The ability to experimentally observe the behavior of a cell population with reference to their cell cycle progression stage is an important advance
in cell biology. Common procedures such as mitotic shake off, differential centrifugation or flow cytometry-based sorting are used to isolate cells
at specific stages of the cell cycle *% These fractionated, cell cycle phase-enriched populations are then subjected to experimental treatments.
Yield, purity and viability of the separated fractions can often be compromised using these physical separation methods. As well, the time lapse
between separation of the cell populations and the start of experimental treatment, whereby the fractionated cells can progress from the selected
cell cycle stage, can pose significant challenges in the successful implementation and interpretation of these experiments.

Other approaches to study cell cycle stages include the use of chemicals to synchronize cells. Treatment of cells with chemical inhibitors of

key metabolic processes for each cell cycle stage are useful in blocking the progression of the cell cycle to the next stage. For example, the
ribonucleotide reductase inhibitor hydroxyurea halts cells at the G1/S juncture by limiting the supply of deoxynucleotides, the building blocks

of DNA. Other notable chemicals include treatment with aphidicolin, a polymerase alpha inhibitor for G1 arrest, treatment with colchicine and
nocodazole, both of which interfere with mitotic spindle formation to halt cells in M phase and finally, treatment with the DNA chain terminator
5-fluorodeoxyridine to initiate S phase arrest 7® Treatment with these chemicals is an effective means of synchronizing an entire population

of cells at a particular phase. With removal of the chemical, cells rejoin the cell cycle in unison. Treatment of the test agent following release
from the cell cycle blocking chemical ensures that the drug response elicited is from a uniform, cell cycle stage-specific population. However,
since many of the chemical synchronizers are known genotoxic compounds, teasing apart the participation of various response pathways (to the
synchronizers vs. the test agents) is challenging.

Here we describe a metabolic labeling method for following a subpopulation of actively cycling cells through their progression from the DNA
replication phase, through to the division and separation of their daughter cells. Coupled with flow cytometry quantification, this protocol enables
for measurement of kinetic progression of the cell cycle in the absence of either mechanically- or chemically- induced cellular stresses commonly
associated with other cell cycle synchronization methodologies " In the following sections we will discuss the methodology, as well as some of
its applications in biomedical research.

Video Link

The video component of this article can be found at https://www.jove.com/video/4045/

Protocol
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1. Cell Preparation

1. Plate cells to achieve a density of aspproximately 60% confluency. Cells must be in log phase at the time of collection. For mcf7 cells, this is
accomplished by seeding at 5 x 10 cells / 10 cm plate in the appropriate media. HT29 and LS180 cells are seeded at 6 x 10° cells / 6 cm
plate. We used DMEM media supplemented with 10% FBS and 1x penicillin/streptomycin. Be sure to seed plates for the correct positive and
negative controls in addition to your test samples. They include the following:

i positive control BrdU only
ii positive control Pl only
iii negative control BrdU negative, Pl negative

(It should be noted that a preliminary experiment with multiple timepoints such as the one outlined in this protocol can be used to narrow down
the time frame during which to carry out future collections.)

2. The plated cells are incubated at 37 °C, 5% CO, for 24-48 h, thereby allowing cells to recover and attach.

3. To pulse label cells with bromodeoxyuridine (BrdU), DMEM is replaced with fresh media containing 10 uM BrdU. Cells are incubated for 1 h at
37 °C, 5% CO,, to allow for BrdU incorporation into the DNA. Be sure to leave one plate untreated to act as the negative control.

4. The pulse-labeling media is removed and the cells are rinsed briefly with 1X PBS.

5. Fresh growth media is added (minus the BrdU) and cells are allowed to continue to incubate at 37 °C, 5% CO, until the appropriate timepoint
for harvesting is reached.

2. Harvesting and Fixation

N

Untreated cells from step 1.3 are considered the zero timepoint. This sample can be harvested together with the 1 h timepoint which is
collected immediately after BrdU treatment.

To harvest the cells, media is removed and the plates are rinsed once with 1X PBS.

Cells are trypsinized, collected in culturing media and subsequently pelleted by centrifugation at 1500 rpm for 5 min Supernatant is discarded.
Rinse 1-10 x 10° cells in 5 ml ice cold 1X PBS. Centrifuge at 1500 rpm for 5 min Supernatant is discarded.

The cell pellet is then resuspended in 100 pl of ice-cold PBS/1% FBS. Addition of 1% FBS in PBS aids in preventing cell clumping.

Add these cells drop by drop to 5 ml of -20 °C, 70% ethanol to fix the cells.

Incubate on ice for 30 min or store at 4 °C overnight. This is an ideal step at which to stop the collection of samples from the various
timepoints. The samples can be left in ethanol for several days, allowing them to be processed simultaneously through the remainder of the
protocol.

3. BrdU and PI Staining

Noak~obd

Pellet cells by centrifugation for 5 min at 1500 rpm.

Remove the fixative, but leave ~50 pl in which to loosen the pellet by vortexing.

To denature the DNA, slowly add 1 ml of 2N HCL/Triton X-100 dropwise while vortexing. Incubate samples at room temperature for 30 min.
Pellet cells by centrifuging samples for 5 min at 1500 rpm. Aspirate and discard the supernatant.

PN
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5. Resuspend the cell pellet in 1 ml of 0.1M sodium tetraborate, pH 8.5, to neutralize the denaturation step.

6. Centrifuge cells for 5 min at 1500 rpm. Aspirate and discard the supernatant.

7. Resuspend the cell pellet in 75 pl of BrdU staining mix (50 pl 0.5% tween 20/1% BSA/PBS + 20 pl FITC conjugated anti-BrdU + 5 pl 10 mg/ml
RNase).

8. Incubate at room temperature for 45 min protected from light.

9. To pellet cells, centrifuge the samples for 5 min at 1500 rpm. Aspirate and discard the supernatant.

10. Resuspend the cell pellet in 1 ml of PBS containing 5 pg/ml propidium iodide.

4. Flow Cytometry

1. To analyze the cells, a flow cytometer equipped with a 488 nm laser and the appropriate filters is necessary. Analysis software such as
CellQuest is necessary to create the plots outlined below.

2. When running the sample through the flow cytometer, create a forward scatter (SSC-H) vs. side scatter (FSC-H) plot to ensure the proper
size distribution of cells (Figure 1A). Both of these parameters are plotted on a linear scale.

3. Simultaneously view a plot of FL3-H (PI stain) vs. FL2-W (Figure 1B). This plot is used to create a gate (R3) to isolate the fraction of cells
that are within the normal distribution pattern of the cell cycle. In general, this distribution pattern is characterized by two clusters of cells from
the 2N and 4N DNA content of PI staining representing the G1 and G2 phases of the cell cycle, respectively. A string of cells located between
these 2 clusters is representative of ongoing DNA replication that occurs in the S phase of the cell cycle.

4. Create a plot displaying the gated cells (R3) from step 4.3, with FL1-H (FITC, log plot) on the y-axis and Pl (linear plot) on the x-axis (Figure
1C). This plot will be used to set the remaining parameters using the various controls outlined in 1.1, as well as to collect data for analysis.

5. Place the Pl only stained sample onto the cytometer. Adjust the gain to place G1 at ~200 on the x-axis. This will be easier to visualize in a
histogram plot of the PI stain.

6. A second control involves running a BrdU-only sample on the flow cytometer. Adjust the gain so that the 2 populatlons of cells (BrdU positive
vs. BrdU negative) appear on the plot. Ideally, the BrdU negative cells are positioned to appear just below 10"

7. The final control is the BrdU/PI negative sample. Run this negative control to ensure that cells do not appear in any of the upper or right hand
quadrants.

8. Once the parameters of the various plots have been set, the flow cytometer is calibrated and ready for processing of BrdU and Pl stained
cells. A minimum of 10,000 cells that are gated in the correct PI fraction (refer to step 4.3) must be read per collection.

9. To analyze the collected data, software such as FlowJo or FacsDiva are utilized. Each of the above mentioned plots can be recreated in
these programs and quantitative and statistical analysis performed.

10. The endpoint of the analysis involves several successive steps. Creating a plot of FITC vs. Pl with cells gated as PI positive from the PI vs.
FL2-W plot allows one to distinguish the cycling population. A second gate is created from this plot by isolating the BrdU positive population.
Expressing this distinctive population on a histogram plot with Pl on the x-axis allows one to track the time course of cell cycle progression.
This can be further visualized by plotting the number of BrdU-positive cells with G1 or G2 content as a function of time.

5. Representative Results

Normally cycling cells stained with propidium iodide have distinct peaks at G1 and G2, corresponding to cells containing 2N and 4N DNA
content, respectively (Figure 2). Pulse labeling with BrdU allows for selective labeling of a sub-population of cells that are actively synthesizing
DNA (i.e. S phase). Shortly after removal of the BrdU reagent, all labeled cells are in S phase (Figure 3). By restricting labeling to a short pulse
one is able to follow this now distinct sub-population of cells throughout numerous time points as they pass through the subsequent phases of
the cell cycle. This can be visualized at the 1 h time point in Figure 3 as a distinct lack of G1 and G2 peaks.

Additional information can be derived from the BrdU labeling step. Not only can the proportion of actively dividing cells be measured, but an
estimate of cell cycle stage distribution between two samples can be determined as well. By collecting cells at equally spaced intervals following
the removal of the BrdU reagent, cells can be traced as they continue to cycle, progress to G2 and ultimately move through to cell division of the
original cells, finally emerging as BrdU-positive daughter cells with G1 DNA content (Figure 4). An example of cell cycle phase quantification and
kinetic analysis is provided in Figure 5.
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Figure 1. (A) Forward Scatter versus Side Scatter Plot of a representative mcf7 cell population. (B) Pl versus Width (FL-W) Plot of a
representative mcf7 cell population. Gating is shown to exclude cell doublets in the final analysis (R3). Cell doublets will have greater pulse
width than a single cell, as they take longer to pass through the laser beam and therefore can be excluded from the analysis. (C) PI versus FITC
(BrdU) Plot of a representative mcf7 cell population. Gating is shown to include only the FITC (BrdU) positive cells (R4).
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# of cells

Figure 2. Representative histogram plot of a total population of normally cycling cells.
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Figure 3. Histogram plot of cells that have been collected 1h after the removal of the BrdU pulse, after gating for FITC (BrdU)-positive cells.
BrdU-positive cells at an early timepoint following the removal of label show PI profiles that correspond to samples displaying DNA content
consistent with cells that are in the S-phase of the cell cycle, confirming the successful labeling of cells only during DNA synthesis.
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Figure 4. Comparison of cell cycle progression kinetics between cancer cell lines, colorectal cancers HT29 (A) and LS180 (B), as well as breast

cancer mcf7 (C). Cells were collected every hour for 8 hours, following the removal of the BrdU pulse. In this experiment, we observed a clear
profile of accelerated cell cycle progression through the G2 phase of the cell cycle in the colorectal cell line LS180. Comparing the kinetics
between the two profiles of colorectal cancer cells, the emergence of a G1 peak is evident at T= 4h post-BrdU in the LS180 cells, compared with
the corresponding time point for the HT-29 cell line which lacks this peak. Compared with either one of the two colorectal cell lines, mcf7 cells are
cycling at a significantly reduced rate. Click here to view larger figure.

0

B 2 A0 800 B RO

[
B R

Copyright © 2012 Journal of Visualized Experiments

May 2012 | 63 | e4045 | Page 4 of 7


https://www.jove.com
https://www.jove.com
https://www.jove.com
http://www.jove.com/files/ftp_upload/4045/4045fig4large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

Al

o] = o] -
- oo = e
o - o - HT29
™ LA “ M i lL..-"‘.
¥
'+ o wm e s T o e wm sy eqpeagpe) -
e P e e R e e ST PR ST A P s e P Bt = BLF. 8 ¢ B
uy L | | ol L L 1
il v e oord e
LW | axd e 2 ] LS180
"'5 i iy ﬂ_’ i e o
It LA
i S & e @0 0 M0 W ¢ N a0 O M0 W F ¥m oam w0 KE M 5 mo 4w am 0 W @ Mo s em 0 wo
L e L L L T R T SN e e e e
o] - -
e - -
] - - mcf7
o o =
— e
I EEEE] EEEELES
DediTn W+ BT NS0 NI SBE Do N1 TR NESHERET S DeeenPen R3S T4 N
80,

Secalls in G1
o
L=

=]

m.
| = L5160
= MT208
mef?
204
4 8 B 7 [

howrs
Figure 5. (A) Quantitative cell cycle phase analysis of BrdU-labeled cancer cells. The Dean/Jett/Fox algorithm was applied to HT29, LS180 and
mcf7 (illustrated in green). The resulting cell cycle phase distributions from each sample are expressed as % total BrdU-positive cells for each
phase. Only select time points for each cell line are displayed, as the analyses for some of the earlier time points produced invalid results. In
these earlier time points, all BrdU-positive cells are in S-phase and therefore lack distinct G1 and G2 peaks, which are necessary for algorithm

application. (B) Histograms of cancer cells showing the kinetics of progression through G2/M phases of the cell cycle. Progression through G2/M
phases is fastest for LS180 cells, followed by HT29 and mcf7. Click here to view larger figure.

A. B. C.
10*y - 10* 200 X
| f
2y 1 |
o 10°) - 10° - 50 K
w | = = M4
= 1 . 5 1001 [
x 1an| - 10? o Fo
-l ] — it I" |
- 10'y o 10" W" 50 P
i Pl g A
100~ 10°+ Dl
0 200 400 600 8001000 0 200 400 600 8001000 10° 10" 10* 10° 10
FL3-H: Pl FL3-H: PI FL1-H: FITC

Figure S1. Flow cytometry controls. mcf7 cells are shown as (A) negative control where cells are neither Pl nor BrdU stained. (B) Pl only stained.
(C) BrdU-FITC labeled samples.
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Figure S2. Schematic illustration showing the relationship between fluorescent emission spectrum of Pl versus FITC (BrdU). The spectral
collection windows for fluorescent channel 1 (FL1, for FITC) and fluorescent channel 3 (FL3, for PI) are shown in corresponding boxes. There
is no fluorophore spectra overlap between FL1 and FL3 detection. Evidently, fluorescence compensation is not necessary when experimental
data from Pl and FITC-BrdU co-labeled cells are collected in the FL1/FL3 channels respectively. Fluorescence spectrums were obtained from BD
BioSciences website: http://www.bdbiosciences.com/research/multicolor/spectrum_viewer. Click here to view larger figure.
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By combining flow cytometry with BrdU incorporation, we have the necessary tools to study cell cycle kinetics. The distinctive property of BrdU
to function as a thymidine analogue is what allows for DNA content quantification of a cycling cell. The incorporation of BrdU into a growing
daughter DNA strand during the synthesis phase of the cell cycle is what allows one to follow a subpopulation of cycling cells through the
replication of DNA in S phase, to a period of growth at G2 and ultimately to cell division. Daughter BrdU-positive cells can be continuously
followed until which point in time the BrdU label is diluted by cell division to the degree where the signal is reduced to background levels.

Using propidium iodide to determine total DNA content, we are able to follow cell cycle progression from S —G2/M —G1. The ability to track the
cycling rate of cells is important and useful in many applications, particularly for pre-clinical studies involving cell cycle specific DNA damage
inducing drugs or during the drug development process to determine cell cycle stage sensitivity of novel compounds " The most obvious
advantage of using a metabolic labeling technique is the elimination of chemical synchronization of cells. As most chemical treatments that
induce cell cycle arrest are themselves genotoxic, dissecting the cell cycle sensitivity effects of novel compounds in the presence of these
chemicals may not be feasible.

We demonstrated the versatility of this BrdU metabolic labeling technique with Pl co-staining. Using this protocol, we have successfully
demonstrated that the increase in cell cycle progression through the G2/M phase of the cell cycle can be observed in telomerase-negative
human cells that have been transformed to have forced enzyme expressionm. While this method is powerful in measuring the kinetics of the cell
as it cycles through multiple stages, one limitation is the loss of timing information during the transitions, as well as within the G2 and M phases.
As cells proceed through G2 to M, we are unable to distinguish not only the two phases, but also the sub-G1 population, based solely on DNA
content. In applications where this differentiation is required, it is potentially possible to co-stain BrdU labeled cells with antibodies against cyclins
or other cellular proteins whose expressions are specific to the desired phase of the cell cycle 1213 Additional optimization will be needed to
ensure that the cyclin antibodies are compatible with the BrdU label and immuno-staining protocol. Ideally, to adequately differentiate the various
phases of the cell cycle, several cyclin antibodies may be needed to co-label a single sample simultaneously. Our laboratory is working on the
post-labeling of BrdU-pulse labeled cells with cyclin B and phospho Histone 3 antibodies to differentiate between cells in G2 versus M phase

of the cell cycle. Co-labeling with cyclin antibodies, in addition to Pl and FITC-BrdU staining substantially increases the complication of flow
cytometry from both a hardware and data analysis (fluorescence compensation issues) perspective. With the advent of the new generation of
flow cytometers, advances in their capacity and functionality should alleviate these technical concerns.

We have nothing to disclose.
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