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Abstract

Compound Screening

Cell cycle progression is a tightly regulated process that involves the expression of
specific proteins and the duplication of nuclear DNA content prior to cell division.
The control mechanisms that regulate this process are often disrupted in tumor cells
and serve as viable targets for therapeutic compounds in the treatment of cancer.
Cell cycle progression has historically been monitored using flow cytometry. Here
we describe the use of a microplate reader, to rapidly image and analyze immunofluorescent and nuclear stained PC-3 tissue culture cells for cell cycle analysis.
PC-3 cells were synchronized using double thymidine block. Once released,
cells were fixed with 4% PFA at 1-hour intervals using a BioSpa 8 system. At the
completion of the experiment, plates were stained with Hoechst 33342 and imaged
at 10X. After imaging, fluorescence intensity thresholds used to sort cells into
different cell cycle stages were manually defined using histogram analysis of cell
count vs total fluorescence of stained nuclei in Gen5 software. Subpopulations G1,
S, and G2 were counted automatically and their percentages plotted as a function of
time from thymidine release. Cells were found to be nearly synchronous with respect
to their DNA content. Initially, about 70% of the cells have a 2N chromosome
number. Within 6 hours, this percentage has dropped to 33%, while the percentage
of cells in S-phase has increased from near 0 to approximately 33%. By 12 hours,
most cells have duplicated their DNA content and are in G2 phase of the cell cycle.
During cellular mitosis, nuclear DNA is divided equally between the two daughter
cells returning the cells to G1 phase, which is observed by the rapid decline in the G2
percentage after 15 hours concurrent with an increase in the percentage of cells with
a G1 DNA content.
Estimates of cell cycle passage time-length in synchronized cells were made using
nuclear DNA content as well as specific protein markers. Temporal peaks in G1 and
G2 subpopulation percentages based on nuclear content, and the G1 and Mitosis
specific protein markers, geminin and p-Histone H3, respectively, demonstrated a
periodicity of approximately 20 hours in synchronized PC-3 cells. In asynchronous
cells, calculations based on mitotic index returned a cell cycle time of 17.5 hours.
This analysis was also used to screen cyto-active compounds for their ability to halt
cell cycle progression. Using the known cell cycle blocking agents, mevinolin (G1)
and nocodazole (G2) as controls, 27 compounds were tested for their efficacy to
block cell cycle progression. Of the compounds tested, 7 were shown to cause a
significant increase in the number of cells in G2 and mevinolin, when treated as an
unknown was independently identified as blocking cells in G1.
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Figure 4. Gen5 Screenshot of Cell Cycle phase screen of compounds
in a 96-well plate. PC-3 cells were exposed to 30 different compounds,
and controls in triplicate. Histograms from control compounds were used
to define minimum and maximum fluorescence gates for subpopulation
analysis. Each well lists percentages of cells in G1, S and G2. Deviations
of percentages of cells in different cell cycle phases of greater than two
standard deviations from untreated control wells was used as cut off to
identify potential compounds. G1 enriching compounds were identified
with (BLUE), while G2 was outlined with (RED)and S phase with (GREEN).

Thymidine Block

Figure 7. Cell Cycle progression of Synchronized PC-3 Cells. PC-3
cells synchronized with double thymidine block were fixed and stained at
timed intervals after release. The percentages of cells in G1, S and G2,
determined by nuclear staining analysis, were plotted verses time. Red
and Blue arrows denote G1 and G2 percentage peaks, respectively. Data
points represent the mean of eight determinations.

FBS Conc %

Mitotic Index

Cell Cycle Time (hrs)

0.1

3.6±0.6

27.7

0.25

4.5±0.7

22.1

0.5

4.8±0.5

21.0

1.0

5.2±0.7

19.3

5.0

5.6±0.5

17.8

10

5.7±0.6

17.5

Table 1. Effect of Serum on PC-3 cell cycle time in Asynchronous cultures.
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Figure 5. Schematic Regulation of Ribonucleotide Reductase by
dNTP Pools. RNR complex reduces ribonucleotide diphosphates to their
deoxynucleotide forms. The addition of large amounts of exogenous
thymidine results in the production of deoxythymidine triphosphate (dTTP)
by a salvage pathway. High levels of dTTP cause an allosteric inhibition of
the production of dCDP and subsequently dCTP. The lack of dCTP causes
the cessation of DNA replication.

Histogram Analysis

Figure 11. MultiFlo FX Reagent Washer Dispenser. The MultiFlo FX is
a microplate strip washer and reagent dispenser capable of adding four
different solutions with 2 peri-pump dispensers and 2 syringe
pump dispensers. It also has a strip washer that can aspirate and
dispense solutions.
Figure 8. Geminin and p-Histone staining in Synchronized PC-3 cells.
Synchronized PC-3 cells were fixed at 4 and 24 hours after thymidine
release. Cells were treated with rabbit anti-geminin and rabbit anti
p-histone H3 primary antibodies in parallel reaction wells. Specific targets
were visualized by staining with Alexa Fluor 488 labeled goat ant-rabbit
IgG secondary antibodies. Cells were counterstained with Hoechst 33342
to identify nuclei. Images were captured using a 20X objective with a 2 x 2
stitched montage.

Figure 1. Relationship between Cycle and DNA content histogram.
As cells progress through the cell cycle, their DNA content doubles prior
to mitosis. Cells treated with the nuclear stain Hoechst 33342 exhibit
fluorescence proportional to their DNA content.

Fluorescence Intensity

Figure 12. BioSpa 8 Automated Incubator. The BioSpa 8 is a microplate
incubator that can interface a BioTek microplate liquid handing device with a
BioTek Microplate reader/imager. The BioSpa 8 maintains temperature and
humidity, as well as provides CO2 and O2 gas control for up to 8 microplates.

Figure 9. Temporal relationship between Geminin and p-Histone H3 in
Synchronized PC-3 Cells. PC-3 cells synchronized with double thymidine
block were fixed at timed intervals after release. Fixed cells were stained
with rabbit monoclonal antibodies specific for geminin and p-histone H3
in parallel wells. A fluorescently tagged anti-rabbit IgG antibody was used
to visualize the specific target. Cells were counterstained with Hoechst
33342 and to identify nuclei. Data analysis was performed on 6 x 6 montage
images made using a 10X objective. Red and Blue arrows denote geminin
and p-histone H3 percentage peaks, respectively. Data points represent the
mean of four determinations.

Figure 2. Hoechst 33342 Stained Nuclei. The fluorescence of stained nuclei
is dependent on the amount of DNA present. G2 nuclear content is 2X that
of G1 nuclei and can be automatically identified by total object fluorescence.

G1 and G2 Control Compounds
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Figure 13. Cytation 5 Cell Imaging Multi-Mode Reader. Cytation 5 is a
modular, upgradable multi-mode reader that combines automated digital
microscopy and conventional microplate detection. Cytation 5 includes both
filter- and monochromator-based detection; the microscopy module provides
up to 60x magnification in fluorescence, brightfield, color brightfield and
phase contrast. Incubation to 65 °C and plate shaking are standard features.
The imaging module uses a turret to hold up to 6 objectives. Excitation
and emission wavelengths for fluorescence microscopy are provided using
LED light cubes in combination with specific band pass filters and dichroic
mirrors. The imaging module holds up to 4 LED cubes. In conjunction with
the multi-mode reader, Gen5™ software, which controls reader function, also
provides image analysis and data reduction.

Conclusions
1. Imaged-based analysis of nuclear stained adherent cells is a
viable option for cell cycle studies.
2. Histograms of nuclear fluorescence can be used to identify
cell cycle subpopulations.

Figure 3. Histogram analysis of nuclear staining from Mevinolin and
Nocodazole treated PC-3 cells. Mevinolin and Nocodazole treatments
were used as controls to define G1 (RED) and G2 (BLUE) subpopulations.
S-phase (GREEN) was defined as the region between G1 and G2.
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Figure 6. Cell Cycle progression of PC3 cells released from thymidine
block. Histograms of cell population count vs. fluorescence intensity taken
at various times after thymidine block release. Dashed lines represent
gates defining G1, S, and G2/M subpopulations. 24 determinations.

Figure 10. Effect of Serum concentration on Mitotic index. PC-3 cells
were washed with serum free media two-times and treated with media with
various concentrations of fetal bovine serum for 24 hours. Cells were fixed
and treated with a rabbit anti-p-Histone H3 primary antibody. The primary
antibody was visualized with an AlexaFluor 488 labeled Goat anti-rabbit
IgG secondary antibody. Cells were counterstained with Hoechst 33342 to
identify cell nuclei. Data points represent the mean and standard deviation
of 16 determinations.

3. Compounds can be screened for their ability to halt cell
cycle progression.
4. Cell cycle time can be determined using nuclear content or
protein expression.
5. Mitotic index of asynchronous cells can be used to calculate
cell cycle time.
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