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Abstract
Mechanisms that couple protein turnover to cell cycle progression are critical for coordinating the
events of cell duplication and division. Despite the importance of cell cycle-regulated proteolysis,
however, technologies to measure this phenomenon are limited, and typically involve monitoring
cells that are released back into the cell cycle after synchronization. We describe here the use of laser
scanning cytometry (LSC), a technical merger between fluorescence microscopy and flow cytometry,
to determine cell cycle-dependent changes in protein stability in unperturbed, asynchronous, cultures
of mammalian cells. In this method, the ability of the LSC to accurately measure whole cell
fluorescence is used, together with RNA fluorescence in situ hybridization and immunofluorescence,
to relate abundance of a particular RNA and protein in a cell to its point at the cell cycle. Parallel
monitoring of RNA and protein levels is used, together with protein synthesis inhibitors, to reveal
cell cycle-specific changes in protein turnover. We demonstrate the viability of this method by
analyzing the proteolysis of two prominent human oncoproteins, Myc and Cyclin E, and argue that
this LSC-based approach offers several practical advantages over traditional cell synchronization
methods.
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INTRODUCTION
Ordered progression through the eukaryotic cell cycle depends on mechanisms that tie the
abundance and activity of critical regulatory molecules to the events of DNA replication and
cellular division. One of the most pervasive of these mechanisms is ubiquitin (Ub)-mediated
proteolysis, a process in which covalent attachment of Ub to target proteins signals their
destruction by the 26S proteasome. By destroying proteins at specific points in the cell cycle,
the Ub–proteasome system (UPS) provides directionality to the events of cell duplication, and
insures that each phase of the cycle occurs after the previous one is completed [1].
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Despite the biological importance of cell cycle-regulated proteolysis, techniques to study this
phenomenon are limited. One of the most popular approaches is to arrest cells at specific cell
cycle stages, either by chemical or growth-factor blockade, and to then release cells back into
the cycle and monitor them as they move in synchrony through subsequent cell cycle
transitions. These synchronization methods, however, involve significant disruption to normal
cellular physiology, and—because of the perturbations involved—can influence the apparent
behavior of molecules with respect to the cell cycle [e.g., [2–4]]. An alternative strategy,
centrifugal elutriation [5], separates cells based on their size, which increases linearly during
the cell cycle. In this way, relatively pure fractions of cells can be obtained that are in either
the G1, S, or G2/M cell cycle phases. Elutriation has the advantage of not requiring disruption
to the cell cycle to provide synchronicity, but its practical application is restricted because it
is best suited to non-adherent cells and requires relatively large volumes of cell cultures.

We are interested in the mechanisms controlling Ub-mediated proteolysis of the oncoprotein
Myc [6]. There are conflicting reports as to whether Myc levels and stability are influenced by
the cell cycle. Some studies demonstrated that Myc synthesis and stability are not cell cycle
regulated [e.g., [7]], whereas others concluded that Myc RNA and protein levels peak at the
G1/S transition [e.g., [8,9]], or that Myc is stabilized during mitosis [10]. Moreover,
phosphorylation events within Myc—at residues threonine 58 (T58) and serine 62 (S62)—that
control its ubiquitylation by the SCFFbw7 Ub-ligase [11] have been reported to peak during
late G2/M-phase [e.g., [12]], lending support to the idea that Myc destruction is cell cycle-
regulated [13]. Because true cell cycle-dependent changes in Myc levels or stability could have
a profound impact on the mechanism through which Myc promotes cell growth and
proliferation, it is important that the issue of whether or not Myc proteolysis is cell cycle-
regulated be resolved.

We reasoned that some of the contradictory findings on the relationship between Myc and the
cell cycle may have resulted from the different techniques used in the various studies. In some
cases, centrifugal elutriation was employed to monitor Myc levels and stability [e.g., [7]],
whereas other studies used either nocodazole or double-thymidine block and release strategies.
We sought to develop an additional protocol that would allow us to take a comprehensive look
at the influence of the cell cycle on Myc synthesis, location, and stability in unperturbed
cultures of cells. The recent development of laser scanning cytometry (LSC) created an
opportunity to develop this protocol. The LSC, which is a technical merger between
fluorescence microscopy and flow cytometry [14], allows for whole cell quantification of
fluorophores targeted to DNA, RNA, or protein. By accurately quantifying total cellular DNA
content (using fluorescent dyes such as Hoechst 33342), the LSC can determine the cell cycle
state of an individual cell, and then relate this state to some other fluorescent parameter, such
as the signal from a fluorescently-labeled antibody. In this way, levels of a particular RNA or
protein can be measured in individual cells and expressed relative to the particular cell cycle
stage. By compiling data from thousands of cells in this way, highly quantitative cell cycle
analysis can be performed without disruption to normal cellular physiology. Importantly, by
comparing RNA and protein levels for a particular gene product, and by monitoring protein
levels after transient inhibition of protein synthesis, cell cycle dependent changes in protein
stability can be inferred. Here we describe how LSC-based assays can be used to monitor cell
cycle-dependent changes in protein stability in small numbers of unperturbed cells growing on
a coverslip. We demonstrate the utility of this approach by analyzing the cell cycle expression
profile of Myc and comparing it with that of another prominent human oncoprotein, Cyclin E.
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MATERIALS AND METHODS
Cell culture and immunofluorescence

Human U2OS and HeLa cells were grown in DMEM supplemented with antibiotics and 10%
fetal calf serum. For analysis, cells were plated onto glass coverslips, grown at 37°C for 24
hours, and then fixed, either using methanol or paraformaldehyde [15]. Immunofluorescence
was performed as described [15] using the following antibodies: (i) α-Myc (N-262, Santa
Cruz), (ii) α-Cyclin E (HE12, Santa Cruz), (iii) α-Actin (AC-15, Sigma), and (iv) α-phospho
T58 Myc (9401S, Cell Signaling). Immune complexes were detected using FITC-tagged
secondary anti- mouse or anti-rabbit antibodies, as appropriate. DNA was stained with Hoechst
33342 (2 μg/ml). For Nocodazole arrest, cells were seeded for 24 hours, and then treated with
Nocodazole (100 ng/ml) for 16 hrs. Nocodazole was removed and cells were released from
G2/M block for varying timepoints. For double-thymidine (DT) arrest, cells were treated with
2.5 mM thymidine for 14 hrs, washed and released for 12 hrs, and then re-arrested in 2.5 mM
thymidine for 14 hrs before FC analysis.

CENTRIFUGAL ELUTRIATION—Centrifugal elutriation was performed as described
[16]. Briefly, actively growing U2OS cells were elutriated using the Beckman JE-6B rotor, at
a rotor speed of 1500 rpm and rotor temperature of 20°C. Cells were eluted in DMEM+1%
FBS, by applying an increasing medium flow rate ranging from 40 ml/min – 150 ml/min.
Approximately 10 fractions of 250 ml were collected. Cells were rapidly harvested by
centrifugation and either fixed in methanol and analyzed by flow cytometry or lysate prepared
for western blotting.

RNA FISH—RNA-FISH analysis for detection of nuclear RNAs was performed on triton-
extracted, fixed, U2OS cells as described [15]. Four anti-sense probes were used for Myc:
Myc1–TAGTCGAGGTCATAGTTCCTG; Myc2–TCGAGGAGAGCAGAGAATCCG;
Myc3–TTCAACTGTTCTCGTCGTTTC; Myc4–TGTTCGCCTCTTGACATTCTC. Two
antisense probes were used for actin: Act1–ATAGCACAGCCTGGATAGCAA; Act2–
TGGAAGCAGCCGTCGCCATCTCTTGCTCGA. In each case, the corresponding sense
probes were used as a control. Pooled probes were end-labeled with Dig-11-ddUTP using the
Digoxigenin End-labeling kit (Roche). FISH was performed as described [15].

LSC analysis
All experiments were performed using the LSC-iCys system (Compucyte, MA) attached to an
Olympus IX-71 microscope. Samples with multiple fluorophores were compensated by
measuring the spectral bleed into other channels using controls containing each individual
fluorophore, and subtracting the corresponding non-specific leakage. Thresholds for measuring
each fluorophore were set at signal intensities where there was negligible background signal.
The fluorescence units obtained thereafter were used to compare the expression patterns within
different cell cycle populations. Approximately 2000–3000 cells were scanned in each
individual analysis.

Cell cycle profiles were gated based on DNA content into G1, S, and G2/M populations. For
sub-cellular visualization experiments, galleries of cells in different cell cycle phases were
created; localization of the signal was compared by merging the pictures obtained from the
Green, Blue, and Scatter channels. For quantification, the mean signals of the respective
proteins were measured within the given cell cycle gates. Fluorescence values were normalized
either to mean signal in the G1 phase, or reported as a ratio of green/blue fluorescence to
quantify relative levels of protein or RNA in different cell cycle stages as a function of DNA.
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RNA interference and protein synthesis inhibition
Myc and Fbw7 knockdown was performed using RNA interference. Pools of siGenome RNA
against Myc, Fbw7, and Luciferase (control) were obtained from Dharmacon, and transiently
transfected into U2OS cells using the Oligofectamine reagent (Invitrogen). Transfected cells
were analyzed by LSC and Western blotting. For experiments involving cyclohexamide, HeLa
cells, growing on coverslips, were treated with 50 μg/ml cyclohexamide, fixed at the indicated
time points, and Myc and actin levels at each point quantified by immunofluorescence and
LSC. The corrected fluorescence value in each of the cell cycle stages at the”0” time point was
arbitrarily fixed as 100% and values of corrected fluorescence from every subsequent time
point were represented as relative percentage of the”0” (100%) time point. The effect of USP28
was studied by transfecting shRNA pools against USP28 into U2OS cells. Knockdown of
USP28 expression was confirmed using quantitative RT-QPCR, and found to be ~50% (not
shown).

RESULTS AND DISCUSSION
We began our study of the relationship between Myc and the cell cycle by testing the notion
that different methods of cell synchronization can lead to different conclusions regarding the
behavior of Myc. We compared two common methods of cell synchronization—nocodazole
block, which arrests cells in the G2/M stage of the cell cycle—and double-thymidine (DT)
block, which produces a G1/S arrest. We used Western blot to monitor steady-state Myc levels
during subsequent release of cells back into the cycle; we also monitored phosphorylation of
Myc at residue T58, which is required for its destruction via the SCFFbw7 Ub-ligase, and which
has been reported to be cell cycle regulated [12]. As hypothesized, these two approaches gave
different results (Figure 1 and Supplemental Figure 1). Nocodazole arrest gave the impression
that, although Myc levels are constant throughout the cell cycle, T58 phosphorylation peaks
in mitosis (Figure 1A). DT-block, on the other hand, gave the impression that total Myc levels
peak during release from G1/S, and that T58 phosphorylation does not appreciably differ from
total Myc levels (Figure 1B). These differences were not observed when we examined another
SCFFbw7 substrate, Cyclin E—both nocodazole and DT block showed that Cyclin E levels
were high at G1/S (Figure 1A, lanes 4–6; Figure 1B, lane 2), and low at G2/M (Figure 1A,
lanes 2–3; Figure 1B, lanes 6–8). We conclude that apparent cell cycle-related changes in Myc
levels and phosphorylation can be profoundly influenced by chemical synchronization
methods. Importantly, because cyclin E behaved consistently after both nocodazole and DT
blockade, we further conclude that synchronization approaches can influence the status of
different proteins in different ways.

Given the discrepancy between the two synchronization approaches, we sought to develop an
LSC-based protocol that would allow us to measure the influence of the cell cycle on Myc
levels and stability in unperturbed, asynchronous, cultures of cells growing on a glass coverslip.
As an initial validation, we found that cell cycle profiles determined by LSC were comparable
to those determined by traditional flow cytometry (FC; Supplemental Figure 2A–2B); we also
found that we could detect a robust signal for Myc using immunofluorescence (IF), and that
Myc was predominantly nuclear through all stages of the cell cycle (Supplemental Figure 2C).
We therefore chose to use the LSC determine whether steady-state Myc RNA and protein
levels, or stability, are influenced by the cell cycle. By triangulation of all three parameters,
we hoped to make an informed conclusion regarding cell cycle control of Myc.

We combined LSC with RNA-fluorescence in situ hybridization (RNA-FISH) to compare the
levels of Myc and (as a control) actin RNAs in human U2OS cells (Figure 2). For these studies,
we used a detergent pre-extraction protocol to remove most of the cytosolic transcripts [15],
allowing us to enrich for the population of newly-synthesized RNA molecules. Results of this
analysis, performed in human U2OS cells, are shown in Figure 2. Using LSC/RNA-FISH, we
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were able to detect robust levels of Myc and actin RNAs using labeled anti-sense, but not the
corresponding sense, probes (Figure 2A). Quantification of these hybridizations (Figure 2B)
revealed that the absolute levels of both RNAs increase as cells passage through the cell cycle,
being lowest in G1 cells, and highest in cells from the G2/M population. This apparent increase,
however, appears to be a result of the increase in cell mass that occurs during the cell cycle,
because, when normalized for either cell volume (data not shown) or DNA content (Figure
2C), the relative levels of newly-synthesized Myc and actin RNAs are equivalent in each of
the cell cycle populations. We conclude, therefore, that the levels of Myc RNA do not fluctuate
during the cell cycle. Moreover, because Myc transcripts are extremely unstable, with a half-
life of ~25 minutes [17], we infer that the relatively similar levels of nuclear Myc RNA in G1,
S, and G2/M phase cells reflects constitutive transcription from the c-Myc gene.

We next examined endogenous Myc protein in the different sub-populations of cells. We
compared Myc with cyclin E, because both proteins are targets for the SCFFbw7 Ub-ligase
[11], and because cyclin E is tagged for destruction soon after cells enter S-phase [e.g., [18]].
In these assays (Figure 2D–E), Myc protein levels mirrored those of Myc RNA and—after
normalization to DNA content—were unaffected by cell cycle status (Figure 2E). Cyclin E, in
contrast, displayed pronounced cell cycle dependency, with both its relative (Figure 2D) and
absolute (Figure 2E) levels being lowest in G2/M cells, as expected. We validated this pattern
of expression independently, by comparing the bivariate distribution of DNA content versus
Myc or Cyclin E immunofluorescence as described by Gong et al., [2] and presented in
Supplemental Figure 2D. Comparison of these results with those from analysis of parallel
U2OS cell cultures by centrifugal elutriation (Supplemental Figure 3) showed remarkable
consistency between the LSC and elutriation approaches, with Myc levels relatively fixed
throughout the cell cycle, and Cyclin E being lowest in G2/M cells. From these data, we
conclude that Myc stability is likely to be unchanged throughout the cell cycle, and that LSC-
based methods combining RNA-FISH and IF provide a viable way to reveal cell cycle-
dependent changes in protein levels and stability.

To more directly probe for cell cycle-dependent changes in Myc turnover, we transiently
inhibited protein synthesis with cyclohexamide and used the LSC to monitor the levels of Myc
protein in each cell subpopulation as a function of time. This approach—which is analogous
to the ‘cyclohexamide chase’ protocol that is often used to monitor Myc stability [19–21]—
allowed us to compare the rates with which Myc protein disappeared in each cell-cycle
subpopulation of cells. Under these conditions, Myc disappeared quickly following addition
of cyclohexamide, with an apparent half-life of ~50 minutes (Figure 3A). Actin, in contrast,
was relatively stable during the period of the experiment (Figure 3B). Importantly, when we
examined the rate of decay of Myc in the distinct cell subpopulations, both the apparent half-
life of Myc and its decay kinetics were identical in G1, S, and G2/M phase cells. These results
support early studies of Myc proteolysis [7,17,22] which showed that the rate of Myc
destruction is constant throughout the cell cycle, and are consistent with the conclusions made
from our parallel analysis of Myc RNA and protein levels.

One of the most practical advantages of the LSC-based approach is that it can be performed
on a small number of cells (typically less than 5,000), allowing investigators to quickly and
economically examine the effects of agents such as drugs or siRNAs on cell cycle-dependent
proteolysis; these type of experiments are difficult or prohibitively expensive with the scale
needed for centrifugal elutriation. To illustrate this point, we compared the effects of siRNA-
mediated knockdown of Fbw7 on two of its substrate proteins, Myc and Cyclin E (Figure 4).
For Myc, we also examined the effects of knock-down of USP28, a Ub-specific protease that
antagonizes Fbw7-dependent Myc destruction [23]. Knockdown of Fbw7 had little if any effect
on levels of Myc protein detected by either LSC (Figure 4A) or western blot (Figure 4B), and
no influence on the cell cycle distribution of Myc (Figure 4C). This lack of an effect is likely
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due to the reported antagonism between Fbw7 and USP28, as knockdown of USP28 reduced
steady-state Myc levels (Figure 4D) equally in all stages of the cell cycle (Figure 4E), and this
effect was reversed by simultaneous knockdown of Fbw7 (Figure 4D). We thus conclude that
the Fbw7–USP28 pathway is unlikely to act in a cell cycle-dependent way on Myc. In contrast,
however, Fbw7 did appear to act in a cell cycle-dependent manner upon Cyclin E. Knockdown
of Fbw7 increased Cyclin E levels in total cell populations (Figure 4B, E), with the most
pronounced effects observed in the S and G2/M populations of cell, as expected. This result
demonstrates that the LSC-based approach can be used to address physiologically important
questions relating to the role of specific Ub-ligases in cell cycle-dependent proteolysis.

CONCLUSIONS
The LSC-based approach that we describe here is a simple and reliable way to determine how
turnover of a specific protein is influenced by the cell cycle. Our comparison with chemical
synchronization methods, and the different results that we obtained with the different methods,
illustrates the importance of being able to probe cell cycle changes in protein levels in
asynchronous cultures of cells. The LSC-based method can obtain highly quantitative data
from a much smaller number of cells fixed on a coverslip. The reduced scale of this protocol
makes it particularly suited to studying the effects of agents such as siRNAs on cell cycle-
related protein turnover (as we did with cyclin E); an approach that is not practical with larger
cultures. Finally, the LSC-based method also offers the advantage of being able to
simultaneously monitor intracellular protein distribution, offering the potential to expose
relationships between the cell cycle, protein localization, and stability.
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RNA-fluorescence in situ hybridization

Ub  
ubiquitin

UPS  
ubiquitin–proteasome system
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Figure 1. Myc levels and phosphorylation are influenced by cell-synchronization
(A) U20S cells were synchronized by treatment with nocodazole to arrest at the G2/M
transition. Cells were released from arrest, and samples taken at the indicated time-points for
analysis of cell cycle by FC, and protein levels by western blot. The numbers for G0/G1, S,
and G2/M percentages were derived from FC. ‘pT58’ refers to an antibody that recognizes the
phosphorylated form of residue threonine 58 within Myc. (B) As in (A), except that cells were
subjected to double-thymidine (G1/S) block and release. FC profiles are presented in
Supplemental Figure 1. Detailed methods are presented in Supplemental Information.
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Figure 2. Parallel analysis of Myc RNA and protein levels throughout the cell cycle
(A) Visualization of nuclear Myc and actin transcripts in U2OS cells by RNA FISH. Anti-
sense probe cocktails detect bona-fide transcripts; sense probe cocktails reveal background.
(B) Quantification of absolute FISH signals. Fluorescence intensities were quantified by LSC
in cells binned into G1, S, or G2/M populations, and expressed relative to the signal from G1
phase cells. (C) Quantification of relative FISH signals. Fluorescence intensities were
quantified by LSC in cells binned into G1, S, or G2/M populations, normalized to the signal
for DNA content in those cells, and expressed relative to the signal from G1 phase cells (n=2,
mean +/− S.D.). Arbitrary units of fluorescence are used. (D) Quantification of absolute levels
of Myc and cyclin E protein. Fluorescence intensities were quantified by LSC in cells binned
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into G1, S, or G2/M populations, and expressed relative to the signal from G1 phase cells. (E)
Quantification of relative protein levels. Fluorescence intensities were quantified by LSC in
cells binned into G1, S, or G2/M populations, normalized to the signal for DNA content in
those cells, and expressed relative to the signal from G1 phase cells (n=4, mean +/− S.D.).
Detailed methods are presented in Supplemental Information.
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Figure 3. The metabolic stability of Myc is constant throughout the cell cycle
HeLa cells were treated with cyclohexamide for the indicated time points, fixed, and Myc (A)
and actin (B) levels for each cell cycle subpopulation measured by immunofluorescence and
LSC. In each case, the relative signals are normalized to DNA content and presented as a
percentage of the zero-time point samples. Detailed methods are presented in Supplemental
Information.
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Figure 4. Differential regulation of Myc and Cyclin E by Fbw7 during the cell cycle
(A) Effects of siRNA-mediated knockdown of Fbw7 on Myc and Cyclin E. U2OS cells were
transfected with the indicated siRNAs [control (=luciferase); Fbw7, and Myc], and Myc and
Cyclin E levels determined in each cell cycle subpopulation of cells. Protein expression
histograms show that Fbw7 knockdown substantially increases Cyclin E levels in S and G2
phase (rightward shift), whereas it has no significant effect on Myc profiles. (B) Analysis of
total steady-state levels of Myc and Cyclin E following Fbw7 knockdown. Western blot
analysis of cells analyzed in (A). (C) Quantification of relative Myc protein levels.
Fluorescence intensities for Myc were quantified by LSC in cells binned into G1, S, or G2/M
populations, normalized to the signal for DNA content in those cells, and expressed relative to
the signal from G1 phase. (D) Combined effect of USP28 and Fbw7 knockdown. U2OS cells
stably expressing an shRNA against USP28 (or control luciferase shRNA) were transfected
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with siRNA against Fbw7 (or control luciferase siRNA). Cells were harvested and Myc, cyclin
E, and actin levels detected by WB. (E) Effect of USP28 on Myc levels during the cell cycle.
Immunofluorescence of endogenous Myc was performed in USOS cells expressing either cells
stably expressing an shRNA against USP28, or control luciferase shRNA. Cells were
counterstained with Hoechst 33342 and analyzed by LSC. (F) Cell cycle-dependent effects of
Fbw7 on Cyclin E. Experiment was performed as in (C), except that Cyclin E was detected by
IF. Detailed methods are presented in Supplemental Information.
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