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LONG ABSTRACT:  45 
The gene expression program of the cell cycle represents a critical step for understanding cell 46 
cycle-dependent processes and their role in diseases such as cancer. Cell cycle-regulated gene 47 
expression analysis depends on cell synchronization into specific phases. Here we describe a 48 
method utilizing two complementary synchronization protocols that is commonly used for 49 
studying periodic variation of gene expression during the cell cycle. Both procedures are based 50 
on transiently blocking the cell cycle in one defined point. The synchronization protocol by 51 
hydroxyurea (HU) treatment leads to cellular arrest in late G1/early S phase, and release from 52 
HU-mediated arrest provides a cellular population uniformly progressing through S and G2/M. 53 
The synchronization protocol by thymidine and nocodazole (Thy-Noc) treatment blocks cells in 54 
early mitosis, and release from Thy-Noc mediated arrest provides a synchronized cellular 55 
population suitable for G1 phase and S phase-entry studies. Application of both procedures 56 
requires monitoring of the cell cycle distribution profiles, which is typically performed after 57 
propidium iodide (PI) staining of the cells and flow cytometry-mediated analysis of DNA content. 58 
We show that the combined use of two synchronization protocols is a robust approach to clearly 59 
determine the transcriptional profiles of genes that are differentially regulated in the cell cycle 60 
(i.e. E2F1 and E2F7), and consequently to have a better understanding of their role in cell cycle 61 
processes. Furthermore, we show that this approach is useful for the study of mechanisms 62 
underlying drug-based therapies (i.e. mitomycin C, an anticancer agent), because it allows to 63 
discriminate genes that are responsive to the genotoxic agent from those solely affected by cell 64 
cycle perturbations imposed by the agent.  65 
 66 
INTRODUCTION:  67 
Transition through all the phases of the cell cycle is coupled to a tightly regulated gene 68 
expression program. This coordinated “on and off” of gene transcription throughout the cell 69 
cycle is believed to be under the control of complex transcriptional regulatory systems, 70 
regulating not just the timing but also the levels of gene expression. Deregulation of key cell 71 
cycle components is known to contribute to the development of several diseases and is a well- 72 
established hallmark of tumorigenesis1,2. Genome-wide transcriptomic analyses carried out in 73 
yeast and mammalian cells have revealed that a large number of genes exhibit periodic gene 74 
expression patterns in the cell cycle, suggesting that transcriptional fluctuation during the cell 75 
cycle is a reflection of the temporal requirement of a given gene product in a precise phase3-5. 76 
 77 
A major task in the study of cell cycle-regulated gene expression is the synchronization of cells 78 
into specific cell cycle phases. Cell synchronization helps to interpret association of a gene 79 
expression pattern to a particular cell cycle phase transition, and it has led to a better 80 
understanding of the regulation and function of numerous genes. Cell synchronization is also 81 
important for studying the mechanism of action of anticancer drugs, as chemotherapeutic 82 
agents are known to affect both gene expression as well as cell cycle kinetics6,7. Nevertheless, it 83 
is often difficult to determine whether gene expression differences resulting from treatment 84 
with these agents are a direct response to the treatment or are merely the consequence of 85 
changes in cell cycle profiles. To distinguish between these possibilities, gene expression should 86 
be analyzed in cells that have been synchronized prior to addition of the chemotherapeutic 87 
drug.  88 
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 89 
With the exception of some primary cells such as freshly isolated lymphoid cells -which 90 
constitute a homogeneous cell population synchronized in G08-, in vitro established cell lines 91 
grow asynchronously in culture. Under regular growth conditions, these asynchronously cycling 92 
cells are found in all phases of the cell cycle but, preferentially in G19. Therefore, this context 93 
does not provide an optimal scenario for functional or gene expression analyses in a specific cell 94 
cycle phase (e.g. G1, S etc.). Non-transformed immortalized cell lines (e.g. fibroblasts) can be 95 
synchronized with so-called physiological methods10. These methods are based on the retained 96 
primary cell features of non-transformed cells, such as cell-contact inhibition and growth factor 97 
dependency in order to continue cycling. Removal of serum in combination with contact 98 
inhibition renders non-transformed cells arrested at G0/G1. However, synchronized cell cycle 99 
entry and progression often requires subculture, which also involves artificial detachment of the 100 
cells and re-plating10. Most importantly, this method is not suitable for synchronization of 101 
transformed cell lines, the vast majority of established cell lines presently in use, characterized 102 
for lacking cell contact-mediated growth inhibition or response to growth factor withdrawal. 103 
Thus, it is clear that alternative methods are required for efficient cell synchronization in specific 104 
phases of the cell cycle. In general terms, the most frequently used synchronization methods are 105 
based on transient chemical or pharmacological inhibition of one defined point of the cell cycle, 106 
typically DNA synthesis or mitotic spindle formation. Inhibition of DNA synthesis synchronizes 107 
cells by arresting them in late G1 or early S phase. This can be achieved by the addition of 108 
compounds such as mimosine, an inhibitor of nucleotide biosynthesis11,12, aphidicolin, an 109 
inhibitor of DNA polymerases13,14, hydroxyurea, an inhibitor of ribonucleotide reductase15,16 or 110 
by excess amounts of thymidine17,18. On the other hand, inhibitors of microtubule 111 
polymerization, such as colchicine or nocodazole, are able to block mitotic spindle formation 112 
leading to cell synchronization at early M phase19-21. 113 
 114 
In this work we describe a method involving two complementary synchronization protocols 115 
based on transient chemical inhibition for studying the expression of cell cycle-regulated genes 116 
at the mRNA level. This method is fundamental for defining the role of cell cycle genes in specific 117 
cell cycle processes. Furthermore, it provides a general frame for studying the impact of 118 
anticancer treatments in order to accurately detect drug responsive genes and to minimize 119 
misinterpretations derived from perturbations in cell cycle progression generated by these 120 
drugs.  121 
 122 
PROTOCOL:  123 
 124 
1. Cellular synchronization, release and monitoring of cell cycle progression  125 
1.1. Thymidine- and nocodazole-based (Thy-Noc) synchronization and release of U2OS cells 126 
from Mitosis 127 
1.1.1. Prepare required cell culture medium. U2OS cells are routinely grown in DMEM-128 
GlutaMAX medium complemented with 10% (vol/vol) FBS (optional: 1% penicillin/streptomycin). 129 
Perform all the medium preparation and manipulation under sterile conditions and warm up 130 
complemented medium (from now on referred to as “complete medium”) to 37 °C prior to use.  131 
 132 
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1.1.2. Seed 2x106 U2OS cells (growing at 50% confluency) per 100 mm dish in 10 mL complete 133 
culture medium. In order to calculate the number of dishes needed, take into account that each 134 
100 mm dish typically provides enough mitotic cells to re-plate approximately 5 wells of a 6-well 135 
plate (0.2-0.25x106 cells/well) (see Figure 1B). Two wells per selected time point are required in 136 
the experiment (1 well for RNA extraction and 1 well for cell cycle monitoring). Additionally, a 137 
third well may be collected per time point for protein analysis.  138 
 139 
NOTE: Plate cells in the evening (around 7 pm) so that subsequent steps can be carried out 140 
during working hours the following days. Include 2 additional wells of asynchronously growing 141 
cells to define FACS analysis compensation settings.  142 
 143 
1.1.3. Let cells attach by incubating 100 mm dishes at 37 °C in a humidified atmosphere with 144 
5% CO2 for 24 h. 145 
 146 
1.1.4. For the thymidine block, prepare a 200 mM thymidine stock solution by dissolving 145.2 147 
mg thymidine powder in 3 mL H2O (or equivalent amounts) and sterilize the solution by filtration 148 

through a 0.2 µm pore size filter. Slight warming might help dissolve thymidine. Add 100 L of 149 
the freshly prepared 200 mM stock to each 100 mm culture dish (final concentration 2 mM). 150 
Incubate cells with thymidine for 20 h at 37 °C in a humidified atmosphere with 5% CO2. 151 
 152 
NOTE: Treat cells in the evening (around 7 pm), to have time to perform both thymidine release 153 
and nocodazole block the following day. 154 
 155 
1.1.5. To release from the thymidine block, remove thymidine containing growth medium in 156 
the afternoon of the following day (3 pm); wash cells twice with pre-warmed 1X PBS and add 10 157 
mL of complete medium to each 100 mm dish. Incubate cells for 5 h at 37 °C in a humidified 158 
atmosphere with 5% CO2. 159 
 160 
1.1.6. For mitotic cell arrest, add nocodazole to a final concentration of 50 ng/mL (8 pm). 161 
Prepare a stock solution by dissolving nocodazole powder in DMSO (e.g. 5 mg/mL) and store 162 
frozen at -20 °C. Incubate cells with nocodazole for no longer than 10-11 h at 37 °C in a 163 
humidified atmosphere with 5% CO2. 164 
 165 
1.1.7. Release from nocodazole-mediated arrest in early M phase (mitotic shake-off) and 166 
collection of samples at several time points (starting at 6-7 am). 167 
 168 
1.1.7.1. Detach rounded (mitotic) cells by shaking each plate and gently pipetting 169 
nocodazole-containing growth medium. Collect medium with detached cells from each 100 mm 170 
plate into 50 mL sterile tubes, centrifuge (300 x g, 5 min, room temperature (RT)) and wash cells 171 
twice by adding 1X PBS followed by centrifugation. Use of cold PBS or PBS plus nocodazole is 172 
recommended to avoid mitotic slippage (see Discussion section). 173 
 174 
1.1.7.2. Resuspend mitotic cells gathered from each 100 mm plate in 10 mL of complete 175 
medium. Save 2 mL for RNA extraction and 2 mL for FACS analysis for the 0 h time point 176 
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(approximately 0.2-0.25x106 cells per sample).  177 
 178 
1.1.7.3. Re-plate remaining mitotic cells for subsequent time points in 6-well plates (2 179 
mL/well; 0.2-0.25x106 cells/well).  180 
 181 
NOTE: Remember that 2 wells are required per selected time point (1 for RNA and 1 for FACS 182 
analysis). 183 
 184 
1.1.8. Collect samples at selected time points. Every 1.5 to 3 h is recommended in order to 185 
obtain an adequate profile of the cell cycle progression.  186 
 187 
1.1.8.1. For RNA extraction, remove medium, rinse well with 2 mL pre-warm 1X PBS and 188 
add 1 mL trypsin reagent in the well (perform this last step in a safety cabinet for chemicals). 189 
Pipette up and down to detach and lyse cells, transfer cell lysate to a 1.5 mL microcentrifuge 190 
tube, incubate 5 min at RT and store tube at -80 °C until further use.  191 
 192 
1.1.8.2. For FACS analysis, rinse well with 2 mL pre-warm 1X PBS, add pre-warmed 193 
Trypsin-EDTA solution (0.3 mL/well) to detach cells, block Trypsin-EDTA by adding 1 mL 194 
complete medium and collect each sample in a separate 15 mL tube.  195 
 196 
1.1.8.2.1. Centrifuge cells (300 x g, 5 min, RT), save cellular pellet and discard supernatant. 197 
In order to fix cells, resuspend cells in 1 mL of chilled 70% (v/v) ethanol in 1X PBS by gently 198 
vortexing tubes, and place them on ice for approximately 15 min prior to storing at 4 °C or to 199 
staining for further analysis by FACS (described in steps 1.4-1.5). 200 
 201 
1.2. HU-based synchronization and release of U2OS cells from G1/S boundary 202 
1.2.1. Prepare complete cell culture medium as described in step 1.1.  203 
 204 
1.2.2. Seed 0.25x106 U2OS cells (growing at 50% confluency) per well in 6 well plates (2 mL 205 
complete culture medium per well). In order to calculate the number of wells needed for the 206 
experiment, take into account that 2 wells will be required per selected time point (1 well for 207 
RNA extraction and 1 well for cell cycle monitoring) and that 2 additional wells of 208 
asynchronously growing cells are needed to define FACS analysis compensation settings.  209 
 210 
1.2.3. Let cells attach by incubating 6-well plates overnight (O/N) at 37 °C in a humidified 211 
atmosphere with 5% CO2. 212 
 213 
1.2.4. Remove complete medium from wells the following morning and add 2 mL of pre-214 
warmed FBS-free DMEM-GlutaMAX medium per well. Incubate cells for an additional 24 h at 37 215 
°C in a humidified atmosphere with 5% CO2.  216 
 217 
NOTE: Perform this step in all wells except for 2 (those saved to define FACS settings). Serum 218 
withdrawal step can be omitted if efficient synchronization is achieved by simply incubating cells 219 
with HU. 220 
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 221 
1.2.5. G1/S cell cycle arrest with HU.  222 
1.2.5.1. Prepare fresh HU stock solution (500 mM) prior to each use. Add 2 mL H2O to 223 
76.06 mg of HU powder and mix until thoroughly dissolved. Sterilize the solution by filtration 224 

through a 0.2 µm pore size filter. Mix 50 mL of complete medium with 400 L of filter-sterilized 225 
HU stock solution for a final HU concentration of 4 mM.  226 
 227 
1.2.5.2. Remove medium from all wells except from the 2 wells needed for defining FACS 228 
settings and replace with a freshly prepared 4 mM HU-containing complete medium (2 mL/well). 229 
 230 
1.2.5.3. Incubate cells for 24 h in HU-containing medium at 37 °C in a humidified 231 
atmosphere with 5% CO2. 232 
 233 
1.2.6. Release of cells from HU-mediated arrest. Remove HU-containing medium from wells 234 
and rinse wells twice with pre-warmed 1X PBS (2 mL each time). Add 2 mL of complete medium 235 
per well. Collect 2 samples for the 0 h time point (1 for RNA extraction and 1 for cell cycle arrest 236 
verification by FACS) as well as 2 samples saved for FACS settings. Place remaining wells in the 237 
incubator. 238 
 239 
1.2.7. Collect samples every 1.5 to 3 h in order to obtain an adequate distribution of cell cycle 240 
progression. At each time point, perform sample processing (for RNA extraction and for FACS 241 
analysis) as described in 1.1.8.1-1.1.8.2. 242 
 243 
1.3. Treatment with DNA damaging agents 244 
NOTE: Whenever the aim is to elucidate the effect of a compound (e.g. DNA damaging agents) in 245 
cell cycle events, any of the previously described synchronization methods can be combined 246 
with treatment of cells with the genotoxic agent. In order to select the synchronization method, 247 
it is important to consider the phase of the cell cycle that we would like to analyze. In general, 248 
Thy-Noc procedure may be suitable to study the effect of a compound in G1 phase or S phase 249 
entry while HU-mediated synchronization may be more suitable to study the impact in S to G2 250 
phases or in the entry to mitosis.  251 
 252 
1.3.1. Analysis of the effect of genotoxic agents in G1 phase or S phase entry 253 
1.3.1.1. Synchronize cells as described in 1.1.2. to 1.1.6. 254 
 255 
1.3.1.2. Release cells from nocodazole and re-plate them as described in 1.1.7. Incubate 256 
them at 37 °C in a humidified atmosphere with 5% CO2 for 3 h to let them attach prior to adding 257 
agent (required incubation period may vary depending on the cell line).  258 
 259 
1.3.1.3. Add agent and collect samples as previously described in 1.1.8. 260 
 261 
1.3.2. Analysis of the effect of genotoxic agents in S-G2 phases or M entry 262 
1.3.2.1. Synchronize cells as described in 1.2.2. to 1.2.5. 263 
 264 
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1.3.2.2. Release cells from HU as described in 1.2.6. and add agent straightaway.  265 
 266 
1.3.2.3. Collect samples as previously described in 1.8. 267 
 268 
1.4.  Monitoring of cell synchronization and progression through the cell cycle by propidium 269 
iodide (PI) staining and FACS analysis 270 
NOTE: Samples collected at all time points together with those required to define FACS settings 271 
can be stored at 4 °C once they have been fixed (as mentioned in 1.1.8.2). Perform staining with 272 
PI solution followed by FACS analysis for all the samples of the experiment simultaneously. PI 273 
intercalates into the major groove of double-stranded DNA producing a highly fluorescent signal 274 
when excited at 535 nm with a broad emission peak around 600 nm. Since PI can also bind to 275 
double-stranded RNA, it is necessary to treat the cells with RNase for optimal DNA resolution.  276 
 277 
1.4.1. Prepare freshly made PI staining solution by dissolving (e.g. 5 mg/mL) in PBS and store 278 

the stock solution at 4 °C (in darkness). Staining solution is composed of PI (140 M), sodium 279 
citrate (38 mM) and Triton X-100 (0.01% v/v).  280 
 281 
1.4.2. Warm up an appropriate surface (e.g. oven) to 37 °C. 282 
 283 
1.4.3. Centrifuge fixed cells (450 x g, 5 min, RT), decant supernatant (ethanol) and wash once 284 
with 1X PBS.  285 
 286 

1.4.4. Centrifuge cells again, remove PBS and add 300 L of PI staining solution per sample 287 
(except to one of the samples for FACS settings; add PBS to this sample instead).  288 
 289 
1.4.5. Transfer cells to FACS Tubes (5 mL round-bottom polystyrene tubes). 290 
 291 

1.4.6. Add 1 L of RNase A to each sample, mix and incubate samples for 30 min in darkness at 292 
37 °C. Samples can be stored protected from light at 4 °C for a maximum of 2-3 days. 293 
 294 
1.4.7. Analyze DNA content in samples by flow cytometry. Define FACS analysis compensation 295 
settings with PI-stained asynchronous sample. Use blank sample (without PI staining solution) to 296 
check for autofluorescence. Basics of PI staining-mediated analysis of DNA content by flow 297 
cytometry has been previously described9.  298 
 299 
1.5. Determination of mitotic index by double phospho-H3 (Ser 10)/PI staining  300 
NOTE: Cells undergoing mitosis can be easily detected by flow cytometry with antibodies 301 
specific for phospho-histone H3 in Serine 10 (pH3). A concomitant PI staining is useful to 302 
determine DNA content-based distribution of the cell population. 5 samples are required for the 303 
optimal configurations of FACS settings: blank, PI-only, pH3-only, secondary antibody-only and 304 
double staining. 305 
 306 
1.5.1. Centrifuge fixed cells (450 x g, 5 min, 4 °C) and discard supernatant. The following steps 307 
are described to perform staining in 15 mL tubes.  308 
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 309 
1.5.2. Wash cells by adding 1 mL PBS-T (PBS + 0.05% Tween-20) to the pellet and centrifuge 310 
(450 x g, 5 min, 4 °C). Remove supernatant. 311 
 312 
1.5.3. Add anti-pH3 antibody diluted (1:500) in 100-200 µL of PBS-T + 3% BSA, and incubate 313 
with rocking for 2 h at RT (or O/N at 4 °C).  314 
 315 
1.5.4. Add 2 mL PBS-T (PBS + 0.05% Tween-20) and centrifuge (450 x g, 5 min, 4 °C). Remove 316 
supernatant. 317 
 318 
1.5.5. Wash once more by adding 2 mL PBS-T to the pellet, centrifuge and discard supernatant. 319 
 320 
1.5.6. Add secondary antibody (anti-rabbit AlexaFluor 488 in the case of selected pH3 antibody) 321 
diluted (1:500) in 100-200 µL of PBS-T + 3% BSA and incubate with rocking for 1 h at RT (or O/N 322 

at 4 C). Protect samples from light. 323 
 324 
1.5.7. Wash twice with PBS-T (2 mL) by centrifugation as described in step 1.5.4.  325 
 326 
1.5.8. Perform PI staining as described (steps 1.4.1 to 1.4.6).  327 
 328 
2. Sample collection and processsing for gene expression analysis 329 
2.1. Take 1.5 mL microcentrifuge samples in the trypsin reagent out of the freezer and let 330 
them thaw at RT inside a safety cabinet for chemicals. 331 
 332 
2.2. Add 400 μL of chloroform to each sample and shake vigorously (but do not vortex) until 333 
complete mixing. Incubate samples for 5 min at RT. 334 
 335 
2.3. Centrifuge tubes for 15 min (≥ 8000 x g, 4 °C) in a benchtop microcentrifuge.  336 
 337 
2.4. Transfer the aqueous (upper) phase to a new 1.5 mL microcentrifuge tube and register 338 
the transferred volume (in order to simplify the procedure, it is recommended to collect equal 339 
volumes in all samples of the experiment).  340 
 341 
2.5. Add 1 volume of 100% ethanol slowly (drop by drop) to the aqueous phase while mixing. 342 
Do not centrifuge. 343 
 344 
2.6. Perform the next steps for purified RNA elution with the commercial RNA mini prep kit. 345 
Pipet up to 700 μL of each sample, including any precipitate that may have formed, into a spin 346 
column in a 2 mL collection tube (provided by the manufacturer). 347 
 348 
2.7. Close the lid and centrifuge (≥ 8000 g, RT) for 15 s. Discard the flow-through. Repeat 349 
previous step with the remaining sample (if any). 350 
 351 
2.8. Follow manufactures´ instructions for RNA washing and elution (elute each sample in 30-352 
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40 μl nuclease-free H2O in order to achieve an appropriate RNA concentration for next step).  353 
 354 
2.9. Determine RNA concentration and purity of samples by absorbance measurements (a 355 
A260/280 ratio of 2.0-2.1 indicates good purity of the RNA sample). Store RNA samples at -80 °C 356 
until use for RT-qPCR analysis.  357 
 358 
2.10. For RNA conversion into cDNA and subsequent quantitative-PCR, take 1 μg RNA per 359 
sample and prepare retrotranscriptase reaction according to manufacturers’ instructions. 360 
Obtained cDNA samples can be stored at 4 °C (for a couple of days) or at -20 °C (for longer 361 
periods of time). 362 
 363 
NOTE: Sample preparation, primer design and other considerations for real time-PCR have been 364 
extensively described in the literature22,23.  365 
 366 
REPRESENTATIVE RESULTS:  367 
Schematic representation of Thy-Noc and HU-based protocols for cell synchronization.  368 
Figure 1 summarizes the steps required for U2OS cell synchronization and subsequent sample 369 
collection in order to verify progression through the cell cycle and to perform gene expression 370 
analyses.  371 
 372 
Phospho-H3 and PI staining are good evaluation parameters to select synchronization 373 
methods.  374 
Cell synchronization procedures must be assessed and optimized for each cell line due to 375 
inherent heterogeneity of cultured cells. Synchronization in mitosis is typically achieved with 376 
Thy-Noc protocol, and enrichment of mitotic cells after treatment with nocodazole can be 377 
assessed with antibodies specific for phosphorylated histone H3 (pH3), a typical mitotic marker. 378 
Identification of pH3 positive cells allows discriminating between mitotic cells and those with a 379 
4C-DNA content not undergoing mitosis (all of which are considered a “G2” population by PI 380 
staining). In U2OS cells Thy-Noc protocol lead to a significant enrichment of a population with 4C 381 
DNA content (Figure 2A, upper left graph, blue population by PI staining), and the relative 382 
fraction of mitotic cells within this population was routinely quite pure (approximately 91% 383 
compared to 2% in asynchronous cells). Release from nocodazole results in a synchronized 384 
progression of cells to the next G1 phase, as determined by the accumulation of a population 385 
with 2C DNA content (Figure 2A, upper right graph, green population by PI staining) and the 386 
near disappearance of pH3 positive mitotic cells (Figure 2A, lower right graph). Thus, pH3 387 
staining results confirmed the suitability of Thy-Noc protocol for mitotic synchronization of 388 
U2OS cells.  389 
 390 
Synchronization of U2OS cells in G1/S was tested with thymidine and hydroxyurea, two widely 391 
used synchronyzers. Enrichment in different phases of the cell cycle was determined by PI 392 
staining and FACS analysis and percentage of cells summarized in a table (Figure 2B). A 24 h 393 
exposure of U2OS cells to Thy (2mM) was inefficient in arresting cells in G1/S boundary (Figure 394 
2B), whereas treatment with HU or with a double round of thymidine (DT) resulted in a 395 
satisfactory arrest. However, only HU-treated cells recovered completely from arrest and 396 
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progressed adequately through the cell cycle. By contrast, DT block induced a permanent G1 397 
arrest in a significant fraction of the cell population (13.3% of cells in G1 at 6 h time point with 398 
DT vs. 3.1% with HU-based protocol), which negatively affected cell synchrony. Thus, exposure 399 
to HU is recommended as an appropriate G1/S synchronization method for U2OS cells.  400 
 401 
Thy-Noc- and HU-based protocols are complementary for cell synchronization.  402 
As shown in Figure 3A (0 h time point), treatment by Thy-Noc protocol efficiently arrested U2OS 403 
cells in M-phase entry (population with 4C DNA content, shown in blue) and treatment by HU 404 
protocol arrested cells in G1/S boundary (population with 2C DNA content, shown in green/red). 405 
Upon removal of the drugs, cells entered into and progressed through the cell cycle in a 406 
synchronized fashion. Cells recovered from Thy-Noc treatment were first observed in early G1 407 
phase (population in green) and subsequently transitioned through G1 and up to S phase in a 408 
uniform fashion. Cells recovered from HU treatment progressed synchronously through S 409 
(population in red) and G2/M. Progression through the next cell cycle was concomitant to the 410 
loss of synchronicity. Consequently, time points over 15 hours were not included in these 411 
analyses because of loss of synchronicity after this time point.  412 
 413 
Western blot analysis of Cyclin E1 (a G1/S cyclin) and Cyclin B1 (a G2/M cyclin), two proteins 414 
whose levels are tightly regulated in the cell cycle, and of the mitotic marker pH3, confirmed the 415 
cell cycle phase of each time point analyzed by FACS (Figure 3B). As expected, cells in M phase 416 
(corresponding to 0 h time point of Thy-Noc-synchronized cells) and cells in G2 to M phase (9 h 417 
to 12 h time point of HU-synchronyzed cells) showed a dramatic accumulation of cyclin B1 and 418 
undetectable levels of cyclin E1. Furthermore, Cyclin B1 levels were low to undetectable in G1 419 
phase (3 h upon release from nocodazole) and gradual accumulation was observed as cells 420 
progressed through S (after Thy-Noc release) and into G2 (after HU release). Strong pH3 labeling 421 
of cells at 0 h upon Thy-Noc synchronization confirmed the enrichment of cells arrested at 422 
mitosis at this time point. Slight increase on pH3 levels at 12 h after release from HU revealed 423 
that the majority of cells with 4C DNA content were still in G2 while the proportion of cells in 424 
mitosis was increased at 15 h time point. By contrast, the expression pattern of Cyclin E1 425 
showed a progressive accumulation from early G1 to S-phase entry (Thy-Noc procedure) and 426 
gradual disappearance in G2/M phase (HU procedure).  427 
 428 
Expression of genes that are differentially regulated in the cell cycle can be accurately 429 
analyzed with a combination of Thy-Noc- and HU-based synchronization.  430 
As a proof-of-concept that cell cycle-regulated gene expression analysis is best assayed by a 431 
combination of two cell synchronization methods, mRNA expression of two E2F family members 432 
known to have different expression kinetics in the cell cycle (E2F1 and E2F7) were examined by 433 
reverse transcriptase quantitative PCR (RT-qPCR). To this end, Thy-Noc and HU synchronization 434 
protocols were used, as summarized in Figure 1, and cell cycle distribution was monitored by 435 
flow cytometry as shown in Figure 3A. Figure 4 shows E2F1 (upper two graphs) and E2F7 (lower 436 
two graphs) mRNA profiles through the cell cycle. The transcriptional regulation profile of E2F1 437 
encoding gene was best observed with Thy-Noc procedure, whereby E2F1 expression started to 438 
gradually increase from early G1 phase to reach a peak at late G1 phase (9 h after Thy-Noc 439 
release; green background). Its levels decreased thereafter, concomitant with an entry into S 440 
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and G2 phases (red and blue backgrounds). By contrast, E2F7 gene expression kinetics were best 441 
detected after HU-based synchronization (lower graph; red background), with a peak expression 442 
at 6 h from release (corresponding to S to G2 phase transition). Thy-Noc procedure, on the other 443 
hand, was suitable for observing induction of E2F7, but not its downregulation. Of note, 444 
extension of the analysis beyond 15 h time point reproduced E2F1 and E2F7 mRNA expression 445 
profiles of earlier time points, although with a diminished range of mRNA variation (data not 446 
shown). Altogether, these results confirm the importance of working with a properly 447 
synchronized cell population to assess not only gene expression kinetics but also the accurate 448 
amplitude of changes in the mRNA levels. 449 
 450 
Cell synchronization provides a better understanding of the gene expression program 451 
impacted by anticancer therapy.  452 
To analyze the effect of the antitumor drug mitomycin C (MMC) in cell cycle dynamics as well as 453 
in gene expression, U2OS cells were first synchronized with HU and subsequently treated with 454 
MMC. Exposure to this genotoxic agent activated a checkpoint in G2 phase that was evident 455 
after 15 h of exposure (Figure 5A, lower row, blue peak). By contrast, untreated cells progressed 456 
normally through G1 at this time point (Figure 5A, upper row, green peak). Long-term MMC 457 
treatment (36 h) revealed a permanent arrest of cells in G2 phase while cells with no MMC 458 
treatment exhibited a cell cycle distribution that was similar to that shown by the asynchronous 459 
cell population. 460 
 461 
E2F1 and p21Cip1 (CDKN1A) were chosen for gene expression analysis in MMC-treated cells 462 
(Figure 5B), given their different cell cycle-dependent regulation. Expression of E2F1 is G1 phase-463 
dependent, as described in Figure 4, whereas induction of p21Cip1 expression is coupled to cell 464 
cycle arrest/checkpoint activation24. As shown in Figure 5B (upper left graph), E2F1 gene 465 
expression kinetics were similar in the presence or absence of MMC, as cells progressed through 466 
G1/S and into S phase. Differences in E2F1 gene expression among MMC treated and untreated 467 
cells were observed after 15 h of exposure to MMC, whereby MMC-treated cells expressed 468 
lower E2F1 mRNA levels than control cells (Figure 5B, compare solid and dashed lines). 469 
However, despite the clear difference in expression, it cannot be concluded that MMC 470 
downregulates E2F1 expression, because cell cycle profiles of MMC treated and untreated cells 471 
are clearly different in these later time points, owing to a sustained G2 phase arrest imposed by 472 
MMC. In fact, low E2F1 mRNA levels after the 15 h time point in MMC-exposed cells probably 473 
reflect an effect of the drug in cell cycle dynamics, rather than an effect of MMC in E2F1 474 
transcriptional regulation. 475 
 476 
In contrast to E2F1, p21Cip1 is an MMC-responsive gene. Elevated levels of p21Cip1 were detected 477 
at HU-imposed G1/S arrest, indicating G1 checkpoint activation by HU (Figure 5B, 0 h time point) 478 
and its expression decreased thereafter in non-MMC treated cells, consistent with an 479 
unperturbed cell cycle progression after release from arrest. By contrast, MMC treatment led to 480 
elevated p21Cip1 mRNA levels (Figure 5B, upper right graph, solid line) while cells were 481 
accumulating in G2 phase (9 h of MMC exposure). Despite the fact that cell cycle profiles were 482 
similar at the 9 h time point in control and MMC treated cells, gene expression analysis shows a 483 
fundamental difference. MMC exposed cells displayed an activated G2 checkpoint, evidenced by 484 
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induction of p21Cip1 expression, whereas untreated cells were undergoing an unperturbed 485 
transition through G2, with low p21Cip1 levels. 486 
 487 
Data obtained by flow cytometry analysis (Figure 5A) and data resulting from RT-qPCR (Figure 488 
5B, upper graphs) were combined in a single graph for each of the selected genes (Figure 4B, 489 
lower graphs). mRNA expression levels where shown as relative height of the bars while the cell 490 
cycle distribution of cells for each sample was illustrated with the proportion of colors: green for 491 
G1 phase (2C DNA content), blue for G2 phase (4C DNA content) and red for S phase 492 
(intermediate DNA content). This combined method of graphical representation may be helpful 493 
for interpreting cell cycle distribution and gene expression analyses. 494 
 495 
In summary, gene expression analysis coupled to a culture synchronization method allowed the 496 
identification of a genotoxic agent-responsive gene (p21Cip1) and led to propose that changes 497 
observed in E2F1 expression between cells treated and untreated with the agent were indirect, 498 
and possibly related to differences in cell cycle distribution of cells.  499 
 500 
Figure 1. Overview of two complementary cell synchronization protocols: Thymidine-501 
Nocodazole and Hydroxyurea.  502 
(A) Graphical representation of the mammalian cell cycle indicating the points at which cell 503 
cycle arrest is achieved by cell synchronization methods. Thy-Noc-based procedure blocks cells 504 
in early mitosis (M) while HU blocks cells at the G1/S boundary. (B) Schematic representation of 505 
Thy-Noc protocol of cell synchronization. Shown are the steps typically used for gene expression 506 
analysis and cell cycle monitoring in U2OS cells. (C) Schematic representation of HU-based 507 
protocol of cell synchronization. Shown are the steps typically used for gene expression analysis 508 
and cell cycle monitoring in U2OS cells. A shorter synchronization procedure omitting serum 509 
starvation can also be applied if optimal synchronization is already achieved by a 24 h exposure 510 
to HU. 511 
 512 
Figure 2. Assessment of suitable synchronization methods.  513 
(A) Asynchronous and Thy-Noc synchronized U2OS cell cultures were subjected to pH3 514 
staining in order to assess the fraction of mitotic cells in each case. Simultaneous PI staining 515 
allowed monitoring of the DNA content of cells. In the asynchronous population only a minimal 516 
fraction of cells with 4C DNA content (in blue) were positive for the mitosis marker. By contrast, 517 
Thy-Noc protocol efficiently accumulated cells in mitosis (positive for the pH3 staining) and 518 
allowed proper progression to the next G1 phase (in green) upon removal of nocodazole (3 h 519 
time point). Percentage of cells in each phase is summarized in the table and labeled with colors 520 
according to those employed in the PI histograms: green for 2C DNA content cells (G1), blue for 521 
cells with 4C DNA content (including G2 and M cells and named as G2 in the histograms in order 522 
to simplify the figure, and red for cells with intermediate DNA content (S). (B) Thymidine and HU 523 
were assessed for their cell cycle synchronization efficiency in U2OS cells. Cells were treated 524 
with thymidine (one or two rounds), or with HU for 24 h, and cell synchronization was examined 525 
by PI staining and FACS analysis. Summit was used for FACS data analysis.  526 
 527 
Figure 3. Outlining the temporal frame for uniform progression of cells after Thy-Noc- and HU-528 
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mediated synchronization.  529 
(A) U2OS cells were synchronized in M phase by Thy-Noc protocol (upper row) or in G1/S 530 
transition by HU protocol (lower row). Cell cycle progression was monitored by PI staining and 531 
FACS analysis of the DNA content of cells every 3 h after the release from chemicals. Summit 532 
was used for FACS data analysis. Cells released from Thy-Noc-mediated arrest entered 533 
synchronously in early G1 phase after 3 h, and progressed uniformly up to S phase at 534 
subsequent time points. Cells released from HU-mediated arrest transitioned synchronously 535 
through S and G2 phases. Cells collected 15 h after release represented the limits for cell 536 
synchronization, as progression to next phase was only achieved by a fraction of the population. 537 
(B) Cell synchronization was monitored by Western blot analysis by collecting protein samples 538 
every 3 h and up to 15 h following release. Expression kinetics of Cyclin E1 (CCNE1), a cyclin 539 
predominantly accumulated through the S phase, cyclin B1 (CCNB1), mainly present from G2 to 540 
M phase and pH3, a marker for mitotic cells, corroborated cell cycle distribution profiles 541 
observed by flow cytometry. Actin B (ACTB) was used as an endogenous loading control because 542 
its levels are not cell cycle-dependent. (As modified from Mitxelena et al.8). 543 
 544 
Figure 4. Study of cell cycle phase-dependent transcription of E2F family members by 545 
complementary cell synchronization methods.  546 
U2OS cells were arrested in G2/M by Thy-Noc protocol or in G1/S by HU treatment, and samples 547 
were collected for RNA extraction and FACS analysis every 3 h up to 15 h upon release from 548 
arrest. Gene expression analysis by RT-qPCR revealed an E2F1 expression profile circumscribed 549 
mainly to G1 (upper left graph) while E2F7 gene expression profile was shifted to S phase, with a 550 
gradual downregulation through G2 phase (lower right graph). TBP was used as endogenous 551 
non-cell cycle-regulated gene to calculate relative changes in mRNA levels and results were 552 
represented as the mean values and standard deviation (SD). Progression through cell cycle was 553 
determined by PI staining and FACS analysis of the DNA content of cells. Cell cycle phases were 554 
represented as background colors in graphs: black (arrest at early mitosis), green (G1 phase), red 555 
(S phase) and blue (G2 phase).  556 
 557 
Figure 5. Impact of MMC on gene expression and cell cycle progression.  558 
U2OS cells were treated with HU for 24 h, and MMC (250 nM) was added immediately after 559 
release from HU-mediated G1/S arrest. Samples for FACS analysis and gene expression analysis 560 
were collected at indicated time points. A) Progression through the cell cycle was determined by 561 
PI staining and FACS analysis of DNA content by Summit software. MMC induced a moderate 562 
delay in the progression through S phase (red population) and a permanent arrest in G2 phase 563 
(blue population), as shown by the absence of cells in G1 (green population) after 15 h of 564 
treatment (lower row) compared to non-treated (upper row) cells. B) E2F1 and p21Cip1 gene 565 
expression analysis in MMC treated or untreated cells was performed at the mRNA level by RT-566 
qPCR. Oxa1L was used as an endogenous non-MMC-responsive gene and results were 567 
represented as mean values and SD. Upper graphs represent relative mRNA levels of selected 568 
genes after release from HU and addition of MMC. Lower graphs combine data obtained by 569 
FACS analysis and RT-qPCR. 570 
 571 
DISCUSSION:  572 
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Analysis of fine-tune regulated genes involved in transient and specific roles in the cell cycle 573 
requires a uniform cell population. Many researchers routinely use long-established tumor cell 574 
lines for these purposes, and a variety of methods have been developed to obtain synchronous 575 
(or partially synchronous) cell populations, with the aim to accumulate as many cells as possible 576 
in defined cell cycle phases. Moreover, strong efforts have been undertaken to improve and 577 
optimize well-established synchronization approaches. Nevertheless, all synchronization 578 
protocols have drawbacks, which can be attributable to heterogeneity of cell cultures, to 579 
suboptimal efficiency of the synchronization procedures, or to secondary effects that chemical 580 
synchronizers have in cell function, among others. These limitations must be taken into account 581 
when applying cell synchronization protocols. Researchers need to identify the most suitable 582 
synchronization methods for their specific cell type or experiment. Even cultivating different cell 583 
lines in exactly the same way, resulting synchronization rates may differ due to several reasons. 584 
On the one hand, length of the cell cycle may vary depending on the selected cell line; on the 585 
other hand, the same inhibitor may have contrasting effects on different cell lines due to 586 
particular characteristics of each cell line25. Furthermore, selected inhibitor concentration and 587 
exposure time must always be adjusted to each cell line in order to avoid or minimize non-588 
desirable side-toxicity26. Even after optimization of all these aspects, 100% accumulation of cells 589 
in a given cell cycle phase is never achieved, and asynchrony increases gradually after removal of 590 
the chemical27. Thus, it is important to understand that synchronization methods obtain at best 591 
partial cell population enrichments in a particular time frame. 592 
 593 
In this work two synchronization procedures (Thy-Noc and HU) have been optimized for their 594 
use in U2OS cells, both of which are extensively used for cell synchronization assays28-30. For 595 
arresting cells in M phase, a combination of thymidine and nocodazole worked efficiently in 596 
U2OS cells. Given the cytotoxic nature of nocodazole, it was important to determine the 597 
exposure time and dose of this inhibitor in order to obtain not only a highly synchronized cell 598 
population but also optimal cell survival. Prior exposure to thymidine (or theoretically any other 599 
similar compound such as hydroxyurea) led to an enrichment of the cell population in G1 and S 600 
phases, thereby decreasing the required nocodazole exposure time. For arresting cells in G1/S, 601 
several possibilities were considered, including double thymidine block, a method that is very 602 
efficient in synchronization of several cell-lines31,32. However, thymidine was discarded given its 603 
disappointing results in U2OS. One round of thymidine treatment only arrested a fraction of 604 
cells, whereas two rounds of thymidine treatment efficiently blocked the majority of cells in 605 
G1/S, but a G1 population was maintained after release from thymidine and cell cycle 606 
progression did not proceed uniformly. By contrast, hydroxyurea treatment provided good G1/S 607 
blocking results and uniform progression of cells through S and into G2.  608 
 609 
Cell cycle phase distribution should be examined whenever performing cell synchronization 610 
experiments (e.g. by propidium iodide staining or pH3 labeling followed by FACS analysis, or by 611 
immunoblotting of cell cycle phase-specific proteins)16,33,34, in order to better interpret gene 612 
expression results. An incorrect synchronization efficiency or slight inter-experimental 613 
differences in the progression through the cell cycle may lead to wrong conclusions. For 614 
example, nocodazole treatment is known to cause failure of mitotic checkpoint function under 615 
certain conditions. This gives rise to a population of cells with 4C DNA content but negative for 616 
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mitotic markers34 that “slips” mitotic division and returns to interphase with a 4C content35. The 617 
emergence of this subset of cells, which can be detected by immunostaining with anti-phospho-618 
H3 antibodies (see Figure 2A) may be minimized by the use of cold PBS for the nocodazole 619 
washing steps. Another effect associated with the use of chemical inhibitors that impacts cell 620 
synchrony is checkpoint activation associated with exposure to these compounds36,37, a 621 
mechanism by which the cell actively arrests progression through the cell cycle until it can 622 
ensure that processes previous to that precise point (e.g. correct DNA replication, spindle 623 
assembly), are resolved 38. For a synchronization method to be adequate, the arrest must be not 624 
only efficient but also completely reversible. Thus, after release of cell cycle inhibitors it is 625 
important to analyze whether the effects of the inhibitor have been reverted, for example by 626 
analyzing expression of checkpoint markers, such as p21CIP. Figure 5B shows that hydroxyurea-627 
synchronized U2OS cells efficiently resolved the checkpoint, because p21CIP levels were reduced 628 
to basal expression after release. 629 
 630 
In U2OS cells, the enrichment percentages upon cell cycle arrest fall within the range reported 631 
by other studies on cell synchronization29,30,39: around 85% of cells with 4C DNA content (PI 632 
staining) and approximately 90% of those in mitosis (pH3 positive labeling) upon thymidine-633 
nocodazole treatment, and around 80-90% of G1/S cells after hydroxyurea treatment. Release 634 
from cell cycle arrest typically drives proper progression through the next one or two phases in a 635 
uniform manner, although synchronization is invariably lost after several hours and cells are 636 
unable to complete an entire cell division cycle in a synchronized manner. Therefore, in order to 637 
get a full picture of all the phases of the cell cycle, the protocol proposed in this work makes use 638 
of two synchronization methods from different parts of the cell cycle. As shown in Figure 3A, 639 
each individual protocol did not ensure synchronicity over an entire cell cycle. Thy-Noc-based 640 
synchronization provided an appropriate frame for processes occurring in G1 to S phases, while 641 
cells released from HU were suitable for the analysis of events taking place during S and G2/M. 642 
The complementarities of the selected two procedures were demonstrated by the analysis of 643 
two members of the E2F transcription factor family (Figure 4), supporting the idea that 644 
combination of two methods that synchronize in different phases of the cell cycle is a powerful 645 
approach to accurately establish cell cycle-regulated gene expression patterns and to better 646 
understand their physiological role.  647 
 648 
A compelling application of cell synchronization procedures focuses on evaluating the impact of 649 
potential therapeutic agents. The effect of pharmaceutical compounds, such as those with 650 
antitumor activity is often studied in asynchronous cell populations. Under these settings it is 651 
possible to determine the implication of the selected drug in the induction of several processes 652 
such as cell death, cell cycle arrest or senescence7,40. However, selection of asynchronous cell 653 
settings for identification of precise molecular events regulating such processes may lead to 654 
incomplete or partially wrong conclusions. This point, which is often overlooked, has been 655 
illustrated in the present work by analyzing the effect of the chemotherapeutic drug MMC on 656 
E2F1 and p21Cip1 gene expression (Figure 5). Overall, combination of cell synchronization and 657 
treatment with genotoxic agents provides a suitable context in which to study the expression of 658 
genes that are responsive to the genotoxic agent and to discriminate from those affected by cell 659 
cycle perturbations imposed by the agent.  660 
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Name of Material/ Equipment Company Catalog Number Comments/Description

DMEM, high glucose, GutaMAX supplement Thermo Fisher Scientific 61965-059
FBS, qualified, E.U.-approved, South America 

origin Thermo Fisher Scientific 10270-106

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140-122

0.25% Trypsin-EDTA (1X), phenol red Thermo Fisher Scientific 25200-072

Thymidine SIGMA T1895-5G

Freshly prepared. Slight warming might help 

dissolve thymidine.

Nocodazole SIGMA M-1404

Stock solution in DMSO stored at -20 ºC in small 

aliquots

Hydroxyurea SIGMA H8627 Freshly prepared

Mitomycin C from Streptomyces caespitosus SIGMA M4287

1.5mM stock solution in sterile H2O protected 

from light and stored at 4ºC

Dimethyl sulfoxide SIGMA D2650

Propidium iodide SIGMA P4170

Stock solution in sterile PBS at 5 mg/ml, stored 

at 4º C protected from light.

PBS pH 7.6 Home made

Ethanol PANREAC A3678,2500

Chloroform SIGMA C2432

Sodium Citrate PANREAC 131655

Triton X-100 SIGMA T8787

RNAse A Thermo Fisher Scientific EN0531

TRIzol Reagent LifeTechnologies 15596018

RNeasy Mini kit QIAGEN 74106

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4368814

Anti-Cyclin E1 antibody Cell Signaling 4129 1:1000 dilution in 5% milk, o/n, 4 ºC

Anti-Cyclin B1 antibody Cell Signaling 4135 1:1000 dilution in 5% milk, o/n, 4 ºC

Anti-β-actin SIGMA A-5441 1:3000 dilution in 5 % milk, 1 hr, RT

Anti-pH3 (Ser 10) antiboty Millipore 06-570 Specified in the protocol

Secondary anti-rabbit AlexaFluor 488 antibody Invitrogen R37116 Specified in the protocol

Excel Spreadsheet- Table of Materials/Equipment Click here to download Excel Spreadsheet- Table of Materials/Equipment Materials
and Reagents.xlsx
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Secondary anti-mouse-HRP antibody Santa Cruz Biotechnology sc-3697 1:3000 dilution in 5 % milk, 1 hr, RT
Forward E2F1 antibody (human)                    

TGACATCACCAACGTCCTTGA Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)
Reverse E2F1 antibody (human)                    

CTGTGCGAGGTCCTGGGTC Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)
Forward E2F7 antibody (human)                    

GGAAAGGCAACAGCAAACTCT Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)
Reverse E2F7 antibody (human)                    

TGGGAGAGCACCAAGAGTAGAAGA Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)

Forward p21
Cip1 

antibody (human)                    

AGCAGAGGAAGACCATGTGGAC Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)

Reverse p21Cip1 antibody (human)                    

TTTCGACCCTGAGAGTCTCCAG Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)

Forward TBP antibody (human) reference gene                    Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)

Reverse TBP
 
antibody (human)                    Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)
Forward Oxa1L antibody (human) reference 

gene   CACTTGCCAGAGATCCAGAAG                 Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)

Reverse Oxa1L  antibody (human)    

CACAGGGAGAATGAGAGGTTTATAG                Biolegio

Designed by PrimerQuest tool 

(https://eu.idtdna.com/site)
Power SYBRGreen PCR Master Mix Thermo Fisher Scientific 4368702

FACS Tubes Sarstedt 551578

MicroAmp Optical 96-Well Reaction Plate Thermo Fisher Scientific N8010560

Corning 100mm TC-Treated Culture Dish Corning

Corning Costar cell culture plates 6 well Corning 3506

Refrigerated Bench-Top Microcentrifuge Eppendorf 5415 R

Refrigerated Bench-Top Centrifuge Jouan CR3.12 Jouan 743205604

NanoDrop Lite Spectrophotometer Thermo Scientific ND-LITE-PR

BD FACSCalibur Flow Cytometer BD Bioscience

QuantStudio 3 Real-Time PCR System Thermo Fisher Scientific A28567
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Title of Article: 
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Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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        Bilbao, 01-02-2017 

 

Dear Editor,  

 

We are submitting the revised version of our manuscript JoVE55745 entitled “Studying 

cell cycle-regulated gene expression by two complementary cell synchronization 

protocols”. We have carefully read the comments of the reviewers, and have made the 

required changes.  Here is our point-by-point response to the Editorial and Reviewer’s 

comments. 

 

We hope that you find our revised manuscript acceptable for publication in JoVE. 

 

Yours sincerely, 

 

 

Ana M. Zubiaga, PhD 

Professor of Genetics, UPV/EHU 

 

Response to Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. The JoVE editor will not copy-edit your 

manuscript and any errors in the submitted revision may be present in the published 

version. 

 The manuscript has been proofread. 

2. Please define all abbreviations before use. 

All abbreviations have been defined before use 

3. Please use SI abbreviations: h for hours instead of hr (Figure 1, 4B, etc.) 

 We have used SI abbreviations. 

4. Please remove trademark (™) and registered (®) symbols from the Table of 

Equipment and Materials. 

 We have removed symbols. 

5. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript 

and use generic terms instead. All commercial products should be sufficiently 

referenced in the Table of Materials and Reagents. 

 We have removed symbols. Products are referenced in the Table of Materials. 

 

Rebuttal Comments Click here to download Rebuttal Comments Rebuttal letter
JoVE.docx

http://www.editorialmanager.com/jove/download.aspx?id=587036&guid=895cfd56-d046-4970-a429-4a1818a789bf&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=587036&guid=895cfd56-d046-4970-a429-4a1818a789bf&scheme=1


6. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", 

"our" etc.). 

 We have avoided personal pronouns. 

7. The Protocol should contain only action items that direct the reader to do something. 

Please move the discussion about the protocol to the Discussion. 

 We have moved it to Discussion. 

8. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) 

that identifies the essential steps of the protocol for the video, i.e., the steps that should 

be visualized to tell the most cohesive story of the Protocol. The highlighted steps 

should form a cohesive narrative with a logical flow from one highlighted step to the 

next. Remember that non-highlighted Protocol steps will remain in the manuscript, and 

therefore will still be available to the reader. 

 We have highlighted around 2.75 pages of the protocol. 

9. Please ensure that the highlighted steps form a cohesive narrative with a logical flow 

from one highlighted step to the next. Please highlight complete sentences (not parts of 

sentences). Please ensure that the highlighted part of the step includes at least one 

action that is written in imperative tense. 

 Highlighted steps form a cohesive narrative. 

10. As we are a methods journal, please revise the Discussion to explicitly cover the 

following in detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

11. The current discussion is more of an original research article discussion when it 

should focus on the methodology. 

 We have rewritten the discussion section to focus on methodology, and we have 

included discussion on critical steps of protocol, troubleshooting, limitations and 

applications. 

 

 

Response to Reviewers: 

Reviewer #1: 

Manuscript Summary: 

The authors of this manuscript describe two protocols to synchronize cultures of 

mammalian cell lines across different phases of the cell cycle. They propose the use of 

this method for cell cycle -related gene expression studies, such as the analysis of 

phase-specific transcriptional programs or the study of drug-response mechanisms at 

the gene expression level.   



These protocols are widely used in the cell cycle field and, therefore, their detailed 

description might be of utility for a significant fraction of the scientific community. In 

general, the protocols are well explained and with sufficient detail, and all materials 

and reagents required are detailed in the table of Materials. 

Major Concerns: 

-The authors claim that Thy-noc protocol is mostly appropriate to study G1 and S 

phase, whereas HU protocol works better for S, G2 and M phases. However, according 

to cell cycle profiles shown in Figure 2, a mostly S- phase population is only obtained 

at 3h release from HU, but not after nocodazole release, as it would also be expected. 

Could this be due to mitotic slippage in the conditions used for mitotic shake -off? (See 

also comment on 1.7.1 below). This point should be clarified. 

We agree with the reviewer in that an enriched S-phase population is only observed 

with HU protocol. By contrast, Thy-Noc protocol is best for enrichment of populations 

in G1 and S-phase entry, but not so good for S and G2 phases (Fox, MH, 2004, Methods 

Mol Biol, 241:11-16). In the revised version of the manuscript, we have modified the 

text to clarify this point (page 2, line 46; page 14, line 451 and page 17, line 553).  

We believe that the main reason for the lack of an enriched S-phase population is a 

progressive loss of synchronicity. Although we do not discard that mitotic slippage may 

happen to some extent, the vast majority of the cell population shows a 2C DNA 

content upon removal of nocodazole, indicating completion of mitosis and correct 

progression through the next cycle (please see Figure 2A and Figure 3A of the revised 

manuscript). 

 

-Related to the above point it is very difficult to valuate the actual enrichment in each 

cell cycle phase without showing the percentage of cells in each phase (Figure 2 and 

Figure 4). Ideally, an EdU and/or BrdU staining should be included to facilitate the 

identification of S phase cells. On the other hand, a specific mitotic marker, such as 

pH3 or MPM-2, should also be included in the FACs analysis to identify the percentage 

of mitotic cells within the 4n population. This is an important control for the time 0 of 

thy-noc protocol, at which a pure mitotic population should be obtained after a mitotic 

shake-off. These stainings across the different time points will also allow to study the 

reversibility of these protocols, and to ensure no cells left arrested in mitosis or S-phase 

after release from nocodazole and HU/Thy, respectively. 

As pointed out by the reviewer, incorporation of EdU or similar stainings allow the 

precise determination of cells in S phase. Nevertheless, it increases both, complexity 

and economic cost especially when large series of time points (e.g. sample collection 

every 3 h) and conditions (e.g. treatments) are compared. We believe that propidium 

iodide staining coupled to a FACS analysis software program that discriminates cell 

cycle phases constitutes an optimal monitoring procedure due to the simplicity of the 

procedure and to its accuracy in detecting cell cycle phases.  

Regarding the population of cells with 4C DNA content, following the suggestion of the 

reviewer, we have included immunoblot analysis of pH3 levels in cells upon Thy-Noc 

and HU-based synchronization protocols (Figure 3B of the revised manuscript) and we 

have performed a new experiment in order to verify the purity of our mitotic population 

obtained by the Thy-Noc protocol (please note new Figure 2A). In addition, the protocol 

for pH3 analysis has been included in the Methods section and in the modified 

Discussion section. 



-Different agents allow cells to be arrested at the G1/S transition such as HU, 

Thymidine or aphidicoline, among others. Why the authors show thy for the first 

protocol vs HU for the second? It is known that some of these agents such as HU might 

induce replicative stress. What's the level of damage induced in the conditions 

described in these protocols? Is it fully reversible? Does it determine the use of any 

specific G1/S blocker vs. others? 

As mentioned in the manuscript and pointed out by the reviewer, drug-mediated 

synchronization protocols are based on transient inhibition of cell cycle progression and 

therefore, tightly linked to checkpoint activation. Consequently, HU, as well as other 

inhibitors of DNA replication such as thymidine or aphidicolin, cause replication stress. 

In fact, this aspect has been previously mentioned by other authors (e.g. Darzynkiewicz 

et al., 2011, Methods Mol Biol.). In order to minimize this limitation, it is crucial to 

select experimental conditions that are able to stop progression of the cells at some 

point of the cell cycle, but also to allow adequate progression once the drug is removed. 

In the new version of the manuscript we have included some of the optimization 

experiments that we performed with U2OS cells. As shown in the new Figure 2B, 24h 

treatment with Thymidine was not as good as HU in arresting cells in G1/S transition. 

Furthermore, although comparable results were obtained by HU and Double Thymidine 

treatment, a persistent peak in 2C DNA content (G1 phase) was detected in cells 

released from Double Thymidine protocol while a proper progression towards S and G2 

phases was observed upon removal of HU. These data, suggesting a partial but 

unresolvable DNA damage and checkpoint activation after the removal of the second 

thymidine round, led us to the selection of the HU-based method for U2OS cells. In 

addition, progressively decreasing p21Cip1 expression levels (Figure 5B, right graph, of 

the new version of the manuscript) support the transient nature of the arrest induced by 

HU as well as the lack of further G2 checkpoint activation.  Required changes have 

been done in the manuscript including a new figure (Figure 2), figure-related 

representative results (page 11), figure legend (page14) and discussion in the 

corresponding section (page 16 and 17). 

 

-The protocols described are exclusively based on U2OS cell line. Validation of the 

synchronization protocol in at least another cell line should be shown. Moreover, 

limitations and/or variations of these protocols when apply to other cell lines should 

also be discussed. 

Synchronization protocols described in this manuscript have been previously employed 

in several studies applied to cell lines such as HeLa cells (Westendorp et al., 2011, Liu 

et al., 2011, Oncogene), thereby validating the protocol. Moreover, their limitations 

have been discussed in the new version of the manuscript. 

 

Minor Concerns: 

-Cell cycle synchronization across different phases may also be monitored by Western-

blot analysis as shown in Figure 2B. However, the markers shown in the figure are 

quite limited. Other cell cycle regulated genes such as Cyclin A, pH3 or geminin for 

instance should be included to better discriminate among cell cycle phases. 

Following the suggestion made by the reviewer, we have added immunoblot data on 

pH3 levels to the markers previously shown in Figure 2B (now renamed Figure 3B). 

Cyclin E1 and Cyclin B1 were selected due to their narrow expression window and 



distinct expression peaks during the cell cycle, in contrast to Cyclin A or D, which show 

broader expression patterns in U2OS cells and are not optimal for defining cell cycle 

phases (Asghar et al., 2015; Nature Reviews Drug Discovery).  

-FACS software and/or algorithm used for gating cell cycle profiles should be specified 

(Figures 2 and Figure 4). 

 

Summit V4.3.01 (Dako) was used for FACS data analysis. This information has been 

included in the revised manuscript (page 14, lines 445, 450 and page 15, line 477). 

 

Additional Comments to Authors: 

 

Specific notes on protocol steps: 

 

1.4. Slight warming might help dissolve thymidine. This could be added as a 

suggestion/recommendation. 

1.7.1. It is important to be careful in the washing steps following collection of detached 

mitotic cells in nocodazole-containing medium. That means either use PBS-cold for the 

washing steps and/or add nocodazole to the PBS used for washing, in order to avoid 

slippage from the mitotic arrest. This can be monitored by FACs, based on PI+pH3 or 

MPM-2 staining (as discussed above), since a mitotic slippage would result in a 

fraction of 4n cells, which are negative for the indicated mitotic markers. 

 

We thank the reviewer for the comments made in order to improve the protocols 

described in the manuscript. All recommendations have been included in the revised 

version (page 5, line 133 and page 17, line 532). 

 

 

Reviewer #2: 

 

Manuscript Summary: 

 

In the present manuscript Apraiz and co-workers combine two broadly utilized cell 

synchronization protocols (hydroxiurea and a double thymidine+nocodazole) for the 

accurate RT-PCR mediated analysis of gene expression during the cell cycle. This can 

be applied both for the study of unperturbed cell cycle as well as to evaluate the impact 

of potential therapeutic agents. For the latter, and given the limited duration of cell 

synchrony after release, the authors nicely illustrate the need for the combination of 

both protocols in parallel to identify gene-expression variations that are a direct 

consequence of the treatment under study. This concept is often overlooked thereby 

potentially leading to data misinterpretation as also clearly illustrated by the 

experimental data in Figure 4. 

 

In addition, although both synchronization methods have been extensively used by many 

laboratories, the authors provide a detailed and clear protocol that will be useful for 

the optimization of such approach by other investigators. The overall technical quality 

of the data presented in the manuscript is remarkable but yet I feel that a few 

modifications could improve the current version. 

 

Major Concerns: 



 

1. As discussed by the authors, neither of the two methods ensures cell synchrony over 

an entire cell cycle following release. This is a limitation and justifies the combination 

of both methods when studying oscillations in gene expression in order to select the 

most appropriate protocol for the gene under study. To further support their claim it 

would have been nice to actually show that extending the observation time beyond 15 

hrs (Figure 3) failed to provide accurate experimental results due to increased 

population asynchrony. For instance (Figure 3 top right), would the G1 peak in E2F1 

expression be detected if the experimental time was extended in the HU release? 

Likewise, (Figure 3 bottom left), would the E2F7 decrease in late S be properly detected 

if the experimental time was extended in the Thy-Noc release? I am not asking for these 

experiments to be performed, but the authors may have actually performed these 

experiments as part of the original study. If results are already available it would be 

nice to include them to further support the author´s claims. 

In agreement with the point mentioned by the reviewer, the original experiment was 

extended beyond 15 h after release from nocodazole or HU, up to 24 h. However, the 18 

h and 24 h time points were excluded from the manuscript due to the clear asynchrony 

developed by cell populations already at 15 h after release, which was enhanced at later 

time points. Regarding E2F1 and E2F7 expression profiles at those later time points, we 

could, in fact, detect a second wave of E2F1 induction and E2F7 reduction. 

Nonetheless, the amplitude of those expression changes is clearly diminished, which 

can be at least partially explained by the loss of synchronicity by this time points. In 

order to complete the information provided in the manuscript, we have included this 

information in the body of the text (page 12, lines 370 to 375).  

 

2. Standard deviation is missing in experiments 3 and 4B (top panels). 

Standard deviation has been included in the experiments mentioned by the reviewer. 

 

Minor Concerns: 

 

Whereas the Cyclin E isoform (E1) analysed in the study is clearly indicated in the 

figures & legends in the "Representative Results" section is only referred to as Cyclin 

E. This should be corrected. 

Information regarding CyclinE1 has been corrected in the revised manuscript.  

 


