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17β-estradiol (E2), the main circulating estrogen hormone, is a critical signaling factor for the growth, 
differentiation, and function of breast epithelial cells. The effects of E2 on the breast tissue are 
primarily mediated by the estrogen receptor α (ERα). Deregulation of the E2-ERα signaling contributes 
to the initiation/progression of breast cancer and resistance to treatments. Cell lines from breast 
adenocarcinomas as in vitro model systems provide invaluable insight into cellular events, drug 
discovery, and drug resistance. Among ERα-synthesizing cell lines, MCF7 and T47D cells are widely 
used to elucidate cell cycle phase-specific molecular events that coordinate cellular proliferation 
mediated by E2-ERα. Due to variable results in generating phase-enriched populations with various 
approaches, we wanted to reassess cell cycle synchronization-coupled phase enrichment with charcoal 
dextran-treated fetal bovine serum, CD-FBS, as an effective hormone withdrawal approach, alone or in 
combination with excess thymidine, as a DNA replication inhibitor, and/or nocodazole, a microtubule 
poison, in MCF7 and T47D cells. We find that hormone withdrawal synchronizes both MCF7 and T47D 
cells at the G0/G1 phase. Supplementation of CD-FBS with E2 enriches the S phase population. E2 
with nocodazole and nocodazole-coupled mitotic shake-off augments the G2/M phase population of 
MCF7 cells. However, the double thymidine block approach with nocodazole or nocodazole-coupled 
mitotic shake-off is more effective in enriching S and G2/M phase populations of T47D cells. Our results 
highlight the differential efficacy of synchronization approaches in MCF7 and T47D cells that could 
provide a framework for cell cycle-specific applications in breast cancer research.
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The progression of the cell cycle for cellular proliferation involves an integrated series of transcriptomic, 
epigenomic, proteomic, and metabolomic processes that are dynamically and temporally regulated in response 
to various signaling1–4. 17β-estradiol (E2) as the main circulating estrogen hormone is a critical signaling 
factor for the growth, differentiation, and function of reproductive, cardiovascular, musculoskeletal, immune, 
and central nervous systems5,6. E2 exerts its effects on cells of target systems through transcription factors, 
estrogen receptor (ER) α and ERβ encoded by distinct genes. ERα is the predominant regulatory protein in 
breast tissue6. Although ERα is mainly present in the nucleus, a fraction of ERα is also localized at the plasma 
membrane and mitochondria7–10. The presence of ERα in various locations in cells implies that the exertion 
of E2 effects on cellular phenotypes involves dynamically integrated and finely tuned ERα-mediated signaling 
cascades. The so-called “extra-nuclear” E2 signaling mediates the second-to-minute (or rapid) transcription-
independent effects of ERα and also post-translationally modulates the functions of nuclear ERα, transcription 
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factors, co-regulatory proteins, and chromatin complexes leading to delayed responses. The contribution of the 
endoplasmic reticulum membrane localized G protein-coupled estrogen receptor, also known as GPR30, to 
rapid E2 signaling notwithstanding11, the binding of E2 to the plasma membrane-associated ERα induces the 
activation of the ERK/MAPK and/or PI3K/AKT signaling cascades that contribute to various cellular processes 
including proliferation and migration12–15. Nevertheless, the ‘delayed or protein synthesis-dependent’ nuclear 
E2-ERα signaling is the critical determinant to phenotypical changes in target cells5,6. E2-ERα regulates the 
expression of target genes that encode proteins involved in nucleic acid and protein metabolism, transcription 
factors, membrane signaling pathways, and receptor proteins. This regulation orchestrates DNA replication, 
repair, and progression through the cell cycle16–18. Deregulation of the E2-ERα signaling contributes to the 
initiation and development of estrogen-target tissue malignancies, including breast cancer5,6.

A better understanding of the sequence of events that coordinate cellular proliferation in response to the E2-
ERα signaling could significantly contribute to developing effective prognostic tools and therapeutic interventions 
for target tissue malignancies. This necessitates the identification of factors and the delineating of their functions 
in the initiation and progression of cell cycle phases that culminate in cell division. Approaches, with varying 
advantages and disadvantages, are centered around physical fractionations and chemical/pharmacological 
agents to synchronize the passage of cells through the cell cycle as a means to enrich cells in each phase19–21. 
Physical fractionation techniques are based on the size and density of cells by centrifugal separation as well 
as light scatter or fluorescent emission of labeled cells using a flow cytometer or fluorescence-activated cell 
sorter. Because of nonuniform size distributions of tumorigenic cells due to polyploidy, low cellular yields, and 
dependency on specialized equipment in physical fractionation techniques, chemical/pharmacological agents 
that primarily target DNA synthesis or mitotic spindle formation for the transient inhibition of cell cycle phase 
transitions have been widely used for synchronization studies19–21.

We have been involved in studies that aim at understanding the mechanisms of E2-ERα signaling22,23. 
We recently attempted to explore the contributions of proteostasis to genomic responses associated with cell 
cycle phases in response to E2. For this, we employed various chemical/pharmacological agents, alone or in 
combinations, to enrich cell cycle phases in breast adenocarcinoma-derived E2-responsive and ERα-synthesizing 
MCF7 and T47D cells that display distinct molecular characteristics and cycle progression profiles24–28. However, 
we obtained results with reproducibility and reliability issues that limited the utility of some of these approaches.

Among approaches, withdrawal of estrogen from cell culture environments that primarily rely on dextran-
coated charcoal (CD) treatment of fetal bovine serum (FBS), CD-FBS, as the main component of tissue culture 
media has been used, as we have22,23, as an effective mean for cell cycle synchronization of cell models derived 
from breast adenocarcinomas29–37. Subsequent supplementation of synchronized cells with estrogen alone or 
together with chemical/pharmacological agents has provided experimental models for specific cell cycle phase 
enrichments. However, various factors including the preparation and use of CD-FBS, as well as the nature, 
concentration, and duration of chemical/pharmacological agents in cycle synchronizations also generate 
experimental variability undermining reproducibility35,38.

We here wanted to reassess cell cycle synchronization-based phase enrichment approaches with CD-
FBS alone or in combination with chemical/pharmacological agents in MCF7 and T47D cells to provide a 
standardizable framework for cell cycle studies. We also used, without or with CD-FBS, the double thymidine 
block approach as a widely utilized chemical cell cycle synchronization technique that relies on the inhibition 
of DNA synthesis by excess thymidine to arrest cells at the G1/S boundary before DNA replication39–42 for 
comparative analysis. We find here that the maintenance of MCF7 or T47D cells in CD-FBS containing growth 
medium effectively synchronizes cells at the G0/G1 phase. We also find in MCF7 cells that supplementation of 
CD-FBS with E2 enriches the S phase population and together with nocodazole and nocodazole-coupled mitotic 
shake-off augments the population in the G2/M phase, respectively. On the other hand, the double thymidine 
block with nocodazole or nocodazole-coupled mitotic shake-off is an effective approach to obtain enriched S and 
G2/M phase populations of T47D cells.

Materials and methods
Reagents
17β-estradiol (E2; Cat # E2257), 4-hydroxytamoxifen (4-HTam; Cat # H7904) as the active metabolite of 
tamoxifen, thymidine (Cat # T1895), and propidium iodide (Cat # P4170) were purchased from Sigma-Aldrich 
(MO, USA). Imperial Chemical Industries 182,780, (ICI, Cat # 1047), as well as aphidicolin (Cat # 5736) and 
2,3-DCPE (Cat # 2137), were obtained from BioTechne-Tocris (Bristol, UK). Antibodies for ERα (Cat # sc-543), 
Cyclin E (Cat # sc-247), and HDAC1 (Cat # sc-81598) were obtained from Santa Cruz Biotechnology (SCBT, 
Santa Cruz, CA, USA), and the antibody for Cyclin B1 (Cat # 554176) was obtained from BD Biosciences (NJ, 
USA). We purchased an antibody for Ki-67 (Cat # RM-9106-S0) and RNase A (Cat # EN0531) from Thermo 
Fisher Scientific (Waltham, MA, USA). Goat anti-rabbit (Cat # R-05072) and goat anti-mouse (Cat # R-05071) 
secondary antibodies conjugated with horseradish peroxidase were obtained from Advansta Inc., and the Alexa 
Fluor-488 Goat anti-mouse secondary antibody (Cat # 405319) was obtained from BioLegend (CA, USA). Triton 
X-100 (Cat # A4975) was purchased from AppliChem, Germany.

Pageruler Prestained Protein Ladder (ThermoFisher, Cat # 26616) or Pageruler Plus Prestained Protein 
Ladder (ThermoFisher, Cat # 26619) was used as the molecular mass marker.

E2 or ICI was dissolved in Ethanol (Sigma-Aldrich, Cat # 1.00983) to 10−3 M as the stock concentration, 
whereas 4-HTam was dissolved in DMSO (AppliChem, Cat # A3672) to 5 × 10−2 M as the stock concentration 
and kept at −20°C.
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Cell lines and growth conditions
a. Cell growth.We assessed the cell cycle enrichment of MCF7 and T47D cells from ATCC (American Type 
Culture Collection, VA, USA) as E2-responsive and ERα-synthesizing cell models for cycle synchronization 
studies, as we described previously23,43. MCF7 cells were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM) without phenol red (Sartorius, Cat # 01–053-1  A, Israel) containing high glucose (4.5  g/L) 
supplemented with 10% fetal bovine serum (FBS, Sartorius, Cat # 04–007-1  A), 1% penicillin-streptomycin 
(Sartorius, Cat # 03–031-1B) and 1.2% L-glutamine (Sartorius, Cat # 03–020-1B). For the maintenance of T47D 
cells, we used the Roswell Park Memorial Institute (RPMI) 1640 medium without phenol red (Sartorius, Cat # 
01–103-1 A) supplemented with 10% FBS, 1% penicillin-streptomycin and 1.2% L-glutamine. Media of cultured 
cells incubated in a humidified incubator with 5% CO2 at 37 °C were refreshed every three days. Cells were 
passaged for a maximum of eight passages. Cells were routinely subjected to mycoplasma testing with PCR using 
MycoAlert Mycoplasma Detection Kit (Lonza, Cat # LT07-318, Switzerland).

Addressing the mitogenic effects of steroid hormones including estrogens requires minimizing their effects 
on cellular growth. This is primarily accomplished with approaches using hormone withdrawal by the use of 
CD treatment of FBS. However, the presence of residual estrogens and estrogen-like compounds in cell culture 
systems can also affect cell proliferation. One concern is centered around the presence of phenol red in tissue 
culture media. Phenol red, which is the standard pH indicator in various cell and tissue culture media, was earlier 
suggested to act as an, albeit weak, estrogen receptor (ER) agonist44,45. Subsequent studies indicated that the 
relative impact of phenol red on the growth of various cell lines is associated with lipophilic impurities46,47and 
high concentrations48of phenol red as well as cell culture conditions49and serum components of culture media49. 
Therefore, it was suggested that the concentration of phenol red contaminants in current standard culture media 
formulations is insufficient to cause estrogenic effects50. Consistent with this, we do not observe any estrogenic 
effect of phenol red on the growth of estrogen-responsive and ER-synthesizing cell lines derived from breast 
adenocarcinomas including MCF7 and T47D cells maintained in CD-FBS (Supplementary Information Fig. 
S1A & S1E). Nevertheless, the use of cell culture media without the phenol red remains the main practice among 
laboratories, including ours, when the effects of E2 on various cellular parameters are studied.

b. Preparation of CD-treated FBS (CD-FBS). To effectively reduce estrogens in FBS, we use a laboratory-
optimized condition for the treatment of FBS twice with CD. For this procedure, we add 10 g of CD (Sigma-
Aldrich, Cat # C6241) directly into a 500 ml FBS bottle and stir gently using an autoclaved magnetic stirrer 
bar on a stirrer for 16 h at 4 °C. We then divide CD-treated FBS into two equal aliquots in 500 ml centrifuge 
bottles (Nalgene; PPCO, Sigma-Aldrich, Cat # 3120–9500) to pellet CD by centrifugation at 10,800 x g with 
Sorvall SLA-3000 rotor for 30 min at 4 °C. We then filter the supernatant using a low protein binding, 500 ml 
Vacuum Filter/Storage Bottle System with a pore size of 0.45 μm (Corning, Cat # 430770, AZ, USA). We employ 
another round of treatment of this CD-FBS with 10 g CD at 4 °C for 6 h. Following centrifugation, we filter the 
supernatant firstly with a 500 ml Vacuum Filter/Storage Bottle System with a pore size of 0.45 μm, then with 
a 500 ml Vacuum Filter/Storage Bottle System of 0.22 μm pore size (Corning, Cat # 431097) and aliquot the 
filtered FBS into 50 ml aliquots for storage at −20 °C. Under these conditions, estrogen is undetectable in CD-
FBS as assessed with the Elecsys Estradiol III Assay (Roche, Germany).

We functionally test each batch of CD-FBS for estrogen withdrawal using MCF7 or T47D cells. We plate 
MCF7 cells (2 × 105 cells/well of six-well tissue culture plates) or T47D cells (2.5 × 105 cells/well of six-well tissue 
culture plates) in DMEM or RPMI 1640, respectively containing 1% penicillin-streptomycin, 1.2% L-glutamine 
and supplemented with 10% FBS for 48 h. After 48 h, cells are washed with 1x PBS one time and incubated in 
fresh growth media supplemented with 10% CD-FBS for 72 h, a period in our hands that effectively synchronizes 
cells at G0/G1 (Supplementary Information; Fig. S2A & S2B), with a medium change at 48 h. Cells are then 
incubated in the growth medium supplemented with 10% CD-FBS without (0.01% ethanol as vehicle control) 
or with 10−9M E2, an upper physiological level of circulating hormone in adult women51 (Supplementary 
Information Fig. S2C), for 24 h to assess cell cycle progression with flow cytometry, the expression of the TFF1/
pS2 gene, a well-characterized E2-ERα responsive gene52,53, and the growth of cells at 72 h with media changes at 
48 h (Supplementary Information Fig. S1B-S1D & S1F-S1H). We consider an effective removal of E2 from FBS 
if (1) E2 in comparison with the ethanol control drives cycle progression of the MCF7 or T47D cell population, 
(2) increases the TFF1/pS2 expression at 24 h, and (3) augments cell growth at 72 h (Supplementary Information 
Fig. S1B-S1D & S1F-S1H).

 c.  Synchronization of cell cycles with E2 withdrawal. For the synchronization of cell cycles with CD-FBS 
containing growth media, MCF7 (7.5 × 105) or T47D (1 × 106) cells were plated in T-25 tissue culture flasks 
in DMEM or RPMI 1640 medium supplemented with 10% CD-FBS, respectively, to minimize estrogen effect 
for 72 h with media refreshing at 48 h. Cells were then incubated in the corresponding growth medium con-
taining 10% CD-FBS without (0.01% ethanol, EtOH) or with 10−9 M E2 for three- to six-hour intervals up to 
36 h to test the effects of E2 on cell cycle progression. At the termination, cells were collected with trypsini-
zation. A portion of the collected cells was kept apart for flow cytometry and the remainder of the cells was 
used for western blot (WB) analysis. Cell cycle distribution was assessed with flow cytometry as described in 
the “Flow Cytometry” section.

 d.  Treatment of cells with 4-hydroxytamoxifen (4-HTam) or Imperial Chemical Industries 182,780 (ICI). 
To examine whether or not the growth of MCF7 or T47D cells is dependent upon E2-ERα signaling, we used 
selective estrogen receptor modulator 4-HTam54,55or the selective estrogen receptor down-regulator ICI56,57 
in the absence or presence of E2. Cells grown in steady state condition, that is in growth media supplemented 
with 10% FBS, treated without (0.0002% DMSO as the 4-HTam vehicle control or 0.01% Ethanol as the ICI 
vehicle control) or with various concentrations of 4-HTam or ICI for 24 h (Supplementary Information Fig. 
S3A & S3C). Furthermore, MCF7 or T47D cells synchronized at G0/G1 with the corresponding growth me-
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dium containing 10% CD-FBS for 72 h were also treated for 24 h without (vehicle) or with 10−9 M E2 and/or 
10−7 M 4-HTam or ICI (Supplementary Information Fig. S3B & S3D).

 e.  Synchronization of cell cycles with the double thymidine block (DTB) approach.For the synchronization 
of cell cycles with double thymidine block, MCF7 or T47D in T-25 culture flasks were incubated in growth 
media containing 10% FBS and 2 mM thymidine, which was based on a concentration that was maximally 
effective in cell synchronization at G1/S boundary without inducing toxicity42, for 14 h (Supplementary In-
formation, Fig. S4). The cells were released from thymidine treatment by twice washing the cells with 1x PBS 
and re-incubating them with 10% FBS containing appropriate media without thymidine for 12 h. The cells 
were subsequently washed and incubated with media containing 10% FBS and 2 mM thymidine for 22 h. 
Cells were re-released from thymidine treatment by washing the cells twice with 1x PBS and maintaining 
them in an appropriate media containing 10% FBS. Cells were collected with trypsinization at different time 
points. A fraction of the collected cells was kept apart for flow cytometry and the remainder was used for WB 
analysis.

To assess the effects of E2 on the DTB approach, cells grown in T-25 tissue culture flasks in media supplemented 
with 10% FBS for 72 h were washed twice with 1x PBS. Subsequently, cells were incubated in media containing 
10% CD-FBS and 2 mM thymidine for 14 h. The cells were then released from thymidine treatment by washing 
cells twice with 1x PBS and incubating them in 10% CD-FBS containing appropriate media for 12 h. Cells were 
washed and incubated with media containing 10% CD-FBS and 2 mM thymidine for an additional 22 h. Cells 
were subsequently incubated in media containing 10% CD-FBS without (0.01% ethanol, EtOH as the vehicle 
control for E2) or with 10−9 M E2 for various intervals up to 32 h. Cells were collected with trypsinization at 
different time points. A fraction of the collected cells was kept apart for flow cytometry and the remainder of the 
cells was used for WB analysis.

Flow cytometry
Cells were harvested and centrifuged to eliminate dead cells for univariate analysis of cell cycle status based 
on total DNA content. Pelleted cells were re-suspended in 1x PBS and pelleted again. Cells were then gently 
re-suspended in 100  µl of 2% CD-FBS containing PBS, fixed, and permeabilized with ice-cold 70% ethanol 
overnight. To prepare the cells for propidium iodide staining, the cells were pelleted to remove the ethanol. 
The cells were washed with ice-cold 1x PBS and pelleted. The cell pellet was re-suspended in 200 µl of 1x PBS 
containing 20 µg/ml propidium iodide, 200 µg/ml RNase A, and 0.1% (v/v) Triton X-100 for 30 min in the dark 
at room temperature. Following incubation, the cells were filtered through a cell strainer (PluriSelect, Cat # 
43–10040-40, Germany) to eliminate cell clumps, and then analyzed with a NovoCyte Flow Cytometer (Agilent 
Technologies, USA) using the B572 channel. A sample gating strategy is given in Supplementary Information, 
Fig. S5. In summary, after the selection of the total cell population (child population P1), single cells were selected 
in the SSC-H vs. SSC-A graph, yielding the child population P2. Then, the PI-H vs. PI-A graph was used to select 
the PI-stained population, also excluding the sub-G1 and super-G2 populations, yielding the child population 
P3. The child population P3 was then used in the cell cycle plot, which generates the percent distribution of the 
cells in each cell cycle phase. NovoExpress Software (Agilent Technologies, USA;  h t t p s :  / / w w w .  a g i l e n  t . c o m /  e n / p 
r  o d u c t /  r e s e a r  c h - fl  o  w - c y t  o m e t r y  / fl  o w -  c y t o m e  t r y - s  o ft  w a r  e / n o v o  c y t e - n  o v o e x p r e s s - s o ft  w a r e - 1 3 2 0 8 0 5) was used 
during sample acquisition and for data analysis.

For bivariate analysis of Cyclin B1 expression in conjunction with total DNA content, the collected cells 
were fixed overnight with ice-cold 70% ethanol, as described above. The fixed cells were pelleted and washed 
with 1x PBS and pelleted again. The cells were re-suspended in 500 µl of 0.1% (v/v) Triton X-100 in 1x PBS and 
incubated for 20 min at room temperature. The cells were washed with 1x PBS and blocked in 1% BSA in 1x PBS 
for 30 min at room temperature. After the blocking, the cells were pelleted and re-suspended in 100 µl of Cyclin 
B1 antibody, diluted 1:100 in 1% BSA, and incubated for 1 h at room temperature. The cells were then washed 
twice with 1x PBS and re-suspended in 100 µl of Alexa Fluor-488 Goat anti-mouse secondary antibody, diluted 
1:100 in 1% BSA, and incubated for 1 h in the dark at room temperature. The cells were then washed twice with 
1x PBS, and re-suspended in 200 µl of 1x PBS containing 20 µg/ml propidium iodide and 200 µg/ml RNase A for 
30 min in the dark at room temperature. Following incubation, the cells were analyzed with a NovoCyte Flow 
Cytometer using the B530 channel for Alexa Fluor-488 and the B572 channel for propidium iodide. Gating was 
performed as described above, and NovoExpress Software was used for sample acquisition and data analyses.

Western Blot (WB)
Pelleted cells from each time point were washed twice with 1x PBS and lysed with RIPA buffer (150 mM NaCl; 5 
mM EDTA, pH = 8.0; 50 mM Tris, pH = 8.0; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) containing freshly 
added protease (Merck, Cat # 11697498001, Germany) and phosphatase inhibitors (Merck, Cat # 4906845001). 
Total protein concentrations were assessed with Bradford Protein Assay (Bio-Rad, Cat # 500 − 0201, USA). For 
WB analysis, equal amounts (10  µg) of cellular extracts were subjected to SDS-10% PAGE, as we described 
previously22,23. It should be noted that 30 µg protein extracts and a gradient gel (SDS 4–20% PAGE) were used 
for WB analyses of the Ki-67 protein. Proteins were transferred onto the PVDF (polyvinylidene difluoride) 
membrane (Sigma-Aldrich, Cat # 03010040001). Membranes were blocked with 0.1% TBS-T containing 5% 
Blotting-Grade Blocker, non-fat dry milk (Bio-Rad, Cat # 1706404), for 1 h at room temperature. Membranes 
were then incubated for 1 h at room temperature with the antibody specific for Cyclin B1 (1:500), Cyclin E 
(1:250), ERα (1:1000) or HDAC1 (1:1000) antibody (Ab) in 0.1% TBS-T, followed by the incubation at room 
temperature for 1 h with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies (1:5000). We also used 
an antibody for Ki-67 (1:500; Thermo-Fisher) as a marker for proliferation. Peroxidase activity was visualized 
with WesternBright ECL Kit (Advansta, Cat # K-12045) using the ChemiDoc MP system (Bio-Rad) and analyzed 
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with Image Lab (Bio-Rad). For the quantification of protein levels in WB analyses, we used BioRad ImageLab 
software (https:   //w ww. bio -ra d. co m/en-tr /prod uct / image-l ab -software?ID=KRE6P5E8Z) and normalized the 
results with HDAC1 protein levels as the loading control.

Statistical analysis
 All experiments were repeated two independent times. Results were presented as the mean ± standard deviation 
(SD) using GraphPad Prism version 8.0 (https://www.graphpad.com/).

Results and discussion
Synchronization of the cell cycle of MCF7 cells with CD-FBS with or without E2 replacement
FBS is a universal growth supplement of cell and tissue culture media required for attachment, growth, 
proliferation, and differentiation of human and animal cells58. FBS is an ill-defined mixture of components 
containing various peptide and steroid hormones, growth factors, amino acids, proteins, vitamins, inorganic 
salts, carbohydrates, and antibodies as well as potential adverse factors including endotoxin, mycoplasma, and/
or viral contaminants58–60. The CD treatment of FBS removes a wide range of non-polar/lipophilic components, 
including steroid hormones35,61, thereby permitting the examination of the effects of these components on 
cellular events in culture systems62. However, significant constituent variations in FBS stemming from the 
diversity of geographical and seasonal sources as well as from varying approaches used institutionally or 
commercially for the CD treatment of FBS contribute to the extent of serum component deprivation, thereby 
generating experimental variability and reproducibility issues35,58, as we have encountered on several occasions. 
Based on these considerations and experiences, we employ a laboratory-optimized condition for the treatment 
of FBS twice with CD detailed in the Materials & Methods section and use in cell cycle synchronization studies.

To assess the effects of estrogen withdrawal on cell cycle progression, we synchronized MCF7 cells by 
maintaining them in DMEM containing 10% CD-FBS for 72 h (Fig. 1A). Under this condition, more than 80% 
of the cell population accumulates at the G0/G1 phase as assessed by flow cytometry (Fig. 1B). To examine the 
effects of E2 on cell cycle phase transitions, cells arrested in G0/G1 were incubated in the same medium without 
(0.01% ethanol, EtOH) or with 10−9 M E2, (also Supplementary Information, Fig. S2C), for 3–6 h intervals up 
to 36 h (Fig. 1A). A fraction of cells at each time point was subjected to flow cytometry while the remaining was 
processed for WB analysis (Fig. 1A). E2 effectively triggered cell cycle progression such that the proportion of 
cells in the S phase began to increase at 12 h reaching a plateau at 21 h (65 ± 3.5%) with corresponding decreases 
in the cell population accumulated in G0/G1 (Fig. 1B & C). At subsequent time points, cells transited to the G2 
phase, completing the cycle by 30 h with an increase in G0/G1 that resulted in a desynchronized cell population 
at 36 h. In clear contrast, ethanol as the vehicle control did not affect cycle phase distribution as the majority of 
the cell population remained in the G0/G1 phase at every time-point examined.

E2-triggered cell cycle progression was reflected in changes in protein levels of Cyclin B1 or Cyclin E assessed 
with WB analysis (Fig. 1D; Supplementary Information, Fig. S6A). Cyclin B1 is the regulatory subunit of cyclin-
dependent kinase 1 (CDK1) and is essential for the transition from the G2 phase to mitosis63. On the other hand, 
Cyclin E as an activator of CDK2 (Cyclin-Dependent Kinase 2) is critical for the entry to and progression through 
the S phase64. We observed that the protein levels of Cyclin B1 start to increase in the early S phase (at 12 h of E2 
treatment) and remain elevated until the desynchronization of cells (Fig. 1D; Supplementary Information, Fig. 
S6A). The variation in Cyclin B1 protein levels across cell cycle phases was further confirmed with a bivariate 
analysis of Cyclin B1 synthesis alongside total DNA content using flow cytometry (Supplementary Information, 
Fig. S7 and S8). Cyclin E, on the other hand, begins to decrease at the late S phase (24 h) reaching low levels 
at 36  h (Fig.  1D; Supplementary Information, Fig. S6A). Previous studies showed that E2 treatment rapidly 
decreases ERα levels65–67. Consistent with these studies, the E2 treatment of synchronized MCF7 cells reduces 
ERα levels to a nadir by 6 h that remains at similar levels at the remainder of the cycle as assessed with HDAC1 
as the loading control (Fig. 1D; Supplementary Information, Fig. S6A). Whereas, ERα levels remain unchanged 
at all time points in vehicle control. Thus, E2 acts as a mitogenic factor for MCF7 cells. These results indicate 
that the maintenance of cells in the growth medium supplemented with CD-FBS effectively synchronizes the cell 
cycle of MCF7 cells culminating in an enriched G0/G1 population.

ERs also bind to various molecules with agonist, mixed agonist-antagonist, or full antagonist properties68,69. 
Mixed agonists/antagonists, also called “selective estrogen receptor modulators” (SERMs), display distinct 
pharmacological effects, depending on the estrogen target tissue. Tamoxifen, TAM, as a synthetic nonsteroidal 
compound, for example, has been widely used for the treatment of breast cancers as an antagonist, yet it acts 
as an agonist in the uterus68,69. Pure antagonists of estrogenic compounds, exemplified with Imperial Chemical 
Industries 182,780 (ICI), are steroidal analogs of estradiol, which are also referred to as the “selective estrogen 
receptor down-regulators” (SERDs), and act as complete antagonists68,69. Most of the key amino acids in the 
ligand-binding cavity of ERα responsible for binding TAM and ICI are the same. However, a large side chain 
emanating from the core of ICI causes a significant conformational shift in the ligand binding domain of ERα that 
impairs dimerization and increases ERα degradation resulting in the prevention of target gene expressions57,70,71. 
To ensure that E2-induced cell cycle progression is dependent on ERα signaling, cells synchronized at G0/G1 
with the growth medium containing 10% CD-FBS for 72 h were treated for 24 h without or with 10−9 M E2 and/
or 10−7 M ICI (also Supplementary Information Fig. S3D). ICI did not affect the cell population synchronized at 
the G0/G1 phase but it effectively blocked the E2-mediated cell cycle progression assessed with the accumulation 
of cells in the S phase (Fig. 1E). ICI also reduced the levels of ERα whether or not cells were treated with E2 
(Fig. 1F). Thus, these observations indicate that the E2-ERα signaling is the primary pathway to induce cell cycle 
progression in MCF7 cells synchronized at G0/G1 in DMEM containing 10% CD-FBS for 72 h.
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Synchronization of the cell cycle of MCF7 cells with the double-thymidine block (DTB) 
approach.
Various chemicals including lovastatin and mimosine have been used for cycle synchronization at the G1 
phase. Lovastatin is a 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase) inhibitor and 
results in G1 cell cycle arrest by inducing CDKIs, such as p21 and p2772,73. The addition of mevalonate, which 
increases the degradation of the CDKIs through an increased proteasome activity74, drives the release of cells 
from the G1 arrest for entry into the S and G2/M phases of the cell cycle75. Mimosine, a rare plant amino acid, 
reversibly arrests the progression of the cell cycle at G1 before the onset of DNA replication76,77. On the other 
hand, double thymidine block (DTB), a widely utilized chemical technique that relies on the interruption of the 
deoxynucleotide metabolism pathway through competitive inhibition with excess thymidine, arrests cells at the 
G1/S boundary before DNA replication39–42.
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Based on variable results with lovastatin and mimosine in our earlier explorations, we selected to use a DTB 
approach42 to synchronize MCF7 cells as an alternative method to the CD-FBS treatment. To assess the effects of 
DTB, MCF7 cells grown in DMEM containing 10% FBS were subjected to DTB with an initial 2 mM thymidine 
treatment for 14 h followed by a release from thymidine for 12 h and re-blocking with 2 mM thymidine for 22 h 
(Fig. 2A). The DTB approach synchronized MCF7 cells at the G1/S border with a substantial population of cells 
also present at the beginning of the S phase, as reported previously78, independently of thymidine concentrations 
we tested (2–10 mM) (Fig. 2B and C; Supplementary Information, Fig. S4A). Nevertheless, the release from DTB 
(RDTB) rapidly, within 6 h, drove the progression of cells through the S phase: Cells transited to G2 at 8 h after 
the release from DTB and subsequently desynchronized at 14 h (Fig. 2B and C). The cycle phase transitions were 
also reflected in high levels of Cyclin E at the beginning of the release of DTB which started to decline in the late 
S phase reaching steady-state levels until the desynchronization of cells. The levels of Cyclin B1, on the other 
hand, began to increase at the progression of the S phase and sharply declined thereafter at levels similar to those 
observed with unsynchronized cells; whereas, ERα levels remained primarily unchanged throughout the cycle 
as the protein levels of HDAC1, which was used as the loading control (Fig. 2D; Supplementary Information, 
Fig. S6B).

To examine whether or not the accumulation of cells at the G1/S transition as well as cell cycle progression 
following the release of DTB requires the presence of E2, we assessed the combination of DTB and CD-FBS 
on cell cycle synchronization. For this, MCF7 cells maintained in DMEM containing 10% FBS for 72 h were 
washed and incubated in DMEM supplemented with 10% CD-FBS containing 2 mM thymidine for 14 h. Cells 
were subsequently released from the thymidine block with DMEM containing 10% CD-FBS for 12 h. Cells were 
re-incubated with DMEM medium containing 10% CD-FBS and 2 mM thymidine for 22 h. For the release, cells 
were treated without (0.01% EtOH) or with 10−9 M E2 in DMEM containing 10% CD-FBS for 2-to-4 h intervals 
up to 32 h (Fig. 3A). This approach effectively synchronized the cells in G0/G1 as more than 80% of the cell 
population accumulated in the G0/G1 phase at the time of the release (0 h) from the DTB (Fig. 3B and C) as 
similarly observed with the CD-FBS treatment (Fig. 1B and C). Following the DTB release, the presence of E2 
triggered cell cycle progression, although with a substantial delay compared to DTB alone but similar to those 
observed with the CD-FBS approach. We observed that E2 treatment-coupled DTB release initiated the cell cycle 
progression with cells entering the S phase by 12 h, reaching a maximal population by 20 h, and exiting the S 
phase by 24 h with eventual desynchronization of the cycle at 32 h (Fig. 3B and C). Cell cycle progression was 
correlated with Cyclin B1 levels, which showed an increase at the beginning of the S phase and remained at high 
levels thereafter. In contrast, protein levels of Cyclin E declined with the S phase. ERα levels also decreased upon 
E2-triggered cell cycle progression without altering levels of HDAC1, which was used as the loading control 
(Fig. 3D; Supplementary Information, Fig. S6C).

To ensure that E2 treatment-coupled DTB release is dependent on ERα signaling, cells synchronized at G0/
G1 with the DTB approach in the growth medium containing 10% CD-FBS were treated for 24 h without or 
with 10−9 M E2 and/or 10−7 M ICI at the time of release. ICI did not affect the G0/G1 phase population, but it 
effectively blocked the cycle progression assessed with the accumulation of cells in the S phase induced by E2 
(Fig. 3E). ICI also reduced the levels of ERα whether or not cells were treated with E2 (Fig. 3F). Thus, the E2-
ERα signaling is the primary factor in driving cell cycle progression in MCF7 cells synchronized at G0/G1 with 
CD-FBS alone or in combination with DTB.

Synchronization of cell cycle with antiestrogens in MCF7 cells.
Antiestrogens including 4-HTam and ICI block the cycle of MCF7 cells31,37,79–81and the block can be reversed by 
E2 resulting in a synchronized cohort of cells progressing through the S phase31. This raises the possibility that 
the withdrawal of antiestrogens could drive cell cycle progression blocked at G0/G1 of cells maintained in the 
complete growth medium. This approach could generate a simplified experimental model necessitating the use 
of only antiestrogens for the synchronization of MCF7 cells. To assess this possibility, we treated unsynchronized 
MCF7 cells maintained in DMEM medium containing 10% FBS without or with 10−7 M 4-HTam or ICI 
(Supplementary Information, Fig. S3) for 48 h, the duration of which was based on our observations that MCF7 
cells complete cell cycle within 36 h (Fig. 1B). Both compounds effectively synchronized MCF7 cells at the G0/
G1 phase (Fig. 4A and D). Nevertheless, the treatment of cells with ICI was more effective in accumulating cells 
at G0/G1 (% 84 ± 1.5) compared to the 4-HTam treatment (% 72 ± 3). The release from the block by incubating 
cells in the fresh growth medium without 4-HTam or ICI (post-release, PR) for up to 72 h did not allow cells to 

Fig. 1. Effects of 17β estradiol (E2) on cell cycle progression of MCF7 cells synchronized at G0/G1 by 
hormone withdrawal. (A-F) MCF7 cells were plated and grown in DMEM medium supplemented with 10% 
CD-FBS for 72 h with media change at 48 h. (A-D) Cells were subsequently maintained in the same medium 
containing 0.01% ethanol (EtOH) as vehicle control or 10−9 M E2 for 3–6 h intervals up to 36 h. At the 
termination, cells were collected with trypsinization. (B) A fraction of cells was subjected to the flow cytometry 
analysis (C) represented with a bar graph of two independent replicates, and (D) the remaining fraction was 
processed for WB analysis using an antibody for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERα, or HDAC1. 
Molecular masses in kDa are indicated. (E & F) MCF7 cells synchronized at G0/G1 by the CD-FBS approach 
(0 h) were treated without (0.01% EtOH) or with 10−9 M E2 and/or 10−7 M ICI for 24 h. Cells were collected 
with trypsinization and (E) subjected to the flow cytometry analysis or (F) WB using an antibody for ERα or 
HDAC1. In B & D and E & F, representative images from the same experiment conducted two independent 
times are shown. G0/G1, S, and G2/M indicate cell cycle phases. NS indicates a nonspecific protein species 
detected with the ERα antibody.
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transit cycle phases. We observed that cells synchronized at G0/G1 by the 10−7 M 4-HTam treatment for 48 h 
remained at G0/G1 at which the percentage of cells increased in a time-dependent manner without alteration 
in ERα levels (Fig. 4B). Instead, the percentage of 10−7 M ICI pre-treated cells accumulated at G0/G1 at 24 h 
remained the same throughout the experimental period (Fig. 4D). ICI pre-treatment, as expected, reduced ERα 
levels as assessed with WB (Fig. 4E). A previous study suggested that ICI-mediated cycle arrest of MCF7 cells 
at G0/G1 have characteristics of G0 rather than the G1 phase82. Ki67, also known as the Marker of Proliferation 
Ki-67 (MKI67), is strictly associated with cell proliferation. Ki67 protein is present during all active phases of 
the cell cycle (G1, S, G2, and M), but is absent from resting cells (G0)83,84. This stage-specific synthesis of Ki67 
has been used as a marker for active cell proliferation83,84. WB analysis of MCF7 cells pre-treated with ICI using 
an antibody specific to Ki67 as a marker for proliferation revealed that Ki67 synthesis is indeed undetectable 
compared to unsynchronized vehicle-treated control cells (Fig. 4F). On the other hand, Ki67 levels in 4-HTam 
pre-treated MCF7 cells showed a time-dependent decline that was inversely correlated with an increase in the 

Fig. 2. Cell cycle progression following the release of synchronized MCF7 cells from double thymidine 
block. (A-D) MCF7 cells maintained in DMEM medium supplemented with 10% FBS were incubated in the 
same medium containing 2 mM thymidine for 14 h. Cells were then released from thymidine treatment by 
twice washing the cells with 1x PBS and re-incubating them in DMEM medium containing 10% FBS without 
thymidine for 12 h. Cells were subsequently washed and incubated with the same medium containing 2 mM 
thymidine for 22 h. Cells were released from the double thymidine block (RDTB) by freshening the culture 
medium (0 h). Cells were collected with trypsinization at 2 h intervals for 16 h following release and (B) 
subjected to flow cytometry analysis (C) with the result of two independent experiments represented with a bar 
graph. (D) Cells were also prepared for and subjected to WB using antibodies for Cyclin B1 (Cyc B1), Cyclin 
E (Cyc E), ERα, or HDAC1. Molecular masses in kDa are indicated. In B & D, representative images from 
the same experiment replicated two independent times are presented. G0/G1, S, and G2/M indicate cell cycle 
phases. US indicates unsynchronized cells.
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percentage of cells accumulated in G0/G1 throughout the experimental duration (Fig. 4C). Thus, as suggested 
previously for ICI82, antagonist treatment of exponentially growing MCF7 cells in complete medium results in a 
quiescent state of cells unresponsive to the removal of the compound.

Enrichment of cell cycle phases by E2 treatment-coupled chemical agents in MCF7 cells
Based on our results that CD-FBS effectively synchronizes MCF7 cells in G0/G1 and the replacement of E2 
efficiently drives cycle progressions, we wanted to assess whether or not we could also obtain cell populations 
enriched specifically at S, G2, and/or M phases with various chemical agents. Aphidicolin, a tetracyclic 
diterpenoid, reversibly inhibits functions of DNA polymerase α, δ, and ε arresting cell cycle progression at the 
G1/S transition thereby blocking DNA synthesis in cells that have entered S-phase85. We, therefore, reasoned 
that the co-treatment of E2-treated cells with aphidicolin could enrich the population in the S phase dependent 
upon the duration of E2 treatment. To test this prediction, we used 10 µM of aphidicolin at different time points 
of the S phase following the E2 treatment of MCF7 cells synchronized at G0/G1. We observed no significant 
effect of aphidicolin at this, or other concentrations (Supplementary Information, Fig. S9A) on the S phase 
population at any point we tested (Supplementary Information, Fig. S9B & S9C). Similarly, 20 µM, based on 
preliminary studies (Supplementary Information, Fig. S10A), 2,3-DCPE, a synthetic compound suggested to 
induce S phase arrest by activating the ATM/ATR-Chk1-Cdc25A signaling pathway in DLD-1 colon cancer 
cells86,87, did not further enrich the S phase population of MCF7 cells generated by E2 treatment (Supplementary 
Information, Fig. S10B).

These results suggest that harvesting cells at a specific time point corresponding to the highest population of 
MCF7 cells accumulated in the S phase, the 21 h E2 treatment as our results suggest, is the best option for the S 
phase enrichment.

Despite the effective synchronization by CD-FBS and subsequent progression through cycle phases by E2 
treatment of MCF7 cells, the rapid progression through the G2/M phase for the cycle completion does not 
generate a significantly enriched cell population at the G2/M phase. Nocodazole is an anti-mitotic agent that 
reversibly interferes with the polymerization of microtubules by binding to β-tubulin88. This binding impairs the 
formation of the metaphase spindles during the cell division cycle, thereby arresting cells in G2/M leading to the 
prevention of mitosis88. Nocodazole-treated cells can also be harvested by mitotic shake-off to generate a high 
percentage of cells at the M phase. Mitotic shake-off exploits the decreased membrane surface area of spherical 
mitotic cells attached to the culture plate thereby allowing the detachment of cells by gentle shaking89. To enrich 
the G2/M population, we treated MCF7 cells synchronized at G0/G1 by the CD-FBS approach with 10−9 M E2 
for varying durations to enrich the cell population in different stages (entrance, accumulation, and exit) of the 
S phase (Fig. 5A; Supplementary Information, Fig. S11). Cells were then subjected to various concentrations 
(0.3 to 1.2 µM) of nocodazole for 6 h in the absence or presence of E2. We observed that 0.3 µM nocodazole, as 
the minimal concentration, at 21 h of E2 treatment further enriched the G2/M phase population (Fig. 5B and 
E). Moreover, we obtained a nearly pure population of cells (≥ 90%) in the G/M phase by nocodazole-coupled 
mitotic shake-off (Fig. 5C). It should be cautioned that the size of the G2/M phase population obtained with 
mitotic shake-off is substantially lower compared to other phases. When a large G2/M population is needed, a 
large-scale initial experimental setup may be suggested.

Thus, nocodazole alone or nocodazole-coupled mitotic shake-off could be used for the enrichment of the 
G2/M phase of the cell cycle induced by E2 in MCF7 cells.

Enrichment of cell cycle phases using various approaches in T47D cells.
Although MCF7 and T47D cells are derived from a metastatic site of pleural effusion, they display distinct 
molecular characteristics and cell cycle profiles24–28. We, therefore, wanted to assess whether or not T47D cells 
could be synchronized, and cycle phase enriched with approaches we employed for MCF7 cells. To examine 
the effectiveness of the CD-FBS approach on cell cycle synchronization of T47D cells, cells grown in RPMI 
1640 supplemented with 10% CD-FBS for 72 h were treated without (0.01% EtOH) or with 10−9 M E2 for 6 h 
intervals up to 36 h. As we observed with MCF7 cells, CD-FBS synchronized T47D cells efficiently in the G0/G1 
phase. The supplementation of the medium with 10−9 M E2 induced cycle progression of T47D cells in a time-
dependent manner. However, E2 drove only a small fraction of the G1 phase population into cycle progression 
such that the maximal percentage of cell population accumulated in the S phase at 24 h was less than 25%. 
The S phase cell population subsequently traversed to G2 and desynchronized at 36 h (Fig. 6A and B). These 
phase transitions were correlated with the levels of Cyclin E and B1 assessed with WB. E2 treatment of cells 
rapidly reduced ERα levels which remained at low levels in contrast to HDAC1, used as the loading control, with 
levels similar throughout the cell cycle (Fig. 6C; Supplementary Information, Fig. S6D). E2 effects on cell cycle 
progression were ERα-mediated because ICI prevented the accumulation of cells in the S phase at 24 h (Fig. 6D) 
and decreased ERα levels without or with E2 (Fig. 6E).

Synchronization of T47D cells grown in RPMI 1640 supplemented with 10% CD-FBS by the identical DTB 
approach employed for MCF7 cells partially synchronized T47D cells at the G1 phase (0 h) with a substantial cell 
population (29 ± 1.8%) present at the G1/S transition (Fig. 7A and B). The release from DTB with a concomitant 
supplementation of the medium with 10−9 M E2 led to cells accumulated at G1 and/or G1/S transition progress 
through cycle phases which were completed at 12 h (Fig. 7A and B), as reflected in varying levels of Cyclin E, 
Cyclin B1, and ERα in the presence of E2 by WB analyses (Fig. 7C).

Thus, it appears that although E2-ERα signaling contributes to cell cycle progression, it is not sufficient to 
drive the large population of cells synchronized with DTB in the growth medium supplemented with CD-FBS 
to transit through cell cycle phases. This, in turn, suggests that in addition to estrogens, CD treatment of FBS 
also removes components critical for T47D cell proliferation. To test this possibility, we employed the DTB 
approach on T47D cells grown in RPMI 1640 medium supplemented with 10% FBS. We indeed observed that 
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DTB partially synchronized the cells at G1 (0 h) and the G1/S transition with a substantially higher percentage 
(45 ± 1.5%) of cells compared to that observed with the DTB together with the CD-FBS approach (29 ± 2%) 
(Fig. 8A and B). The withdrawal of DTB effectively released T47D cells accumulated at G1 and G1/S to transit 
cell cycle phases within 12 h with Cyclin B1 levels mirroring cycle phase transitions without affecting the levels 
of ERα (Fig. 8C; Supplementary Information, Fig. S6E).

Thus, while the CD-FBS approach effectively synchronizes T47D cells at the G0/G1 phase, E2 alone is 
insufficient to drive the large population of cells accumulated at G0/G1 to transit through phases for cycle 
completion. On the other hand, CD-FBS supplemented with E2 and DTB partially synchronizes cells at G1 with 
a large population of cells remaining at the G1/S transition in a manner observed with DTB alone. Nevertheless, 
the enrichment of the S phase population could be achieved following the release of the cells from DTB alone.
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Fig. 3. Effects of 17β estradiol (E2) on cell cycle progression of MCF7 cells synchronized at G0/G1 by 
hormone withdrawal and double thymidine block. (A-F) MCF7 cells grown in DMEM medium supplemented 
with 10% FBS in T-25 tissue culture flasks for 72 h were washed and incubated in the fresh medium containing 
10% CD-FBS together with 2 mM thymidine for 14 h. Cells were then released from thymidine treatment by 
washing the cells with 1x PBS and re-incubating them in DMEM medium containing 10% CD-FBS without 
thymidine for 12 h. Cells were subsequently washed and incubated with DMEM medium containing 10% CD-
FBS and 2 mM thymidine for an additional 22 h. Cells were released from the double thymidine block (RDTB) 
by washing the cells and incubating them with DMEM medium containing 10% CD-FBS in the absence (0.01% 
EtOH) or presence of 10−9 M E2 for 2–4 h intervals up to 32 h. At the termination at each time point, cells 
were collected with trypsinization. (B) A fraction of cells was subjected to flow cytometry analysis (C) with 
a bar graph representing the results of two independent experiments. G0/G1, S, and G2/M indicate cell cycle 
phases, and (D) the remaining fraction of cells was processed for WB using an antibody for Cyclin B1 (Cyc 
B1), Cyclin E (Cyc E), ERα, or HDAC1. (E & F) MCF7 cells synchronized at G0/G1 by CD-FBS and double 
thymidine block were treated without (0.01% vehicle) or with 10−9 M E2 and/or 10−7 M ICI for 24 h. (E) Cells 
were collected with trypsinization and subjected to the flow cytometry analysis or (F) WB using an antibody 
for ERα or HDAC1. In E & F, representative images from the same experiment are shown. G0/G1, S, and 
G2/M indicate cell cycle phases. NS designates a nonspecific protein species detected with the ERα antibody. 
Molecular masses in kDa are indicated.

◂

Fig. 4. Effects of 4-Hydroxytamoxifen, 4-HTam, or Imperial Chemical Industries 182,780, ICI, on the 
synchronization and progression of cycle phases of MCF7 cells. (A-F) MCF7 cells maintained in DMEM 
medium supplemented with 10% FBS were incubated in fresh media containing 0.0002% DMSO or 0.01% 
EtOH as vehicle control or (A-C) 10−7 M 4-HTam or (D-F) ICI respectively for 24 h. Cells were washed with 1x 
PBS and either immediately collected (0 h) by trypsinization or maintained in DMEM medium supplemented 
with 10% FBS (post-release, PR) at 24 h intervals for 72 h with a medium change at 48 h and subsequently 
collected by trypsinization. (A & D) A fraction of collected cells was subjected to flow cytometry analysis, and 
(B & C and E & F) the remaining cells were subjected to WB using an antibody specific for ERα, HDAC1, or 
Ki67. Molecular masses in kDa are indicated. G0/G1, S, and G2/M indicate cell cycle phases. Representative 
images from the same experiment replicated two independent times are shown.
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We also examined whether we could further enrich the G2/M phase population with the nocodazole 
treatment of T47D cells synchronized with DTB. We treated T47D cells at 2 h of DTB release (Fig. 8D), which 
was based on the preliminary studies in which 2 h post-DTB release was the optimal time for nocodazole to 
enrich cells in G2/M in 6 h (Supplementary Information, Fig. S12). We observed that nocodazole compared 
with vehicle control (DMSO) enriches the G2/M phase population (Fig. 8E). Furthermore, nocodazole-coupled 
mitotic shake-off yielded a nearly pure G2/M phase population (≥ 90%) (Fig. 8E). Thus, as with MCF7 cells, 
nocodazole alone or together with mitotic shake-off can be used for the enrichment of the G2/M phase in 
synchronized T47D cells.

Conclusion
Cell cycle activation and re-entry are fundamental processes that underpin cellular proliferation, enabling 
cells to divide and propagate90,91. The regulation of the cell cycle is tightly controlled by checkpoints located 
at key phases, including G1, G2/M, and the spindle assembly. These checkpoints serve as critical surveillance 
mechanisms to preserve genomic integrity by ensuring proper DNA replication, damage repair, and chromosome 
segregation90,91. Deregulation of checkpoints often results in the development of various disorders, including 
cancer. However, these disruptions also create unique vulnerabilities that can be exploited for therapeutic 
purposes90,91. Pharmacological interventions that target key regulatory molecules within specific cell cycle 
phases have emerged as a promising strategy in anticancer drug development. These treatments disrupt the 
normal progression of the cycle, thereby halting the proliferation of cancer cells92,93. DNA-damaging agents, 
another cornerstone of cancer therapy, act by compromising the genomic integrity of cancer cells leading to cell 
death or inhibition of cellular growth, further enhancing their therapeutic potential94,95. Despite these advances, 
the dynamic and adaptable nature of the cell cycle often facilitates the development of drug resistance, posing 
significant challenges to effective treatment. Cancer cells can exploit the plasticity of the cell cycle to evade 
the cytotoxic effects of therapies, necessitating the development of innovative treatment strategies. A more 
comprehensive understanding of the interplay among cell cycle regulation, anticancer agents, and resistance 
mechanisms holds great promise for advancing therapeutic approaches including drug repurposing, which 
involves repositioning existing medications for new clinical applications96,97. Such strategies can effectively 
target actively dividing cancer cells while overcoming cellular adaptations that contribute to resistance98,99.

As with other tissue cancers, breast cancer comprises a heterogeneous group of tumors displaying dramatic 
variations in clinical presentation, morphology, molecular features, biological behavior, and response to 
therapy100–102. Breast cancer is categorized into clinical subtypes primarily by receptor expression statuses100–102. 
ERα is a predominant endocrine regulatory protein in the breast tissue and in estrogen-induced breast cancer 

Fig. 5. Effects of various concentrations of nocodazole (Noc) on the G2/M phase in synchronized MCF7 cells 
progressed to the S phase in response to the E2 treatment. (A-E) MCF7 cells were grown in DMEM medium 
supplemented with 10% CD-FBS for 72 h. Cells were either collected by trypsinization (0 h) or treated in the 
same medium with 10−9 M E2 for 21 h. Cells were then washed and incubated in the same medium containing 
(B) 10−9 M E2 (C) and/or 0 (Veh), 0.3, (D) 0.6 or (E) 1.2 µM nocodazole (Noc) for an additional 6 h. Cells 
were either subjected to trypsinization or mitotic shake-off for collection and subjected to flow cytometry. 
Representative images with cell cycle phases from the same experiment conducted two independent times are 
presented.

 

Scientific Reports |         (2025) 15:5949 12| https://doi.org/10.1038/s41598-025-90456-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


that accounts for more than 70% of cases. The current modalities for the treatment of ER-positive breast cancer 
are centered on agents with diverse pharmacology to reduce/ablate the circulating estrogens or to alter/prevent 
ER function. Approaches to perturb the estrogen signaling are usually successful in the remission of established 
tumors. However, many breast tumors eventually develop resistance to endocrine therapies6,103.

Despite being prone to genetic and phenotypic alterations due to growth conditions and the evolution of 
clonal populations over time24,25,104,105, breast cancer cell lines have been invaluable in vitro model systems for 
gaining mechanistic insight into cellular phenotype, drug discovery, and resistance. Of a large number of E2-
responsive ERα-synthesizing breast cancer cell lines with distinct features25,28,106, MCF7 and T47D cells have 
been widely used for a better understanding of integrated molecular events that coordinate cellular proliferation 
in response to the E2-ERα signaling. Our previous attempts to delineate the contribution of proteostasis to 
genomic events mediated by the E2-ERα signaling in cycle phase enriched populations of synchronized MCF7 or 
T47D cells with various chemical/pharmacological agents yielded variable and unreliable results. We, therefore, 
reassessed cell cycle synchronization-coupled phase enrichment with CD-FBS alone or in combination with 
chemical/pharmacological agents in MCF7 and T47D cells.

Based on our results, we conclude that the maintenance of MCF7 cells in the growth medium supplemented 
with 10% CD-FBS and subsequent progression of cell cycle phases with the supplementation with E2 of the 
same growth medium is the most effective approach for cell cycle synchronization and synchronization-coupled 
cycle phase enrichment. MCF7 cells maintained in CD-FBS containing growth medium for 72 h accumulate 
effectively in the G0/G1 phase. The treatment of MCF7 cells synchronized at G0/G1 with E2 for 21 h leads to 
the S phase enrichment. Nocodazole treatment of MCF7 cells at the S phase following 21 h of E2 treatment for 
6 h augments the G2/M phase population; whereas, nocodazole-coupled mitotic shake-off yields a nearly pure 
population in the G2/M phase. Overall, our results indicate that E2 is mitogenic for MCF7 cells and E2-ERα 
signaling is the primary pathway that drives cell cycle progression in MCF7 cells synchronized at G0/G1 using 
CD-FBS alone or in combination with DTB.

Similarly, the CD-FBS approach effectively synchronizes T47D cells at G0/G1 and the E2 treatment induces 
cycle phase transitions. However, a small population of cells, in contrast to MCF7 cells, accumulated in G0/G1 
progresses through cycle phases in response to E2, rendering the enrichment of S and/or G2/M phases with 
the CD-FBS approach difficult. This suggests that other serum factors alongside estrogens removed by the CD 
treatment critically contribute to the proliferation of T47D cells. The DTB approach increases the cell population 
in the S phase at 2 h of release following DTB whether or not cells are maintained in CD-FBS. However, the 
presence of a substantial population at the early S phase following the release of cells from DTB poses challenges 
for the G1 enrichment, which may require other approaches. Nevertheless, nocodazole alone or together with 
mitotic shake-off can be used for the enrichment of the G2/M phase of T47D cells synchronized with the DTB 
approach.

While our results may offer a framework for cell cycle synchronizations and synchronization-coupled cell 
cycle phase enrichments of MCF7 and T47D cells, they are also a reminder that cell lines with remarkably 
distinct phenotypic features may require tailored approaches and protocols for the enrichment of cell cycle 
phases.
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Fig. 6. Effects of 17β estradiol (E2) on cell cycle progression of T47D cells synchronized at G0/G1 by hormone 
withdrawal. (A-E) T47D cells were plated and grown in RPMI 1640 medium supplemented with 10% CD-FBS 
for 72 h with the medium change at 48 h. (A-C) Cells were subsequently maintained in the same medium 
containing 0.01% ethanol (EtOH) as vehicle control or 10−9 M E2 for 6 h intervals up to 36 h. Cells were 
collected with trypsinization. (A) A fraction of collected cells was subjected to the flow cytometry analysis (B) 
the results of which are represented with a bar graph of two independent replicates, and (C) the remaining cells 
were processed for WB analysis using an antibody for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERα, or HDAC1. 
A representative image is shown. Molecular masses in kDa are indicated. (D & E) T47D cells synchronized 
at G0/G1 by hormone withdrawal (0 h) treated without (0.01% EtOH) or with 10−9 M E2 and/or 10−7 M 
ICI for 24 h. (D) Cells were collected with trypsinization and subjected to flow cytometry or (E) WB using 
an antibody for ERα or HDAC1. In A & C and D & E, representative images from the same experiment are 
shown. G0/G1, S, and G2/M indicate cell cycle phases. Molecular masses in kDa are indicated. NS designates 
an unspecific protein species detected with the ERα antibody.

◂

Fig. 7. Effects of 17β estradiol (E2) on cell cycle progression of T47D cells synchronized at the G1/S transition 
by CD-FBS and double thymidine block. (A & C) T47D cells grown in RPMI 1640 medium supplemented 
with 10% FBS for 72 h were incubated in RPMI 1640 medium containing 10% CD-FBS together with 2 
mM thymidine for 14 h followed by washing the cells and re-incubating them in the same medium without 
thymidine for 12 h. Cells were re-incubated with fresh RPMI 1640 medium containing 10% CD-FBS and 
2 mM thymidine for an additional 22 h. Cells were released from the double thymidine block (RDTB) by 
washing the cells and incubating with the same medium in the absence (0.01% EtOH) or presence of 10−9 M 
E2 for 2–4 h intervals up to 32 h. Cells at each time point were collected with trypsinization and (A) subjected 
to flow cytometry (B) with a bar graph representing the results of two independent experiments, and (C) to 
WB using antibodies for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERα, or HDAC1. In A & C, representative 
images from the same experiment are shown. G0/G1, S, and G2/M indicate cell cycle phases. Molecular masses 
in kDa are indicated.
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