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ABSTRACT

ENRICHMENT OF CELL CYCLE PHASES OF SYNCHRONIZED
ESTROGEN RECEPTOR-POSITIVE CELL MODELS DERIVED FROM
BREAST ADENOCARCINOMAS

Toker, Pelin
Master of Science, Molecular Biology and Genetics
Supervisor: Prof. Dr. Mesut Muyan

August 2024, 69 pages

17B-estradiol (E2), the main circulating estrogen hormone, is a critical signaling
factor for the growth, differentiation, and function of the breast tissue. The effects of
E2 on the breast tissue are primarily mediated by the estrogen receptor o (ERa) and
deregulation of the E2-ERa signaling contributes to the initiation/progression of
breast cancer and resistance to treatments. Breast cancer cell lines as in vitro model
systems provide invaluable insight into cellular events, drug discovery, and drug
resistance. Among ERa-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-ERa. 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 GO0/G1 phase.
Supplementation of CD-FBS with E2 enriches the S phase population and together

with nocodazole and nocodazole-coupled mitotic shake-off augments the G2/M and



M phase populations, respectively, of MCF7 cells. However, the double thymidine
block approach with nocodazole or nocodazole-coupled mitotic shake-off is more

effective in enriching S, G2/M, or M phase populations of T47D cells.

Keywords: Breast Cancer, Cell Cycle, Estrogen, Estrogen Receptor,

Synchronization
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0z

MEME ADENOKARSINOMLARINDAN ELDE EDIiLEN SENKRONIZE
OSTROJEN RESEPTORU POZIiTiF HUCRE MODELLERININ HUCRE
DONGUSU FAZLARININ ZENGINLESTIRILMESI

Toker, Pelin
Yiiksek Lisans, Molekiiler Biyoloji ve Genetik
Tez Yoneticisi: Prof. Dr. Mesut Muyan

Agustos 2024, 69 sayfa

17B-0stradiyol (E2), dolasimdaki ana Ostrojen hormonu olarak meme dokusunun
biliylimesi, farklilagsmasi ve islevi i¢in kritik bir sinyal faktoriidiir. E2'nin meme
dokusu tizerindeki etkileri baglica dstrojen reseptorii o (ERa) aracilifiyla saglanir ve
E2-ERa sinyalindeki diizensizlikler meme kanserinin baslamasina/ilerlemesine ve
tedavilere kars1 dirence katkida bulunur. Meme kanseri hiicre hatlar1 in vitro model
sistemleri olarak, hiicresel olaylar, ila¢ kesfi ve ilag direnci konusunda paha
bicilemez i¢goriiler saglar. ERa sentezleyen hiicre hatlar1 arasinda, MCF7 ve T47D
hiicreleri, E2-ERa tarafindan aracilik edilen hiicresel cogalmayi koordine eden hiicre
dongiisii fazlarina 6zgii molekiiler olaylar1 agiklamak i¢in yaygin olarak kullanilir.
Hiicre dongiisii fazlarinda zenginlestirilmis popiilasyonlar olusturmak ig¢in
kullandigimiz ¢esitli yaklasimlarla elde ettigimiz degisken sonuglar nedeniyle,
MCEF7 ve T47D hiicrelerinde, etkili bir hormon ¢ekilim yaklagimi olan koémiir
dekstranla muamele edilmis fetal sigir serumu, yani CD-FBS’yi tek basina veya
DNA replikasyon inhibitorii olan fazla timidin ve/veya mikrotiibiil zehri olan
nokodazol ile birlikte kullanarak hiicre dongiisii senkronizasyonuna bagli faz

zenginlestirmesini yeniden degerlendirmek istedik. Hormon ¢ekiliminin hem MCF7

vil



hem de T47D hiicrelerini GO/G1 fazinda senkronize ettigini bulguladik. CD-FBS'ye
E2 ilave edilmesi S faz popiilasyonunu zenginlestirmekte; nokodazol ve nokodazol
ile birlestirilmis mitotik silkeleme ise MCF7 hiicrelerinin sirasiyla G2/M ve M faz
popiilasyonlarmi artirmaktadir. Ancak, c¢ift timidin blogu yaklasimiyla birlikte
nokodazol veya nokodazol ile birlestirilmis mitotik silkeleme, T47D hiicrelerinin S,

G2/M veya M faz popiilasyonlarini1 zenginlestirmede daha etkilidir.

Anahtar Kelimeler: Meme Kanseri, Hiicre Dongiisii, Ostrojen, Ostrojen Reseptorii,

Senkronizasyon
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CHAPTER 1

INTRODUCTION

1.1 Breast Cancer

Breast cancer is the second most common cancer type in the world when both sexes
are taken into account, and it is the most common cancer type in women worldwide
as well as the deadliest'. It is estimated that in 2024, 310,720 women will be
diagnosed with invasive breast cancer, and 42,250 women will die due to breast
cancer in USA?. In Tiirkiye, breast cancer ranks first among the ten most common
cancer types that cause death in women, with approximately 24,000 new cases seen
annually and approximately 5% of these cases resulting in mortality, the rate of
which is higher than in the USA®#*. As breast cancer is such a threatening disease,
especially for females, it has been crucial to elucidate the underlying mechanisms

for the development of diagnostic and/or treatment tools.

The heterogeneity of breast cancer is one of the reasons for its fatality since it
contributes not only to the progression of the cancer, through proliferation and
metastasis but also resistance to treatment®. Prior to the development of molecular
screening techniques, the classification of breast cancer was based on
histopathological observations regarding the histological type, histological grade,
tumor size, and lymph node status, as well as immunohistochemical assessment of
biomarkers such as estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2)%’. Nowadays, with the use of gene
expression profiling, breast cancers can be classified based on their genomic and
transcriptomic features®. This molecular classification also enabled the identification

of further subtypes; nevertheless, breast cancers can be mainly classified as:

1) Luminal A (ER", PR*~, HER2"),



2) Luminal B (ER", PR"~, HER2"),
3) Triple-negative (ER™, PR™, HER2"),
4) HER2 positive (ER", PR-, HER2") ’.

Among these subtypes, luminal A type breast cancer is the most prevalent one,
corresponding to about 50-60% of the patients®. Although patients with luminal A
type cancer have been reported to have a good prognosis®, the high prevalence rate

of this subtype renders both the past and future research valuable.

For breast cancer research, established cell lines have been highly essential in vitro
models that provide information with potential highly beneficial in the clinic’.
Specifically, MCF7 and T47D cell lines are widely used models that are derived
from the luminal A subtype of breast cancer’. The MCF7 cell line was established
from the pleural effusion taken from a 69-year-old Caucasian female patient with
metastatic breast carcinoma’. Likewise, the T47D cell line was derived from the
pleural effusion of a 54-year-old female patient with infiltrating ductal carcinoma'®.
Despite having distinct molecular characteristics, both MCF7 and T47D cell lines
have been used for understanding the mechanisms of estrogen-estrogen receptor
(ER) a signaling, as well as the cellular events mediated in response to this signaling
pathway since they are estrogen-responsive and ERa-synthesizing breast cancer
models!'! . Thus, these cell lines have been significant experimental models in
studies regarding estrogen-ERa signaling that we have been conducting in our

laboratory as well.

1.2 Estrogen Signaling

Estrogen signaling is a critical pathway for breast cancer as overexpression of
estrogen receptors is observed in around 70% of invasive breast carcinomas'. This
pathway, through estrogen receptors, regulates genes that are involved in cell

proliferation, differentiation, and migration; hence, deregulation of estrogen



signaling in the breast tissue contributes to the initiation and/or progression of breast

cancer!>16,

17B-estradiol (E2) has significant roles in the regulation of physiology and
pathophysiology of different tissues, including breast tissue, as the main circulating
estrogen hormone!”. This regulatory effect of E2 is mediated by estrogen receptor
(ER) a and B, which are transcription factors, and they are expressed in the same
tissue or different tissues in varying levels'”. Even though ERo and ER are encoded
by two distinct genes, ESRI and ESR2 respectively, they have similar structural and

functional features!”-!8.

The ERs consist of six functional domains that are named from A to F starting from
the amino terminus of the receptors, as represented in Figure 1. The A/B domain has
a ligand-independent transactivation function AF-1, whereas the other activation
function comes from the ligand-dependent transactivation function AF2 in the E/F
domain located in the carboxyl-terminus. The E/F domain is also involved in ligand
binding as well as dimerization. The highest conserved domain between ERs is the
C domain, which is the DNA-binding domain (DBD). Lastly, the D domain, as the
flexible hinge, not only links the C and E/F domains, but also contains a nuclear

localization signal'®.

o] =)

Figure 1. Schematic representation of domains of estrogen receptors.

After it is synthesized, ERa dimerizes and, while a small fraction of the newly
synthesized ERo moves to the peri-membrane, cytoplasm, or mitochondria,
translocates to the nucleus even without E2. On the other hand, when E2 binds to
ERa, the ligand binding domain of ERa undergoes a conformational change that
allows protein-protein interactions, hence rendering ERa functionally active?®. The

E2-ERa complex in its active form then mediates genomic events that lead to the



regulation of target gene expressions either through estrogen-responsive element
(ERE)-dependent or ERE-independent pathways. In the ERE-dependent pathway,
the E2-ERa complex interacts with EREs on DNA, which are palindromic sequences
with the consensus sequence of 5-GGTCAnnnTGACC-3?°. Although the
unliganded ERa inefficiently interacts with EREs, binding of E2 to ERa is critical
for ERE-dependent signaling as it increases the stability of E2-ERa-ERE
interactions?!. In contrast, instead of directly interacting with its response elements
on DNA, the E2-ERa complex can interact with transcription factors that are bound
to their cognate regulatory elements on DNA, such as AP1 (activator protein 1), and
SP1 (stimulatory protein 1), which also results in the regulation of transcription of

E2-ERa target genes. This pathway is known as the ERE-independent pathway!72°.

Consequently, both ERE-dependent and independent pathways lead to the regulation
of responsive genes involved in cell proliferation, differentiation, motility, and
death?®, and the altered expression of these target genes is a contributor to the
initiation and/or the progression of breast cancer'S. Thus, elucidating the sequence
of events that coordinate cellular proliferation in response to the E2-ERa signaling
carries significance for the development of effective prognostic and therapeutic
tools. This necessitates the identification of factors and the delineation of their
functions in the initiation and progression of cell cycle phases that culminate in cell

division.

1.3 Cell Cycle

The cell cycle is a strongly regulated series of events that results in the replication
and distribution of the genetic material to the daughter cells by cell division??. The
cell cycle consists of four phases: G1 (gap 1), S, G2 (gap 2), and M (mitosis). In the
G1 phase, certain mitogens and growth factors stimulate the cell for preparation for
DNA synthesis and subsequent cell division. The phase where DNA replication
occurs is known as the S phase, and after completing the DNA replication

successfully, the cell progresses to the second gap in the cycle, which is the G2 phase.



Following G2, the cell goes through the M phase, i.e. mitosis, which involves the
segregation of the duplicated DNA and is completed by cell division?*?>.
Additionally, the cells that have temporarily or permanently withdrawn from the cell
cycle are defined to be quiescent, or in the GO phase. These cells can exit GO and re-

enter the cell cycle from G1 in response to the external stimulants?2.

To ensure an orderly progression of the cells through each phase, there are certain
checkpoints the cells need to go through for commitment to the next phase. The first
one takes place in the late G1, also known as the restriction point; the second one
takes place in the late G2, before entering mitosis; and the last one is in the M phase,
which is also known as the spindle checkpoint, and is critical for the correct
distribution of duplicated DNA and exit from mitosis****. The progression through
these checkpoints as well as the cell cycle phases are regulated by cyclin-dependent

kinases (CDKs) which act together with cyclins®*.

One primary event involved in the initiation/development of cancer involves
disruptions in the normal cell cycle. Understanding how the cell cycle is regulated
and how it becomes dysregulated in disease states provides valuable insights into the
underlying mechanisms critical for the disease. This in turn provides opportunities
for the identification of drug targets, drug screening, and/or effective drug selection

or development.

Cell cycle synchronization by various approaches therefore provides unique
opportunities for a better understanding of molecular events critical for the regulation

and progression of the cell cycle phases.

1.3.1 Approaches for cell cycle synchronization

Approaches for cell cycle synchronization are centered around physical
fractionations and chemical/pharmacological agents with varying advantages and
disadvantages. 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 studies®® 2%,

Based on the interruption of the deoxynucleotide metabolism pathway through
competitive inhibition with excess thymidine, double thymidine block (DTB) is one
of the most frequently used chemical methods that has been used to arrest cells at the
G1/S boundary before DNA replication?”-?’. Aphidicolin is another widely used
chemical agent that arrests the cells at the G1/S transition by reversibly inhibiting
the functions of DNA polymerase a, which in turn prevents DNA replication in S
phase®®. On the other hand, nocodazole and colchicine are popular chemical agents
for G2/M arrest, which is mediated by the inhibition of mitotic spindle formation?’.
G2/M arrest is often coupled with a mitotic shake-off that yields a highly enriched

mitotic cell population?®,

As estrogen has mitogenic effects on estrogen-responsive ER-positive breast cancer
cell lines, withdrawal of estrogen from cell culture environments that primarily rely
on dextran-coated charcoal (CD) treatment of fetal bovine serum (FBS), CD-FBS,
has been used as an effective mean for cell cycle synchronization of cell models

3133 Subsequent supplementation of

derived from breast adenocarcinomas
synchronized cells with estrogen alone or together with chemical/pharmacological

agents has provided experimental systems for specific cell cycle phase enrichments.

1.4  Aim of This Study

Among the various approaches utilized for cell cycle synchronization, we employed
certain chemical/pharmacological agents, alone or in combinations, to enrich cell

cycle phases in breast adenocarcinoma-derived E2-responsive and ERa-synthesizing



MCF7 and T47D cells in our laboratory. However, we obtained results with
reproducibility and reliability issues that limited the utility of some of these
approaches. We have also utilized E2 withdrawal using CD-FBS, and subsequent
treatment of the cells with E2 alone or in combination with different
chemical/pharmacological agents. Nevertheless, 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 can also generate

experimental variability undermining reproducibility>3*,

In this study, we aimed 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 DTB approach as a widely utilized chemical cell cycle synchronization

method for G1/S arrest for comparative analysis.






CHAPTER 2

MATERIALS AND METHODS

2.1 Cell Lines, Growth Conditions and Cell Cycle Synchronization

2.1.1 Cell growth

The MCF7 cell line obtained from ATCC (https://www.atcc.org/) was a kind gift
from Prof. Dr. Ozgiir Sahin (Bilkent University, Turkey), and the T47D cell line
from ATCC (https://www.atcc.org/) was a kind gift from KanSiL (Middle East
Technical University, Tiirkiye). MCF7 cells were maintained in high glucose
(4.5g/L) containing Dulbecco’s modified eagle medium (DMEM, Sartorius, Israel,
01-053-1A) without phenol red, supplemented with 10% fetal bovine serum (FBS,
Sartorius, 04-007-1A), 1% penicillin-streptomycin (Sartorius, 03-031-1B), and 1.2%
L-glutamine (Sartorius, 03-020-1B). T47D cells were grown in Roswell Park
Memorial Institute 1640 medium (RPMI 1640, Sartorius, 01-103-1A) without
phenol red, supplemented with 10% FBS, 1% penicillin-streptomycin, and 1.2% L-

glutamine.

Both MCF7 and T47D cells were maintained in up to eight passages in a humidified
incubator with 5% CO; at 37°C. The corresponding medium of cell lines was

refreshed every three days.

2.1.2 Preparation of CD-treated FBS (CD-FBS) and efficiency control

For an efficient removal of E2 from the FBS, charcoal dextran (CD) treatment of
FBS has been utilized in our laboratory. 10 g of CD (Sigma Aldrich, USA, C6241)
was added to a 500 ml FBS bottle. FBS with the added CD was stirred slowly, to



prevent breaking CD into smaller particles, with an autoclaved magnetic stirrer bar
on a magnetic stirrer for 16 hours at 4°C. Then the CD-FBS mixture was divided
into two Nalgene PPCO centrifuge bottles (Thermo Fisher Scientific, USA, 3120-
9500) in equal volumes and centrifuged at 10,800 x g for 30 minutes at 4°C using
Sorvall SLA-3000 rotor. The supernatant from the two bottles was decanted, without
disturbing the pellet, into a low protein binding, 500 ml sterile filter unit with 0.45
um pore size (Corning, USA, 430770) and filtered inside the laminar flow cabinet.
Another 10 g CD was added to the filtrate for the second round of CD treatment. The
mixture was stirred on the magnetic stirrer in the same manner as described above,
for 4 hours at 4°C. The CD-treated FBS was divided into two Nalgene PPCO
centrifuge bottles in equal volumes and centrifuged at 10,800 x g for 30 minutes at
4°C using Sorvall SLA-3000 rotor once more. The supernatant from the bottles was
combined and filtered using the 500 ml sterile filter unit with 0.45 pm pore size first,
then filtered through a low protein binding, 500 ml sterile filter unit with 0.22 pm
pore size (Corning, 431097) for the second time inside the laminar flow cabinet. The

filtrate, CD-FBS, was then aliquoted into 50 ml falcon tubes and stored at -20°C.

Both MCF7 and T47D cells were used to test the newly prepared CD-FBS. MCF7
cells (2 x 10° cells/well) or T47D cells (2.5 x 10° cells/well) were plated to 6-well
tissue culture plates in their respective growth media, DMEM or RPMI 1640
supplemented with 10% FBS, 1% penicillin-streptomycin, and 1.2% L-glutamine,
and grown for 48 hours. At the end of 48 hours, cells were washed twice with 1x
Phosphate Buffer Saline (PBS, Sartorius, 02-023-5A), and refreshed with their
respective growth media supplemented with 10% CD-FBS, 1% penicillin-
streptomycin, and 1.2% L-glutamine. The cells were incubated in CD-FBS
containing growth media for 72 hours, and the media were refreshed at 48 hours.
Following the 72-hour incubation, a portion of the cells were collected with
trypsinization (Oh), whereas the remainder were treated with 10° M 17B-estradiol
(E2, Sigma Aldrich, E2257), which is the upper physiological level of circulating
hormone in adult women 3 (also Supplementary Data, Figure 12), or with 0.01%

ethanol (EtOH, Sigma Aldrich, 1.00983) as vehicle control for 24 hours. After 24
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hours, cells were collected with trypsinization to assess cell cycle profiles with flow
cytometry (which is described in further detail in section 2.2), and TFF1/pS2
expression (which is explained further in section 2.4). It was confirmed that E2 was
effectively removed from FBS with CD treatment if 1) the cells were accumulated
at the G1 phase at the end of 72-hour CD-FBS incubation, 2) E2 triggered cell cycle
progression when compared to ethanol control, and 3) TFF1/pS2 expression was
increased in E2 treated cells in comparison to ethanol given cells (Supplementary

Data, Figure 13).

2.1.3 Synchronization of cell cycles with E2 withdrawal

To synchronize the cell cycles of MCF7 and T47D cells using CD-FBS containing
growth media, MCF7 (7.5 x 10° cells/flask) or T47D (10 x 10° cells/flask) cells were
plated in T-25 tissue culture flasks in the DMEM or RPMI 1640 medium,
respectively, supplemented with 10% CD-FBS and incubated for 72 hours with
media change at 48 hours. After this 72-hour incubation, cells were treated with
either 10° M E2 or 0.01% EtOH for a total of 36 hours with 3- to 6-hour intervals in
their respective growth media supplemented with 10% CD-FBS. At each time point,
cells were collected with trypsinization, and a portion of the cells was used for flow
cytometry, whereas the other portion was used for protein isolation and subsequent
Western Blot (WB) analyses, which is further described in section 2.3. To prepare
the cells for either process, the collected cells were pelleted, washed with 1x PBS,
and then pelleted again. For flow cytometry, the pelleted cells were resuspended in
100 pl of 1x PBS containing 2% CD-FBS and fixed with a dropwise addition of ice-
cold 70% ethanol. The fixed cells were stored at -20°C overnight before flow
cytometry reading. For protein isolation, the cell pellet was processed freshly as

described in section 2.3.
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2.14 Treatment of cells with 4-hydroxytamoxifen (4-HTam) or Imperial
Chemical Industries 182,780 (ICI)

To test if cell cycle progression of MCF7 or T47D cells is dependent on E2-ERa
signaling, 4-HTam (Sigma Aldrich, H7904), a selective estrogen receptor
modulator®$, or ICI (Tocris Bioscience, UK, 1047), a selective estrogen receptor
down-regulator’’, were utilized. For the selection of the optimal dose for both 4-
HTam and ICI, MCF7 cells were plated and grown in DMEM supplemented with
10% FBS. Then the cells were treated with varying doses of 4-HTam or ICI, ranging
from 107" to 10 M, for 24 hours. Following the treatment, the cells were collected
by trypsinization for flow cytometry analyses (Supplementary Data, Figure 14A &
14C).

For the synchronization of MCF7 cells using 4-HTam, the cells plated and grown in
DMEM supplemented with 10% FBS were treated with 10" M 4-HTam or its vehicle
control 0.0002% DMSO for 48 hours. Similarly, for synchronization of MCF7 cells
using ICI, the cells plated and grown in their normal growth medium were treated
with 107 M ICI, or its vehicle control 0.01% ethanol for 48 hours. Following the 48-
hour treatment, a portion of the cells (Oh) were collected and either fixed and
subjected to flow cytometry analysis or processed for protein isolation and Western
Blot analysis. The remaining cells were washed with 1x PBS twice and their media
were refreshed with the normal growth medium for 72 hours. The cells were then

collected for flow cytometry and Western Blot analyses at 24-hour intervals.

Moreover, MCF7 or T47D cells, which were synchronized at GO/G1 with 72-hour
CD-FBS incubation, were then treated without (vehicle) or with 10° M E2 and/or
10”7 M 4-HTam or ICI for 24 hours to test the dependency of cell cycle progression
on E2-ERa signaling. At the end of treatments, the cells were collected, and a portion
of cells were fixed and subjected to flow cytometry analysis, whereas the remaining
part was processed for protein isolation and Western Blot analysis (Supplementary

Data, Figure 14B & 14D).
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2.1.5 Synchronization of cell cycles with the double thymidine block
(DTB) approach

For the synchronization of cell cycles with double thymidine block, MCF7 (5 x 10°
cells/flask) or T47D (7.5 x 10° cells/flask) cells were plated and grown in T-25 tissue
culture flasks for 72 hours. The cells were then 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 the G1/S boundary without inducing
toxicity??, for 14 hours (Supplementary Data, Figure 15). The cells were released
from thymidine treatment by washing the cells twice with 1x PBS and re-incubating
them with normal growth media containing 10% FBS without thymidine for 12
hours. After 12 hours, the media of the cells were changed with media containing
10% FBS and 2 mM thymidine and the cells were incubated for 22 hours. Cells were
re-released from thymidine treatment by washing the cells twice with 1x PBS and
maintaining them in the respective growth media containing 10% FBS. Cells were
collected with trypsinization at different time points for flow cytometry and Western

Blot analyses up to 16 hours.

To assess the effects of E2 on the DTB approach, MCF7 (7.5 x 10° cells/flask) or
T47D (10 x 10° cells/flask) cells were plated and grown in T-25 tissue culture flasks
in media supplemented with 10% FBS for 72 hours. The cells were then washed
twice with 1x PBS, and they were incubated in media containing 10% CD-FBS and
2 mM thymidine for 14 hours. 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 hours. Then, the media of the cells were changed with
media containing 10% CD-FBS and 2 mM thymidine and the cells were incubated
for an additional 22 hours. Cells were subsequently incubated in media containing
10% CD-FBS without (0.01% EtOH as the vehicle control for E2) or with 10° M E2
for various intervals up to 32 hours. Cells were collected with trypsinization at

different time points for flow cytometry and Western Blot analyses.
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2.1.6 Treatment of cells with aphidicolin, 2,3-DCPE, or nocodazole

For enrichment of S, G2, and/or M phases in MCF7 or T47D cells, various chemical
agents such as aphidicolin (Tocris Bioscience, 5736), 2,3-DCPE (Tocris Bioscience,
2137) or nocodazole (Sigma-Aldrich, 487928) were utilized. Aphidicolin is a DNA
polymerase inhibitor that arrests cell cycle progression at the G1/S transition®’. To
enrich the S phase population, the cells were either treated with 10 uM of aphidicolin,
which is based on previous studies of dose optimization®®, or with DMSO as the
vehicle control for 6 hours in the presence of E2 following different durations of E2
treatment of cells synchronized at GO/G1. The cells were then collected by
trypsinization for flow cytometry analysis. Likewise, 2,3-DCPE is a compound that
induces S phase arrest®. The cells synchronized at GO/G1 were initially incubated
with E2 for 6 hours and then treated with 20 uM 2,3-DCPE?® or with 1x PBS as the
vehicle control for 12 hours in the presence of E2. Following treatment, the cells

were collected by trypsinization for flow cytometry analysis.

Nocodazole, on the other hand, is an anti-mitotic agent that arrests the cells in G2/M
phases?’. To select the optimal dose of nocodazole, MCF7 cells were first
synchronized at the GO/G1 phase by 72-hour CD-FBS incubation, then treated with
10° M E2 for 21 hours. Following incubation with E2, the cells were treated with
0.3, 0.6, or 1.2 uM nocodazole, or with DMSO as the vehicle control for 6 hours in
the presence of E2. The cells were then subjected to mitotic shake-off by tapping the
flasks to collect the mitotic cells, and the remaining attached cells were collected by
trypsinization for flow cytometry analysis. After deciding that 0.3 uM was the
optimal dose for nocodazole treatment, the cells synchronized at the GO/G1 phase
were treated with E2 for various durations (18, 21, 24 hours), and then supplemented
with 0.3 uM nocodazole or DMSO for 6 hours in the presence of E2 to select the
optimal time point to start the nocodazole treatment. The cells were subjected to
mitotic shake-off and the remaining cells were trypsinized to assess the cell cycle

phase distributions using flow cytometry.
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2.2 Flow Cytometry

For the assessment of cell cycle distributions using flow cytometry, 1 x 10° cells
were taken into a 15 ml falcon and centrifuged at 300 x g for 6 minutes to remove
the trypsin and medium. The supernatant was aspirated, and the cell pellet was
washed with 500 ul 1x PBS. The cells were centrifuged again at 300 x g for 7 minutes
and the supernatant was aspirated again. The cell pellet was resuspended in 100 pl
of 1x PBS containing 2% CD-FBS and fixed with a dropwise addition of 4 ml ice-
cold 70% ethanol while being gently vortexed to prevent clumping. The fixed cells
were stored at -20°C overnight, or up to 1 week maximum, before flow cytometry

reading.

To prepare the cells for flow cytometry reading, the cells were centrifuged at 300 x
g for 7 minutes to remove the 70% ethanol. After ethanol was aspirated, the pellet
was washed with 500 pul ice-cold 1x PBS, and the cells were centrifuged again at 600
x g for 7 minutes. Then the supernatant was aspirated again, and the cell pellet was
resuspended in 200 pl 1x PBS containing 20 pg/ml propidium iodide (PI, Sigma
Aldrich, P4170), 200 pg/ml RNase A (Thermo Fisher Scientific, EN0531), and 0.4%
(v/v) Triton X-100 (AppliChem, Germany, A4975). The cells were then incubated
for 30 minutes in the dark at room temperature. Following incubation, the cells were
analyzed with a NovoCyte Flow Cytometer (Agilent Technologies, USA) using the
PI channel. A sample gating strategy is given in Appendix D.

2.3 Total Protein Isolation and Western Blot

For total protein isolation, the collected cells were pelleted once, washed with 1x
PBS, and pelleted again. The cell pellets were then resuspended with RIPA buffer
(Appendix E) containing freshly added 1x protease inhibitor (Roche, Switzerland,
11697498001) and 1x phosphatase inhibitor (Roche, 4906845001), and incubated on
ice for 30 minutes. The cells were actively sonicated for 1 minute (6 cycles of 10-

second sonication, 15-second pause), and centrifuged at 16,000 x g for 20 minutes.
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The supernatants were collected, and protein concentrations were assessed with

Quick Start Bradford Protein Assay (Bio-Rad, USA, 500-0201).

For Western Blot analysis, 6x Laemmli buffer (Appendix E) was added to the protein
extracts, and the protein samples were incubated at 95°C for 10 minutes for
denaturation. The protein samples were separated on 10% SDS-PAGE at 100 V for
90 minutes and then transferred to a PVDF (polyvinylidene difluoride) membrane
(Roche, 03010040001) using wet-transfer at 100 V for 70 minutes. Additionally, for
the WB analysis of the Ki-67 protein, protein extracts were subjected to 4-20% SDS-
PAGE, and the wet-transfer was performed at 100 V for 120 minutes. Following the
transfer, the membranes were blocked with 5% skim milk (Merck, 70166) in 0.1%
TBS-T (Tris Buffered Saline- Tween) at room temperature for 1 hour. Membranes
were then incubated at room temperature for 1 hour with the primary antibody
specific for Cyclin B1 (Santa Cruz Biotechnology, USA, sc-245) in 1:500, Cyclin E
(Santa Cruz Biotechnology, sc-247) in 1:250, Ki-67 (Thermo Fisher Scientific, RM-
9106-S0) in 1:500, or HDACI1 (Santa Cruz Biotechnology, sc-81598) in 1:1000
dilution in 0.1% TBS-T containing 5% skim milk; or ERa (Santa Cruz
Biotechnology, sc-543) in 1:1000 dilution in 0.05% TBS-T containing 5% skim
milk. A horse radish peroxide (HRP) conjugated goat anti-mouse secondary antibody
(Advansta, USA, R-05071) was used in 1:5000 dilution in 0.1% TBS-T containing
5% skim milk for Cyclin B1, Cyclin E, Ki-67 and HDACI antibodies. Similarly,
HRP conjugated goat anti-rabbit secondary antibody (Advansta, R-05072) was used
in the same dilution for the ERa antibody. The membranes were incubated with the
secondary antibody at room temperature for 1 hour. The protein bands were
visualized with WesternBright enhanced chemiluminescence (ECL) kit (Advansta,
K-12045) using the ChemiDoc™ MP system (Bio-Rad), and Image Lab 6.1 software

was used for the analyses of the generated images.
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2.4  Expression Analysis

MIQE Guidelines*® were followed in total RNA isolation, cDNA synthesis, and RT-
qPCR steps, and the MIQE checklist is presented in Appendix C.

24.1 Total RNA isolation

For each experimental group, the cells were collected with trypsinization, and 30 x
10* cells were separated for total RNA isolation. These cells were washed twice with
Ix PBS and pelleted. The pellets were stored at -80°C until RNA isolation. Total
RNA isolation was performed using a NucleoSpin RNA Kit (Macherey-Nagel,
Germany, 740955.50), which also includes an on-column DNase treatment step,
according to the manufacturer’s instructions. Following RNA isolation, the samples
were subjected to the RNA clean-up protocol with a second on-column DNase
treatment for effective removal of genomic DNA. The concentrations of the RNA
samples were measured with Nanodrop 2000 (Thermo Fisher Scientific), as well as

the A260/A280 and A260/A230 ratios for the assessment of purity of the samples.

2.4.2 Genomic DNA contamination control in RNA samples

To ensure that the RNA samples were free of genomic DNA contamination, 300 ng
of RNA from each sample was used as a template in a PCR reaction using primers
specific to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer
sequences are as follows: GAPDH_FP: 5°’-GGGAGCCAAAAGGGTCATCA-3’
and GAPDH REP: 5 -TTTCTAGACGGCAGGTCAGGT-3. The PCR was
performed using Taqg DNA polymerase (Thermo Fisher Scientific, EP0401) with the
cycling conditions given in Table 1. 50 ng of MCF7 genomic DNA was used as
positive control. After the PCR was completed, the PCR products were run on 2%
(w/v) agarose gel for visualization. If the RNA samples did not contain genomic

DNA, they were used in cDNA synthesis. In the case of genomic DNA
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contamination, the RNA samples were re-subjected to the RNA clean-up protocol

with an on-column DNase treatment until they were free of genomic DNA.

Table 1. PCR cycling conditions for GAPDH

Step Temperature (°C) | Duration Number of cycles
Initial denaturation | 95 3 min 1

Denaturation 95 30 sec

Annealing 65 30 sec 40

Extension 72 30 sec

Final extension 72 10 min 1

Hold 4 0 1

243 c¢DNA synthesis

For cDNA synthesis from the total RNA samples, the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, K1622) was used. 300 ng of RNA was used
as the template with oligo (dT)is primers in the reactions per the manufacturer’s
instructions. The reaction components and their respective amounts/volumes are
specified in Table 2. The cDNA synthesis was carried out at 42°C for 1 hour using
T100 Thermal Cycler (Bio-Rad), and the reaction was terminated by incubation at

70°C for 5 minutes. The cDNA samples were kept at -80°C for long-term storage.

Table 2. Reaction components for cDNA synthesis

Component Amount
Total RNA 300 ng
Oligo (dT)1g Primer 1 ul

5x Reaction Buffer 4 ul

10 mM dNTP Mix 2 ul

RiboLock RNase Inhibitor (20 U/ul) I ul
RevertAid M-MuLV RT (200 U/uL) 1 ul
Nuclease-free Water Up to 20 ul
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244 TFF1/pS2 expression analysis with RT-qPCR

Trefoil factor 1 (TFF1/pS2) is a well-characterized E2-ERa responsive gene'®*!,

hence its expression has been used as a control for E2 response in our laboratory. To
assess the TFF1/pS2 expression, RT-qPCR was performed using a Rotor-Gene Q
(Qiagen, Germany) PCR machine with primers specific to 7FFI. The primer
sequences are as follows: pS2/TFF1_FP: 5’-TTGTGGTTTTCCTGGTGTCA-3’ and
pS2/TFF1_REP: 5°- CCGAGCTCTGGGACTAATCA-3’ (product size: 209 bp).
300 nM of each primer as well as the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad, 1725272) and 2 pl of 1:20 diluted cDNA template were used in
each 10 pul RT-gPCR mix with the cycling conditions given in Table 3.

Table 3. RT-qPCR cycling conditions for TFF1/pS2

Step Temperature (°C) | Duration Number of cycles
Initial denaturation | 94 10 min 1

Denaturation 94 30 sec

Annealing 55 30 sec 40

Extension 72 30 sec

Melting 55-99 - 1

Ribosomal protein lateral stalk subunit PO (RPLP(0) was reported as a consistent
reference gene for normalization in RT-qPCR analysis for breast carcinomas®.
Therefore, RPLP0 was used for normalization in the expression analysis of TFF1.
The sequences of the primers specific to RPLP(, that were used in the RT-qPCR, are
as follows: RPLPO_FP: 5°-GGAGAAACTGCTGCCTCATA-3" and RPLPO_REP:
5’-GGAAAAAGGAGGTCTTCTCG-3’ (product size: 191 bp). The RT-qPCR was
performed with the following cycling conditions: Initial denaturation at 94°C for 10
minutes; 40 cycles of denaturation at 94°C for 30 seconds, annealing at 60°C for 30

seconds, and extension at 72°C for 30 seconds.

19



For the expression analysis, three biological replicates were used, and the RT-qPCRs
for both TFF1 and RPLP(O were performed with three technical replicates for each
biological replicate. To quantify the relative expression of TFF1, AAC; calculation
was utilized*, and while calculating the fold change, the expression level of ethanol-
treated samples was set to 1 and the expression levels of E2-treated samples were
calculated in comparison to ethanol groups. One-tailed paired t-test with a 95%
confidence interval was used for the statistical analysis, and the analysis and
visualization were performed using GraphPad Prism 8.0.2 (GraphPad Software,

USA).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Synchronization of the Cell Cycle of MCF7 Cells with CD-FBS with or
without E2 Replacement

FBS is a growth supplement for cell and tissue culture media required for attachment,
growth, proliferation, and differentiation of human and animal cells®*. It contains
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 contaminants*****  The
treatment of FBS with charcoal dextran removes a variety of non-polar/lipophilic
components, including steroid hormones*>*%; hence, the use of CD-treated FBS (CD-
FBS) in culture media allows the examination of the effects of these components on
cellular events in culture systems*’. However, there might be some content variations
in FBS that arise from the diversity of geographical and seasonal sources as well as
from varying approaches used institutionally or commercially for the CD treatment
of FBS***. These variations in FBS content may in turn affect the extent of serum
component deprivation, thereby generating experimental variability and
reproducibility issues’, as it has been encountered in our laboratory on several
occasions. Therefore, we employed a laboratory-optimized condition for the
treatment of FBS twice with CD as described in section 2.1.2, and used it in cell

cycle synchronization studies.

To assess the effects of estrogen withdrawal on cell cycle progression, MCF7 cells
were synchronized by maintaining them in DMEM containing 10% CD-FBS for 72
hours. Under this condition, more than 80% of the cell population accumulated at
the GO/G1 phase as assessed by flow cytometry (Figure 2A). To examine the effects

of E2 on cell cycle phase transitions, cells arrested in GO/G1 were incubated in the
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same medium with 10° M E2 or with 0.01% EtOH, as the vehicle control, for 3- to

6-hour intervals up to 36 hours. A fraction of cells at each time point was subjected

to flow cytometry while the remaining was processed for WB analysis. E2

effectively triggered cell cycle progression such that the proportion of cells in the S

phase began to increase at 12 hours reaching its maximum at 21 hours with

corresponding decreases in the cell population accumulated in GO/G1. At subsequent

time points, cells transited to the G2/M phase, completing the cycle by 30 hours with

an increase in GO/G1 that resulted in a largely desynchronized cell population at 36

hours. In clear contrast, ethanol as the vehicle control did not affect cycle phase

distribution as the majority of the cell population remained in the GO/G1 phase at

every time point examined (Figure 2A & 2B).
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Figure 2. Effects of 17p-estradiol (E2) on cell cycle progression of MCF7 cells
synchronized at G0/G1 by hormone withdrawal.
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MCF7 cells were plated and grown in DMEM medium supplemented with 10% CD-FBS
for 72h with media change at 48h. Cells were subsequently maintained in the same medium
containing 0.01% ethanol (EtOH) as vehicle control or 10° M E2 for 3-6 h intervals up to
36h. At the termination, cells were collected with trypsinization. (A) A fraction of cells was
subjected to the flow cytometry analysis (B) represented with a bar graph of two independent
replicates, and (C) the remaining fraction was processed for WB analysis using an antibody
for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERa, or HDACI1. Molecular masses in kDa are
indicated. In A & C, representative images from the same experiment conducted two
independent times are shown. GO/G1, S, and G2/M indicate cell cycle phases.

The cell cycle progression triggered by E2 was also reflected in changes in protein
levels of Cyclin B1 or Cyclin E, which were assessed with WB analysis (Figure 2C).
Cyclin BI is the regulatory subunit of cyclin-dependent kinase 1 (CDK1) and is
essential for the transition from the G2 phase to mitosis*®. On the other hand, Cyclin
E is an activator of CDK2 (Cyclin-Dependent Kinase 2) and is critical for the entry
to and progression through the S phase*. We observed that the protein levels of
Cyclin B1 started to increase in the early S phase (at 12 hours of E2 treatment) and
remained elevated until the cells were desynchronized, whereas Cyclin E began to
decrease at the late S phase (24 hours) reaching low levels at 36 hours (Figure 2C).
Consistent with previous studies which showed that E2 treatment rapidly decreases
ERa levels®®>2, the E2 treatment of the synchronized MCF7 cells reduced ERa
levels by 6 hours, which then remained at similar levels at the remainder of the cycle
as assessed with HDACI as the loading control (Figure 2C). On the other hand, ERa
levels remained unchanged at all time points in EtOH-treated cells. 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 GO/G1 population.

3.1.1 E2-induced cell cycle progression and E2-ERa signaling

ERs also bind to various molecules with agonist, mixed agonist-antagonist, or full
antagonist properties®>>*. Mixed agonists/antagonists, also called “selective estrogen
receptor modulators” (SERMs), display distinct pharmacological effects depending

on the estrogen target tissue. For instance, tamoxifen (TAM) is a synthetic
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nonsteroidal compound that has been widely used for the treatment of breast cancers
as an antagonist, although it acts as an agonist in the uterus®>>*. Pure antagonists of
estrogenic compounds, such as 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 antagonists®*>*. Most of
the key amino acids in the ligand-binding cavity of ERa that are 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
ERa. This conformational change impairs dimerization and increases ERa

degradation resulting in the prevention of target gene expressions’’>>%,

To ensure that E2-induced cell cycle progression is dependent on ERa signaling,
MCEF7 cells were synchronized at GO/G1 with the growth medium containing 10%
CD-FBS for 72 hours, then treated for 24 hours without or with 10° M E2 and/or 10
7 M ICI (also Supplementary Data, Figure 14D). ICI alone 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 (Figure 3A). ICI also reduced the levels of ERa whether or not cells were
treated with E2, as assessed with WB (Figure 3B). Thus, these observations indicate
that the E2-ERa signaling is the primary pathway to induce cell cycle progression in
MCF7 cells synchronized at GO/G1 in DMEM containing 10% CD-FBS for 72

hours.
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Figure 3. Effects of Imperial Chemical Industries 182780, ICI, on E2-induced cell cycle
progression of MCF?7 cells synchronized at G0/G1 by hormone withdrawal.
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MCF7 cells synchronized at GO/G1 by the CD-FBS approach (0h) were treated without
(0.01% EtOH) or with 10° M E2 and/or 107 M ICI for 24h. Cells were collected with
trypsinization and (A) subjected to the flow cytometry analysis or (B) WB using an antibody
for ERa. or HDACI1. 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 ERa antibody.

3.2 Synchronization of the Cell Cycle of MCF7 Cells with 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 p27°7%. The addition of mevalonate,
which increases the degradation of the CDKIs through an increased proteasome
activity’®, drives the release of cells from the G1 arrest for entry into the S and G2/M
phases of the cell cycle®. Mimosine, which is a rare plant amino acid, reversibly
arrests the progression of the cell cycle at Gl before the onset of DNA
replication®"-%2, On the other hand, double thymidine block (DTB) is a widely utilized
chemical technique that relies on the interruption of the deoxynucleotide metabolism
pathway through competitive inhibition with excess thymidine, and it arrests cells at

the G1/S boundary before DNA replication?*$3-93,

Based on variable results with lovastatin and mimosine in our earlier explorations,
we selected to use the DTB approach?’ 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 hours followed by a release from thymidine for 12 hours
and re-blocking with 2 mM thymidine for 22 hours. 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 previously®®, independently of thymidine
concentrations we tested (2-10 mM) (Figure 4A & 4B; Supplementary Data, Figure
15). Nevertheless, the release from DTB (RDTB) rapidly drove the progression of
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cells through the S phase within 6 hours. Cells transited to G2 at 8 hours after the
release from DTB and subsequently desynchronized at 14 hours (Figure 4A & 4B).
The cycle phase transitions were also reflected in high levels of Cyclin E at the
beginning of the release from DTB which started to decline in the late S phase
reaching steady-state levels until the desynchronization of cells. On the other hand,
the levels of Cyclin B1 began to increase at the progression of the S phase and
sharply declined as the cells desynchronized to levels similar to those observed with
unsynchronized cells. Whereas ERao levels remained primarily unchanged
throughout the cycle as the protein levels of HDACI1, which was used as the loading

control (Figure 4C).
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Figure 4. Cell cycle progression following the release of synchronized MCF?7 cells from
double thymidine block. MCF7 cells maintained in DMEM medium supplemented with
10% FBS were incubated in the same medium containing 2 mM thymidine for 14h. 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 12h.
Cells were subsequently washed and incubated with the same medium containing 2 mM
thymidine for 22h. Cells were released from the double thymidine block (RDTB) by
freshening the culture medium (Oh). Cells were collected with trypsinization at 2h intervals
for 16h following release and (A) subjected to flow cytometry analysis (B) with the result
of two independent experiments represented with a bar graph. (C) Cells were also prepared
for and subjected to WB using antibodies for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERa,
or HDAC1. Molecular masses in kDa are indicated. In A & C, representative images from
the same experiment replicated two independent times are presented. GO/G1, S, and G2/M
indicate cell cycle phases. US indicates unsynchronized cells.
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3.2.1 Combination of DTB with CD-FBS synchronization

To examine whether 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 hours were
washed and incubated in DMEM supplemented with 10% CD-FBS containing 2 mM
thymidine for 14 hours. Cells were subsequently released from the thymidine block
with DMEM containing 10% CD-FBS for 12 hours. Cells were re-incubated with
DMEM medium containing 10% CD-FBS and 2 mM thymidine for 22 hours. For
the release, cells were treated with 10° M E2 or with 0.01% EtOH in DMEM
containing 10% CD-FBS for 2- to 4-hour intervals up to 32 hours. This approach
effectively synchronized the cells in GO/G1 as more than 80% of the cell population
accumulated in the GO/G1 phase at the time of the release (Oh) from the DTB (Figure
5A & 5B) as similarly observed with the CD-FBS treatment (Figure 2A & 2B).
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
hours, reaching a maximal population by 20 hours, and exiting the S phase by 24
hours with eventual desynchronization of the cycle at 32 hours (Figure 5SA & 5B).
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. ERa levels also
decreased upon E2-triggered cell cycle progression whereas the levels of HDACI,

used as the loading control, remained unchanged (Figure 5C).
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Figure 5. Effects of 17p-estradiol (E2) on cell cycle progression of MCF7 cells
synchronized at G0/G1 by hormone withdrawal and double thymidine block. MCF7
cells grown in DMEM medium supplemented with 10% FBS in T-25 tissue culture flasks
for 72h were washed and incubated in the fresh medium containing 10% CD-FBS together
with 2 mM thymidine for 14h. 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 12h. Cells were subsequently washed and incubated with
DMEM medium containing 10% CD-FBS and 2 mM thymidine for an additional 22h. 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° M E2 for 2-4 h intervals up to 32h. At the termination at each time point,
cells were collected with trypsinization. (A) A fraction of cells was subjected to flow
cytometry analysis (B) with a bar graph representing the results of two independent
experiments, and (C) the remaining fraction of cells was processed for WB using an antibody
for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERa, or HDACI. In A & C, representative images
from the same experiment conducted two independent times are shown. GO/G1, S, and G2/M
indicate cell cycle phases.

3.2.2 E2 treatment-coupled DTB release and E2-ERa signaling

To ensure that E2 treatment-coupled DTB release is dependent on ERa signaling,
MCF7 cells synchronized at GO/G1 with the DTB approach in the growth medium
containing 10% CD-FBS were treated for 24 hours without or with 10° M E2 and/or
10”7 M ICI at the time of release. ICI alone did not affect the G0/G1 phase population,

but it effectively blocked the cell cycle progression assessed with the accumulation
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of cells in the S phase following release from DTB induced by E2 (Figure 6A). ICI
also reduced the levels of ERa whether or not cells were treated with E2 (Figure 6B).
Thus, the E2-ERa signaling is the primary factor in driving cell cycle progression in
MCEF7 cells synchronized at GO/G1 with CD-FBS alone or in combination with
DTB.
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Figure 6. Effects of ICI on E2-induced cell cycle progression of MCF7 cells
synchronized at G0/G1 by hormone withdrawal and double thymidine block. MCF7
cells synchronized at GO/G1 by CD-FBS and double thymidine block were treated without
(0.01% EtOH) or with 10 M E2 and/or 10”7 M ICI for 24h. (A) Cells were collected with
trypsinization and subjected to the flow cytometry analysis or (B) WB using an antibody for
ERa or HDACI. 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 ERa antibody. Molecular masses in kDa are indicated.

33 Synchronization of Cell Cycle using Antiestrogens in MCF7 Cells

Antiestrogens including 4-HTam and ICI block the cycle of MCF7 cells***$7-7* and
the block can be reversed by E2 resulting in a synchronized cohort of cells
progressing through the S phase®’. This raises the possibility that the withdrawal of
antiestrogens could drive the cell cycle progression of synchronized cells at GO/G1
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
"M 4-HTam or ICI (Supplementary Data, Figure 14) for 48 hours, the duration of
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which was based on our observations that MCF7 cells complete cell cycle within 36
hours (Figure 2A). Both compounds effectively synchronized MCF7 cells at the
GO0/G1 phase (Figure 7A & 7D). Nevertheless, the treatment of cells with ICI was
more effective in the accumulation of cells at GO/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 hours

did not allow cells to transit cycle phases.
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Figure 7. Effects of 4-Hydroxytamoxifen, 4-HTam, or Imperial Chemical Industries
182780, ICI, on the synchronization and progression of cycle phases of MCF7 cells.
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) 107 M
4-HTam or (D-F) ICI respectively for 24h. Cells were washed with 1x PBS and either
immediately collected (Oh) by trypsinization or maintained in DMEM medium
supplemented with 10% FBS (post-release, PR) at 24h intervals for 72h with a medium
change at 48h 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 ERa, HDACI, or Ki67. Molecular
masses in kDa are indicated. GO/G1, S, and G2/M indicate cell cycle phases. Representative
images from the same experiment replicated two independent times are shown.

We observed that cells synchronized at GO/G1 by the 107 M 4-HTam treatment for
48 hours remained at GO/G1 and the percentage of GO/G1 population increased in a
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time-dependent manner without alteration in ERa levels (Figure 7A & 7B). Instead,
the percentage of 10”7 M ICI pre-treated cells accumulated at GO/G1 remained the
same throughout the experimental period (Figure 7D). ICI pre-treatment, as

expected, reduced ERa levels as assessed with WB (Figure 7E).

A previous study suggested that ICI-mediated cell cycle arrest of MCF7 cells at
GO0/G1 have characteristics of GO rather than the G1 phase’'. 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)’>7*. This stage-specific synthesis
of Ki67 has been used as a marker for active cell proliferation’>”>, WB analysis of
MCF7 cells pre-treated with ICI using an antibody specific to Ki67 as a marker for
proliferation revealed that Ki67 synthesis was indeed undetectable compared to
unsynchronized vehicle-treated control cells (Figure 7F). 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 percentage of cells accumulated in GO/G1
throughout the experimental duration (Figure 7C). Thus, as suggested previously for
ICI"!, antagonist treatment of exponentially growing MCF7 cells in the complete
medium results in a quiescent state of cells unresponsive to the removal of the

compound.

34 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 GO/G1
and the replacement of E2 efficiently drives cycle progressions, we wanted to assess
whether we could also obtain cell populations enriched specifically at S, G2, and/or

M phases with various chemical agents.
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34.1 Enrichment of the S phase

Aphidicolin is a tetracyclic diterpenoid that reversibly inhibits functions of DNA
polymerase a, d, and ¢ arresting cell cycle progression at the G1/S transition thereby
blocking DNA synthesis in cells that have entered S-phase’’. Therefore, we 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 uM of aphidicolin at different time points of the S phase following the
E2 treatment of MCF7 cells synchronized at GO/G1. We observed no significant
effect of aphidicolin at this, or other concentrations*® on the S phase population at
any point we tested (Supplementary Data, Figure 16A & 16B). Similarly, 2,3-DCPE,
which is a synthetic compound suggested to induce S phase arrest by activating the
ATM/ATR-Chk1-Cdc25A signaling pathway in DLD-1 colon cancer cells*>’*, was
utilized for S phase enrichment. Based on previous studies in our laboratory>®, MCF7
cells were treated without or with 20 uM 2,3-DCPE 6 hours after E2 treatment of
MCEF7 cells synchronized at GO/G1, however, 2,3-DCPE did not further enrich the
S phase population of MCF7 cells generated by E2 treatment (Supplementary Data,
Figure 16C).

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-hour E2

treatment as our results indicate, is the best option for the S phase enrichment.

3.4.2 Enrichment of the G2/M phase

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,
depending on the concentration, either interferes with the tubulin exchange dynamics

at microtubule ends or depolymerizes microtubules by binding to B-tubulin’. This
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in turn can impair the microtubule-kinetochore attachment or the formation of the
metaphase spindles during the cell division cycle, thereby arresting cells in G2/M
leading to the prevention of mitosis’®. 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, hence allowing the detachment of cells by gentle
shaking’®. To enrich the G2/M population, MCF7 cells synchronized at GO/G1 by
the CD-FBS approach were treated with 10° M E2 for varying durations to enrich
the cell population in different stages (entrance, accumulation, and exit) of the S
phase (Supplementary Data, Figure 17). Cells were then subjected to various

concentrations of nocodazole for 6 hours in the absence or presence of E2.
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Figure 8. Effects of various concentrations of nocodazole (Noc) on the G2/M or M phase
in synchronized MCF7 cells progressed to the S phase in response to the E2 treatment.
MCFT7 cells were grown in DMEM medium supplemented with 10% CD-FBS for 72h. Cells
were either collected by trypsinization (Oh) or treated in the same medium with 10° M E2
for 21h. Cells were then washed and incubated in the same medium containing (A) 10° M
E2, (B) and/or 0 (Veh), 0.3, (C) 0.6 or (D) 1.2 uM nocodazole (Noc) for an additional 6h.
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.

We observed that nocodazole treatment of cells, independently of concentrations, at
21 hours of E2 treatment further enriched the G2/M phase population (Figure 8).
Moreover, we obtained a nearly pure population of cells (=90 %) in the M phase by

nocodazole-coupled mitotic shake-off (Figure 8B). It should be cautioned that the
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size of the M phase population obtained with mitotic shake-off is substantially lower
compared to other phases, requiring the initial use of a large number of cells for

specific M phase enrichment.

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

3.5 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 profiles'!™1477,
Therefore, we wanted to assess whether T47D cells could be synchronized, and cell

cycle phase enriched with approaches we employed for MCF7 cells.

3.5.1 Synchronization of the cell cycle of T47D cells with CD-FBS with or

without E2 replacement

To examine the effectiveness of the CD-FBS approach on cell cycle synchronization
of T47D cells, T47D cells grown in the RPMI 1640 medium supplemented with 10%
CD-FBS for 72 hours were treated with 10 M E2 or with 0.01% EtOH for 6-hour
intervals up to 36 hours. As we observed with MCF7 cells, CD-FBS synchronized
T47D cells efficiently in the GO/G1 phase (85%). The supplementation of the
medium with 10° M E2 induced cell cycle progression of T47D cells in a time-
dependent manner, where the S phase population started to slightly increase at 18
hours of E2 treatment. 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 hours was less than 25%. The S phase
cell population subsequently traversed to G2/M and desynchronized at 36 hours

(Figure 9A & 9B).
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Figure 9. Effects of 17B-estradiol (E2) on cell cycle progression of T47D cells

synchronized at G0/G1 by hormone withdrawal.
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T47D cells were plated and grown in RPMI 1640 medium supplemented with 10% CD-FBS
for 72h with the medium change at 48h. (A-C) Cells were subsequently maintained in the
same medium containing 0.01% ethanol (EtOH) as vehicle control or 10° M E2 for 6h
intervals up to 36h. 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), ERa, or HDACI.
Molecular masses in kDa are indicated. (D & E) T47D cells synchronized at GO/G1 by
hormone withdrawal (Oh) were treated without (0.01% EtOH) or with 10° M E2 and/or 10
"M ICI for 24h. (D) Cells were collected with trypsinization and subjected to flow cytometry
or (E) WB using an antibody for ERa or HDACI1. 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 ERa antibody.

These phase transitions were correlated with the levels of Cyclin E and B1 assessed
with WB. E2 treatment of cells rapidly reduced ERa levels in 6 hours as expected,
which then remained at low levels in contrast to the loading control HDACI, with

levels similar throughout the cell cycle (Figure 9C).

To assess whether E2-induced cell cycle progression of T47D cells is also dependent
on ERa signaling like MCF7 cells, T47D cells were synchronized at G0/G1 with the
growth medium containing 10% CD-FBS for 72 hours, then treated for 24 hours
without or with 10° M E2 and/or 10”7 M ICI. When given together with E2, ICI
prevented the accumulation of cells in the S phase at 24 hours (Figure 9D). ICI also
decreased ERa levels in the presence or absence of E2 as assessed with WB (Figure
9E). Therefore, it can be concluded that the cell cycle progression of T47D cells
induced by E2 is ERa-mediated.

3.5.2 Combination of DTB with CD-FBS synchronization

To assess the combination of DTB and CD-FBS on cell cycle synchronization of
T47D cells, cells grown in the RPMI 1640 medium containing 10% FBS for 72 hours
were washed and incubated in RPMI 1640 supplemented with 10% CD-FBS
containing 2 mM thymidine for 14 hours. Cells were then refreshed with RPMI 1640
containing 10% CD-FBS for 12 hours for release from the thymidine block. Cells
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were re-incubated with the RPMI 1640 medium containing 10% CD-FBS and 2 mM
thymidine for 22 hours. For the release, cells were treated with 10° M E2 or with
0.01% EtOH in RPMI 1640 containing 10% CD-FBS for 2- to 4-hour intervals up to
32 hours. Synchronization of T47D cells with this approach partially synchronized
T47D cells at the G1 phase (Oh) with a substantial cell population (29 + 1.8%) present
at the GI1/S transition (Figure 10A & 10B). The release from DTB with a
concomitant supplementation of the medium with E2 drove the cells accumulated at
G1 and/or G1/S transition to progress through the S phase in 4 hours and transit to
the G2/M phase at 8 hours, completing their cell cycle at 12 hours (Figure 10A &
10B).
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Figure 10. Effects of 17p-estradiol (E2) on cell cycle progression of T47D cells
synchronized at the G1/S transition by CD-FBS and double thymidine block. T47D
cells grown in RPMI 1640 medium supplemented with 10% FBS for 72h were incubated in
RPMI 1640 medium containing 10% CD-FBS together with 2 mM thymidine for 14h
followed by washing the cells and re-incubating in the same medium without thymidine for
12h. Cells were re-incubated with fresh RPMI 1640 medium containing 10% CD-FBS and
2 mM thymidine for an additional 22h. 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° M E2 for 2-4 h intervals up to 32h. 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), ERa, or HDACI1. 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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This cell cycle phase progression was also reflected in Cyclin B1 and Cyclin E levels
in WB analyses. Cyclin B1 levels increased through 8 hours after release from DTB
as the cells progressed to the G2/M phase, then dropped after the cells became
desynchronized. ERa levels were rapidly reduced in response to E2 treatment, and
they remained low throughout the cell cycle, whereas HDACI levels as the loading

control remained unchanged (Figure 10C).

353 Synchronization with DTB approach and S phase enrichment

It appears that although E2-ERa signaling contributes to the cell cycle progression
of T47D cells, 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 the RPMI 1640 medium
supplemented with 10% FBS. We indeed observed that DTB partially synchronized
the cells at G1 and the G1/S transition (Oh) with a substantially higher percentage
(45 + 1.5%) of cells compared to that observed with the DTB combined with the
CD-FBS approach (29 + 2%). The withdrawal of DTB effectively released T47D
cells accumulated at G1 and G1/S to progress through the S phase in 4 hours, then
start transiting to the G2/M phase in 6 hours and completing the cycle in 12 hours
(Figure 11A & 11B). In parallel with the cell cycle phase distributions, Cyclin Bl
levels gradually increased until 6 hours as the cells transited to the G2/M phase, then
started decreasing as the cells exited G2/M and became desynchronized. Cyclin E
levels were reduced as soon as the cells progressed through the S phase and
continued their cycle progression, whereas levels of ERa were not affected similar

to HDACI (Figure 11C).
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Figure 11. Effects of the release of T47D cells from double thymidine block on cycle
progression and phase enrichment. T47D cells were grown in RPMI 1640 medium
supplemented with 10% FBS for 72h. Cells were incubated with RPMI 1640 medium
supplemented with 10% FBS and with 2 mM thymidine for 14h. Cells were released from
the thymidine block in the same medium without thymidine for 12h. Cells were re-incubated
with fresh RPMI 1640 medium containing 10% FBS and 2 mM thymidine for an additional
22h. Cells were subsequently released from the double thymidine block (RDTB) and
incubated in the same growth medium without thymidine for 2h intervals up to 16h. Cells at
each time point were collected with trypsinization and (A) subjected to flow cytometry
analysis (B) with a bar graph representing the results of two independent experiments, and
(C) to WB using an antibody for Cyclin B1 (Cyc B1), Cyclin E (Cyc E), ERa, or HDACI.
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. US denotes
unsynchronized cells. (D) T47D cells at 2h release from the double thymidine block (RDTB)
were incubated in fresh RPMI 1640 medium containing 10% FBS without (Veh) or with 0.3
uM nocodazole (Noc) for an additional 6h. Cells were then collected by trypsinization or by
mitotic shake-off for flow cytometry analysis. G0/G1, S, and G2/M indicate cell cycle
phases.

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
GO/GI to transit through phases for cell cycle completion. On the other hand, the
DTB approach combined with CD-FBS 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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3.54 G2/M phase enrichment with nocodazole

We also examined whether we could further enrich the G2/M or M phase population
with the nocodazole treatment of T47D cells synchronized with DTB. T47D cells
were treated with nocodazole at 2 hours of DTB release, which was based on the
preliminary studies in which 2 hours post-DTB release was the optimal time for
nocodazole to enrich cells in G2/M in 6 hours (Supplementary Data, Figure ). We
observed that nocodazole compared with vehicle control (DMSO) enriched the
G2/M phase population (Figure 11D). Furthermore, nocodazole-coupled mitotic
shake-off yielded a nearly pure M-phase population (=90 %) (Figure 11D). Thus, as
with MCF7 cells, nocodazole alone or together with mitotic shake-off can be used

for the enrichment of the G2/M or M phase in synchronized T47D cells.
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CHAPTER 4

CONCLUSION AND FUTURE DIRECTIONS

Breast cancer comprises a heterogeneous group of tumors displaying dramatic
variations in clinical presentation, morphology, molecular features, biological
behavior, and response to therapy’®®°. Breast cancer is categorized into clinical
subtypes primarily by receptor expression statuses’®’. ERa is a predominant
endocrine regulatory protein in the breast tissue and in estrogen-induced breast
cancer 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 therapies'®®!.

Despite being prone to genetic and phenotypic alterations due to growth conditions
and the evolution of clonal populations over time!’»"782% breast cancer cell lines
have been invaluable in vitro model systems for gaining mechanistic insight into
cellular phenotype, drug discovery, and resistance. Of the large number of E2-
responsive ERa-synthesizing breast cancer cell lines with distinct features!'*”784,
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-ERa

signaling.

Our previous attempts to delineate the contribution of proteostasis to genomic events
mediated by the E2-ERa signaling in cycle phase enriched populations of
synchronized MCF7 or T47D cells with various chemical/pharmacological agents
yielded variable and unreliable results. Therefore, in this study, we reassessed cell

cycle synchronization-coupled phase enrichment with CD-FBS alone or in
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combination with the DTB approach or chemical/pharmacological agents in MCF7

and T47D cells. Based on the results we obtained from our experiments on MCF7

and T47D cells we conclude that:

1.

The maintenance of MCF7 cells in the growth medium supplemented with
CD-FBS and subsequent progression of cell cycle phases with the
supplementation of the same growth medium with E2 is the most effective
approach for cell cycle synchronization and synchronization-coupled cycle

phase enrichment.

a. MCEF7 cells maintained in CD-FBS containing growth medium for 72

hours accumulated effectively in the GO/G1 phase with more than

80% of the cell population.

. The treatment of MCF7 cells synchronized at GO/G1 with E2 for 21

hours led to the S phase enrichment with almost 65% of the cells.

The cells progressed to the G2/M phase at 24 hours of E2 treatment,
however, the rapid progression through the G2/M phase for the cycle
completion did not generate a significantly enriched cell population
at the G2/M phase. This necessitated the use of chemical/

pharmacological agents for the enrichment of the G2/M phase.

. The treatment of MCF7 cells synchronized at GO/G1 without or with

E2 and/or ICI for 24 hours showed that the E2-ERa signaling is the
primary pathway to induce cell cycle progression in MCF7 cells

synchronized at GO/G1 in DMEM containing CD-FBS for 72 hours.

2. 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.
The release from DTB rapidly drove the progression of cells through the S
and G2/M phases with subsequent desynchronization at 14 hours. Although
the DTB approach successfully synchronizes the cells at the G1/S border, it
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is not the most ideal method for enrichment of the G1 phase if a highly

enriched population is desired.

. The combination of DTB and CD-FBS effectively synchronized the cells in
GO0/G1 as more than 80% of the cell population accumulated in the GO/G1
phase at the time of the release from the DTB, and E2 treatment-coupled DTB
release induced the cell cycle progression, similar to what we observed with
the CD-FBS treatment. The treatment of MCF7 cells synchronized at GO/G1
with the DTB approach in the growth medium containing CD-FBS without
or with E2 and/or ICI revealed that the E2-ERa signaling is the primary factor
in driving cell cycle progression in MCF7 cells synchronized at GO/G1 using
DTB in combination with CD-FBS.

. The antiestrogens 4-HTam and ICI both effectively synchronized MCF7 cells
at the GO/G1 phase, although the treatment of cells with ICI was more
effective in the accumulation of cells at GO/G1 compared to 4-HTam
treatment. However, we were not successful in driving the cell cycle
progression after withdrawing the 4-HTam or ICI from the culture medium.
Our flow cytometry and WB results indicate that the treatment of the cells
with 4-HTam or ICI drove them to a quiescent state of cells unresponsive to

the removal of the compound.

. Using aphidicolin or 2,3-DCPE in combination with CD-FBS treatment and
E2 supplementation for the enrichment of the S phase gave variable results
that were not reliable. Thus, harvesting cells at a specific time point
corresponding to the highest population of MCF7 cells accumulated in the S
phase, the 21-hour E2 treatment as our results indicate, is the best option for

the S phase enrichment.

. Nocodazole treatment of MCF7 cells at the S phase following 21 hours of E2
treatment for 6 hours augmented the G2/M phase population; whereas,
nocodazole-coupled mitotic shake-off'yielded a nearly pure population in the

M phase.
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7.

10.

Similar to the MCF7 cells, the CD-FBS approach eftectively synchronized
T47D cells at GO/G1, and the E2 treatment initiated cycle phase transitions.
However, a small population of cells, in contrast to MCF7 cells, accumulated
in GO/G1 progressed through cell 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.
Nevertheless, the treatment of T47D cells synchronized at GO/G1 without or
with E2 and/or ICI revealed that the cell cycle progression of T47D cells
induced by E2 is ERa-mediated.

Synchronization of T47D cells with the DTB approach increased the cell
population in the S phase at 2 hours of release following DTB whether or not
cells are maintained in CD-FBS. Nevertheless, the DTB approach without
CD-FBS yielded a more effective S phase enrichment compared to the DTB
combined with CD-FBS, although the presence of a substantial population at
the early S phase following the release of cells from DTB poses challenges

for the G1 enrichment.

Nocodazole alone or together with mitotic shake-off can be used for the
enrichment of the G2/M or M phase, respectively, of T47D cells
synchronized with the DTB approach, where 2 hours post-DTB release is the

optimal time for nocodazole to enrich cells in G2/M in 6 hours.

Even though the DTB approach, alone or together with nocodazole treatment,
can be used effectively for the enrichment of the S or G2/M phases of T47D
cells, enrichment of the G1 phase requires approaches other than DTB, such
as the CD-FBS approach. This indicates the use of more than one method for
the enrichment of different phases of T47D cells, unlike MCF7 cells where
the CD-FBS method combined with E2 supplementation and nocodazole
treatment is sufficient for the enrichment of the G1, S, and G2/M phases.
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Therefore, cell cycle phase enrichment of T47D cells may require

optimization of other approaches.

As a summary, we found, among the various approaches used for cell cycle
synchronization, CD-FBS and DTB methods, alone or in combination with
nocodazole treatment, to be effective for cell cycle synchronizations and
synchronization-coupled cell cycle phase enrichments of MCF7 and T47D cells.
These approaches can be optimized and utilized for other cell lines based on their
receptor expression status. However, it should be noted that cell lines with
remarkably distinct molecular and phenotypic features may require tailored

protocols for the enrichment of cell cycle phases.
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APPENDICES

A. Supplementary Data
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Figure 12. Effects of various concentrations of E2 on cycle progression of MCF7 cells
synchronized at G0/G1. MCF7 cells grown in DMEM medium supplemented with 10%
CD-FBS for 72h were either collected by trypsinization (Oh) or treated without (0.01%
ethanol, EtOH) or with various concentrations of (10'? to 107 M) E2 for 24h in the same
medium. Cells were then collected and subjected to flow cytometry analysis. GO/G1, S,
and G2/M indicate cell cycle phases. Representative images with cell cycle phases from
the same experiment are presented.
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Figure 13. Effects of CD treatment of FBS, and E2 replacement on accumulation at
G0/G1 and cycle progression of MCF7 and T47D cells. To examine the effects of CD-
FBS on the accumulation of cells at GO/G1, (A & B) MCF7 or (C & D) T47D cells were
grown in DMEM or RPMI 1640 medium, respectively, supplemented with 10% CD-FBS in
6-well tissue culture plates for 72h. Cells were either collected by trypsinization (Oh) or
treated without (0.01% ethanol, EtOH) or with 10° M E2 for 24h. (A & C) A fraction of the
collected cells was subjected to flow cytometry, (B & D) and the remaining fraction was
subjected to RNA isolation followed by RT-qPCR for the expression of T7FF1I using the
expression of RPL(O for normalization. RT-qPCR was performed for three biological
replicates with three technical replicates for each. * represents significant changes (P<0.05;
One-tailed, paired t-test with 95% confidence interval) in response to E2 compared to EtOH
control. GO/G1, S, and G2/M indicate cell cycle phases.
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Figure 14. Effects of 4-hydroxytamoxifen, 4-HTam, or Imperial Chemical Industries
182780, ICI, on cycle phase distribution of MCF7 cells. (A & C) Cells maintained in
DMEM medium supplemented with 10% FBS were incubated in fresh media containing
0.0002% DMSO or 0.01% ethanol as the vehicle (Veh) control respectively, or various
concentrations, 107 to 10°® M (A) 4-HTam or (C) ICI for 24h. Cells were collected by
trypsinization and subjected to flow cytometry. (B & D) MCF7 cells maintained in DMEM
medium supplemented with 10% CD-FBS for 72h to synchronize cells at GO/G1 were
incubated in the same medium without (Veh) or with E2 (10 M) and/or (B) 4-HTam (1077
M) or (D) ICI (107 M) for 24h. Cells were then collected and subjected to flow cytometry
analysis. GO/G1, S, and G2/M indicate cell cycle phases. Representative images with cell
cycle phases from the same experiment are presented.
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Figure 15. Effects of various concentrations of thymidine (Thy) on cycle
synchronization of MCF7 and T47D cells. (A) MCF7 or (B) T47D cells maintained in
DMEM or RPMI 1640 medium, respectively, supplemented with 10% FBS were incubated
in fresh media with vehicle control (Veh) or various concentrations (2, 5, or 10 mM) of
thymidine for 14h. Cells were then released from thymidine treatment by washing the cells
with 1x PBS and re-incubating them in their respective medium containing 10% FBS
without thymidine for 12h. The cells were subsequently washed and incubated with the same
medium containing 10% FBS and vehicle control (Veh) or 2, 5, or 10 mM thymidine for
22h. Cells were collected with trypsinization and subjected to flow cytometry. GO/G1, S,
and G2/M indicate cell cycle phases. Representative images from the same experiment are
shown.
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Figure 16. Determination of the optimal time for the enrichment of the S phase by
aphidicolin (Aph) or 2,3-DCPE in synchronized MCF7 cells present at different stages
of the S phase induced by the E2 treatment. (A & B) MCF7 cells grown in DMEM
medium supplemented with 10% CD-FBS for 72h were either collected by trypsinization
(Oh) or treated in the same medium with 10° M E2 for (A) 12h, or (B) 18h. Cells were then
incubated in the same medium without (0.01% DMSO as the vehicle control for aphidicolin)
or with 10 uM aphidicolin in the absence or presence of 10 M E2 for an additional 6h. At
the termination, cells were collected by trypsinization and subjected to flow cytometry.
Representative images with cell cycle phases from the same experiment are presented. (C)
MCF7 cells grown in DMEM medium supplemented with 10% CD-FBS for 72h were either
collected by trypsinization (Oh) or treated in the same medium with 10° M E2 for 6h and
subsequently without (0.01% PBS as the vehicle control for 2,3-DCPE) or with 20 uM 2,3-
DCPE in the absence or presence of 10° M E2 for an additional 12h. At the termination,
cells were collected by trypsinization and subjected to flow cytometry. Representative
images with cell cycle phases from the same experiment are presented.
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Figure 17. Assessing the optimal time for the enrichment of the G2/M or M phase by
nocodazole (Noc) in synchronized MCF7 cells present at different stages of the S phase
in response to the E2 treatment. MCF7 cells grown in DMEM medium supplemented with
10% CD-FBS for 72h were either collected by trypsinization (Oh) or treated in the same
medium with 10° M E2 for (A) 18h, (B) 21h, or (C) 24h. Cells were re-incubated in the
fresh medium containing 10° M E2 and/or DMSO, as vehicle control for nocodazole, or 0.3
uM nocodazole (Noc) for an additional 6h. At the termination, cells were either subjected to
trypsinization or mitotic shake-off for collection. The phase distribution of cells was
assessed with the flow cytometer. Representative images with cell cycle phases from the
same experiment are presented.
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Figure 18. Examination of the optimal time for the enrichment of the G2/M or M phase
by nocodazole (Noc) following the release of synchronized T47D cells from double
thymidine block (RDTB). T47D cells grown in RPMI 1640 medium supplemented with
10% FBS were synchronized at the G1/S transition with 2 mM thymidine and released with
fresh RPMI 1640 medium supplemented with 10% FBS. At the time of release (A) Oh, or
(B) 2h, or (C) 4h after the release, the cells were treated without (0.01% DMSO) or with 0.3
UM nocodazole (Noc) for an additional 6h. At the termination, cells were either subjected to
trypsinization or mitotic shake-off followed by flow cytometry for the phase distribution.
Representative images with cell cycle phases from the same experiment are shown.
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B. Primers

Table 4. Primer list

Primer Name Sequence (5’ - 3°)

GAPDH_FP GGGAGCCAAAAGGGTCATCA
GAPDH_REP TTTCTAGACGGCAGGTCAGGT
pS2/TFF1_FP TTGTGGTTTTCCTGGTGTCA
pS2/TFF1_REP CCGAGCTCTGGGACTAATCA
RPLPO_FP GGAGAAACTGCTGCCTCATA
RPLPO REP GAAAAAGGAGGTCTTCTCG
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C. MIQE Checklist

Table 5. MIQE checklist

ITEM TO CHECK IMPORTANCE CHECKLIST
EXPERIMENTAL DESIGN
Definition of experimental and control groups E YES
Number within each group E YES
Assay carried out by core lab or investigator's lab? D YES
Acknowledgement of authors' contributions D N/A
SAMPLE
Description E N/A
Volume/mass of sample processed D N/A
Microdissection or macrodissection E N/A
Processing procedure E N/A
If frozen - how and how quickly? E N/A
If fixed - with what, how quickly? E N/A
Sample storage conditions and duration (especially for FFPE E N/A
samples)
NUCLEIC ACID EXTRACTION
Procedure and/or instrumentation E YES
Name of kit and details of any modifications E YES
Source of additional reagents used D N/A
Details of DNase or RNAse treatment E YES
Contamination assessment (DNA or RNA) E YES
Nucleic acid quantification E YES
Instrument and method E YES
Purity (A260/A280) D YES
Yield D YES
RNA integrity method/instrument E NO
RIN/RQI or Cq of 3' and 5' transcripts E NO
Electrophoresis traces D NO
Inhibition testing (Cq dilutions, spike or other) E NO
REVERSE TRANSCRIPTION
Complete reaction conditions E YES
Amount of RNA and reaction volume E YES
Priming oligonucleotide (if using GSP) and concentration E YES
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Table 5 (continued)

Reverse transcriptase and concentration E YES
Temperature and time E YES
Manufacturer of reagents and catalogue numbers D YES
Cgs with and without RT D* NO
Storage conditions of cDNA D YES
qPCR TARGET INFORMATION
If multiplex, efficiency and LOD of each assay. E N/A
Sequence accession number E YES
Location of amplicon D YES
Amplicon length E YES
In silico specificity screen (BLAST, etc) E YES
Pseudogenes, retropseudogenes or other homologs? D YES
Sequence alignment D YES
Secondary structure analysis of amplicon D NO
Location of each primer by exon or intron (if applicable) E YES
What splice variants are targeted? E YES
qPCR OLIGONUCLEOTIDES
Primer sequences E YES
RTPrimerDB Identification Number D N/A
Probe sequences D** N/A
Location and identity of any modifications E N/A
Manufacturer of oligonucleotides D YES
Purification method D YES
qPCR PROTOCOL
Complete reaction conditions E YES
Reaction volume and amount of cDNA/DNA E N/A
Primer, (probe), Mg++ and dNTP concentrations E N/A
Polymerase identity and concentration E YES
Buffer/kit identity and manufacturer E YES
Exact chemical constitution of the buffer D YES
Additives (SYBR Green I, DMSO, etc.) E YES
Manufacturer of plates/tubes and catalog number D YES
Complete thermocycling parameters E YES
Reaction setup (manual/robotic) D YES
Manufacturer of qPCR instrument E YES
qPCR VALIDATION
Evidence of optimisation (from gradients) D NO
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Table 5 (continued)

Specificity (gel, sequence, melt, or digest) E YES
For SYBR Green I, Cq of the NTC E YES
Standard curves with slope and y-intercept E YES
PCR efficiency calculated from slope E YES
Confidence interval for PCR efficiency or standard error D NO
12 of standard curve E YES
Linear dynamic range E YES
Cq variation at lower limit E YES
Confidence intervals throughout range D N/A
Evidence for limit of detection E NO
If multiplex, efficiency and LOD of each assay. E N/A
DATA ANALYSIS
qPCR analysis program (source, version) E YES
Cq method determination E YES
Outlier identification and disposition E N/A
Results of NTCs E YES
Justification of number and choice of reference genes E YES
Description of normalisation method E YES
Number and concordance of biological replicates D YES
Number and stage (RT or qPCR) of technical replicates E YES
Repeatability (intra-assay variation) E YES
Reproducibility (inter-assay variation, %CV) D YES
Power analysis D NO
Statistical methods for result significance E YES
Software (source, version) E YES
Cq or raw data submission using RDML D N/A

E: essential information, D: desirable information, N/A: not applicable
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D. Flow Cytometry Gating Strategy

Cell populaton — > Singlecells —»  Pl-stained cels — Pl histogram

Oh1 Oh1

© = - Oh1
=, e [P2 Ao G1 G2
96.65% o
o g o
= = < s
< < [ z
2 9 3
(2] 1%} o
=
S
&
° = °
01 08 16 24 35 112 4 6 8 1.1 1047 10° 108 176 200 400 600 800 9996
FSC-A (108) SSC-H (10%) PIH PI-A (10%)

Figure 19. A sample gating strategy used for the flow cytometry analysis.
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E. Buffers

RIPA Buffer

150 mM NacCl

5mM EDTA, pH = 8.0

50 mM Tris, pH = 8.0

1% NP-40

0.5% Sodium deoxycholate
0.1% SDS

6x Laemmli Buffer

375 mM Tris, pH = 6.8
12% SDS

60% Glycerol

0.012% Bromophenol blue

B-mercaptoethanol is added freshly before use with a final concentration of 30%.
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