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ABSTRACT 

 The overexpression of cyclin-D1 has been shown previously to be a factor in 

regulating a shallow state of quiescence in breast cancer cells. This is thought to be due 

to the increased trafficking of EGFR, a cyclin-D1 transcription cofactor, to the nucleus 

as a result of interaction with MUC1.1,2 This study sought to create an accurate in vitro 

model of quiescent behavior and its regulation mechanism that can then be manipulated 

to find ways to modulate quiescence. In collaboration with Léa Boden, a model was 

identified for MDA-MB-468 triple negative breast cancer cells3. In MDA-MB-468 cells, 

shMUC1 variants had lower levels of cyclin-D1 expression and lower levels of 

chromatin-bound EGFR than the shCTL variants, thus supporting that MUC1 interaction 

affects EGFR trafficking to the nucleus.  
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I. INTRODUCTION 

Breast cancer is a significant issue in the medical community that affects both 

women and men worldwide. According to the American Cancer Society, in 2017 there 

were over 310,000 new female breast cancer cases and over 40,000 deaths. There are 

two main types of breast cancer: in situ and invasive. In situ refers to breast cancers 

that have stayed in their original formation site, while invasive cancers are ones that 

have infiltrated the surrounding breast tissue. Invasive types make up 80% of breast 

cancers. Invasive forms can be categorized into subtypes based upon expression of 

specific cell receptors. Luminal A subtypes, which are the least aggressive, have 

estrogen and progesterone receptors, but lack HER2 receptors. Luminal B subtypes 

have estrogen, progesterone, and HER2 receptors. HER2-enriched subtypes have only 

HER2 receptors, causing these patients to have poorer prognoses than the luminal 

types. Lastly, triple negative breast cancers (TNBCs) have no estrogen, progesterone, 

or HER2 receptors. TNBCs are the hardest to treat and typically have the worst 

prognoses of all invasive subtypes, which is why the focus of this research is on 

TNBCs.4 

EGFR Function and Normal Trafficking 

The epidermal growth factor receptor (EGFR) family is a group of receptor 

tyrosine kinases that have a main role in signal transduction cascades that regulate cell 

proliferation, survival, and migration. EGFR is a transmembrane protein that when 

bound to ligands in the extracellular domain, forms homo- or heterodimers that 

transphosphorylate each other and initiate signal cascades. The signal is then normally 

inactivated by endocytosis of the ligand-bound receptors into early endosomes that then 
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either are recycled to the cell membrane once the ligand is released or mature into 

lysosomes and are degraded.5,6 

Cyclin-D1 

 Cyclin-D1 is a cell cycle regulator protein that is essential to push the cell from 

G1 to S phase to initiate proliferation.7 Cyclin-D1 functions by binding with its 

corresponding cyclin dependent kinases, CDK4 and CDK6. Once the CDK-cyclin 

complex is formed, it phosphorylates retinoblastoma protein, RB, in the cell, thereby 

deactivating it.8,9 RB normally is a tumor suppressor protein that functions to repress the 

cell cycle from entering S phase. It does this by binding to another transcription factor 

called E2F, which results in E2F being suppressed. E2F is a transcription factor that 

promotes the transcription of many genes involved in cell progression and 

proliferation.10 So, as cyclin-D1 is expressed, it binds to CDK4/6, phosphorylates RB, 

thereby allowing RB to detach from E2F, and E2F is then active to promote the 

transcription of genes coding for other proteins that will push the cell into S phase.  

MUC1 

 MUC1 is a transmembrane mucin protein that has a heavily O-glycosylated 

extracellular domain and a cytoplasmic domain that is highly conserved. In normal 

polarized epithelia, it resides in the apical membrane of the cell as a result of a targeting 

sequence in the juxtamembrane domain. The sugar chains of MUC1 function to create 

a mucinous gel that keeps the epithelia hydrated and protected from microbes.11 It is 

constantly internalized and recycled, moving between the apical membrane and the 

Golgi apparatus. However, in over 90% of breast cancers, MUC1 is overexpressed and 
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its localization to the apical domain of the membrane is lost due to depolarization of the 

cell, allowing the protein to be distributed throughout the entire membrane.1,6,12 

EGFR in Cancer 

 In normal epithelium, the cell is polarized and EGFR resides in the basolateral 

membrane by localization sequences. However, in cancer cells that have lost 

polarization, it has been shown that EGFR experiences retrograde trafficking through 

the Sec61 translocon of the endoplasmic reticulum, is released into the cytosol, and 

then enters the nucleus via interaction with importin-β1 through its nuclear localization 

signal.13,14 After entering the nucleus, it has been suggested that EGFR binds directly to 

the promotor of CCND1 by recognizing an AT-rich Response Sequence (ATRS) and 

initiates its transcription, which codes for cyclin-D1 (Figure 1).1,13,15 As described above, 

the transcription of cyclin-D1 promotes progression of the cell cycle.  

 

Figure 1: Diagram of retrograde trafficking of EGFR to the nucleus via Sec61 
translocon and importin-β1. Figure taken from Liao and Carpenter.13 
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MUC1 and EGFR Interaction in Breast Cancer 

 As described above, cancer epithelium have lost polarization, allowing both 

EGFR and MUC1 to be aberrantly localized in the membrane. This aberrant localization 

allows EGFR and MUC1 to interact in the membrane. One effect of this interaction is 

that MUC1 protects the EGFR from ligand mediated ubiquitination and lysosomal 

degradation, thus increasing levels of EGFR in the cell. In addition, MUC1 and EGFR 

interactions result in enhanced internalization and recycling of EGFR.6 Interestingly, the 

interaction also results in increased trafficking of EGFR to the nucleus through the 

endoplasmic reticulum. This then leads to increased levels of chromatin-bound EGFR.1 

As explained earlier, nuclear EGFR binds to the CCND1 promoter and increases cyclin-

D1 expression. Thus, the interaction of EGFR with MUC1 increases levels of cyclin-D1 

in these breast cancer cells. A schematic of this process can be seen in Figure 2. 

 

Figure 2: A) Normal polarized epithelium with normal trafficking of activated EGFR. B) 
Aberrant localization of EGFR and MUC1 in cancer cells due to loss of polarization, and 
the resulting changes in trafficking due to this interaction including increased recycling 

of receptors and increased trafficking to the nucleus.  
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Quiescence 

 Quiescence is a G0 dormant cellular state where cells are not actively 

proliferating but are able to re-enter the cell cycle and become proliferative upon certain 

growth signals. This separates it from cellular states such as senescence, where the 

cell will no longer return to proliferation. Contrary to previous thought that quiescence is 

one homogenous state, quiescence is actually a heterogenous state with cells having 

the ability to enter different states of quiescence in response to different signals.16 

Though they are dormant in the sense that they are not proliferating, they are still 

actively maintaining their quiescence by actively transcribing genes that are distinct 

from proliferating cells. This is a particular issue in treating breast cancer because 

quiescent cells have shown resistance to anti-proliferating agents and thus evade 

current drug treatments.17 These “hidden” cells then survive the therapeutics and can 

result in cancer relapses later on. Research shows that the Rb-E2F pathway acts as a 

bistable switch regulating the restriction point into S phase and thus regulating the 

entrance and exit from quiescence.18 Because cyclin-D1 is a regulator of this pathway, it 

too has a role in quiescence regulation. It is thought that this pathway can also regulate 

how deep the quiescent state is, meaning changes in how readily the cells come out of 

quiescence. Studies by Dr. Guang Yao and Kotaro Fujimaki have shown that increasing 

the level of cyclin-D1 can cause cells to stay in a shallower state of quiescence.2,19  

 To relate this to information discussed previously, the interaction of MUC1 with 

EGFR in non-polarized breast cancer cells causes increased trafficking of said EGFR to 

the nucleus, where it acts as a transcription factor for cyclin-D1, thereby increasing 

endogenous cyclin-D1 levels. This increased level of cyclin-D1 in the cell could be 
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regulating how breast cancer cells are able to stay in a shallow quiescent state and 

evade current cancer therapeutics. 

Aims and Hypothesis 

 The objective of this research was to investigate what conditions are necessary 

to induce quiescence in breast cancer cells in order to make an accurate in vitro model. 

The model is vital to learning how quiescence is regulated and how we can manipulate 

the cells therapeutically to change their quiescent behavior, potentially finding a method 

to coax quiescent cancer cells back into a proliferative state where they can then be 

killed by chemotherapies. We hypothesized that breast cancer cells were regulating 

their quiescence by varying their levels of cyclin-D1 in the cells due to interaction of 

MUC1 and EGFR. To explore this, we predicted that low serum concentration 

treatments would push cells into quiescence due to environmental stress. From there, 

we analyzed cyclin-D1 levels and EGFR localization in the cells to determine if our 

hypothesis was correct. Following our hypothesis, we would expect to see increased 

levels of chromatin-bound EGFR and increased levels of cyclin-D1 in the quiescent 

cells. Subsequently, drug treatments were administered to quiescent cells to see if they 

were able to evade the drugs and thereby have higher viability. 

 

II. MATERIALS AND METHODS 

Cell Culture 

 During the extent of this research, four different cell lines were used. Three were 

triple negative breast cancer cell lines, meaning they do not have estrogen, 

progesterone, or HER2 receptors. One was an immortalized breast epithelium cell line. 
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Original work began with Sum149s, which is triple negative and an inflammatory breast 

cancer cell line from invasive ductal carcinomas. They were cultured in Ham’s F-12 with 

5% fetal bovine serum (FBS), 10nM HEPES, 1ug/mL hydrocortisone, 5ug/mL insulin, 

and 1% Penicillin/Streptomycin (P/S). 

The next cells used were MDA-MB-468s. These are triple negative cells that 

come from a metastatic adenocarcinoma. Both parental and transduced lines were 

used. The transduced lines had either shCTL or shMUC1 variants. They were cultured 

in RPMI with 10% FBS and 1% P/S. The transduced lines additionally were cultured 

with 0.2ug/mL puromycin. 

BT20s were also used, both parentals and transduced shCTL and shMUC1 

variants. BT20s are triple negative cells that come from invasive ductal carcinoma. Their 

culture medium was comprised of MEM 1x with 10% FBS and 1% P/S. The transduced 

variants additionally were cultured with 0.3ug/mL puromycin. 

Lastly, MCF10As were used briefly. They are immortalized non-tumorigenic 

epithelial cells from the mammary glands. They were cultured in DMEM/F12 medium 

that contained 5% donor horse serum, 0.05% hydrocortisone, 0.02% cholera toxin, 

0.1% insulin, 1% P/S, and 0.02ng/mL EGF. 

 

Cell Lysate Procurement 

 Cell lysates were taken by treating cells with cell lysis solution. Cell lysis solution 

consisted of 1% NaF, 1% NaVan, 8% Complete, and 0.1% AMD in lysis buffer. Cells 

were washed with sterile PBS, incubated on ice with lysis solution for two minutes, then 

scraped with a cell scraper and collected in cold Eppendorfs. The lysates were 
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sonicated on ice, with each sample being sonicated three times for ten seconds. They 

were then centrifuged, and the supernatant was collected and stored at -80⁰C. 

 

Cellular Fractionation Procurement 

 Cellular fractionations were performed using ThermoScientific’s subcellular 

protein fractionation kit for cultured cells (REF 78840). The kit comes with its specific 

fractionation protocol and thus this was followed. 

 

Differential Serum Treatment Assays 

 The differential serum treatment assays evolved several times over the course of 

this research. Original work with differential serum assays began with using Sum149s. 

Cells were plated, serum starved for 12-18 hours, then treated with 0%, 0.5%, 1%, 

1.5%, 2%, or 5% (complete) serum for one day before lysates were taken. Lysates were 

then probed for cyclin-D1 and β-tubulin via Western blots. Upon discovering that 

Sum149s actually do not produce detectable cyclin-D1 (Figure 3), they were 

discontinued in these experiments. 

  The differential serum assays were then implemented with MDA-MB-468s, both 

shCTL and shMUC1 variants. Both cell lines were plated in 6-well plates at 70% 

confluency, serum starved overnight, treated with 0%, 0.5%, 2%, or 10% (complete) 

serums for one day, and then were lysed. Lysates were probed for cyclin-D1 and β-

tubulin via Western blot. This assay was also replicated and modified slightly using 12 

well plates, doing serum treatment for three days, and cell counts being taken after 

differential serum treatment via hemocytometer. 
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 For BT20 cells, the assay consisted of plating both shCTL and shMUC1 variants 

in 6 well plates at 50% confluency, serum starving overnight, treating with 0%, 0.5%, 

2%, or 10% (complete) serum for three days, and then lysing. Lysates were probed for 

cyclin-D1 and β-tubulin. Cell count assays were also done with BT20s where they were 

plated in 12-well plates at 50% confluency, serum starved overnight, treated with 0.5%, 

1%, or 2% serum for three days, and then were counted via hemocytometer. 

 After several duplications of this assay, the protocol was modified and optimized 

for both the MDA-MB- 468 and BT20 assays. The updated protocol consisted of plating 

both shCTL and shMUC1 variants in 6 well plates at 50% confluency, serum starving 

two days later for 12-16 hours, treating with 0.5%, 1%, or 2% serum for two days, 

treating cells with 10uM MG-132 and 10ng/mL EGF for two hours in 37 ⁰C, and then 

lysing. Lysates were then probed for cyclin-D1 using the Abcam Rb cylin-D1 antibody 

ab134175 and β-tubulin using the Abcam Ms β-tubulin antibody ab131205. 

 

Figure 3: Table laying out oncogene amplification in SUM breast cancer cell lines. Note 
that the SUM-149 cell line has no amplification of cyclin-D1. Table taken from Forozan 

et al.20 
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Cellular Fractionation Assays 

 Cellular fractionations were performed with BT20 shCTL and shMUC1 cells. The 

first fractionation consisted of plating cells at 50% confluency in 10cm dishes with four 

dishes for the shCTL cells and four for the shMUC1 cells. After two days of allowing 

them to lay down and reach 70% confluency, the plates were treated with either 0.1%, 

0.2%, 0.5%, or 2% serum for four days. On the second day of differential serum 

treatment, the cells were almost fully confluent, so each plate was split into three plates 

per condition. The cells were fractioned on the fourth day using a subcellular protein 

fractionation kit from ThermoScientific. This produced cytosolic, membrane, soluble 

nuclear, chromatin-bound, and cytoskeleton fraction. The focus of this assay was to see 

where EGFR was located in quiescent cells versus non-quiescent cells, so the 

membrane, soluble nuclear, and chromatin-bound fractions were probed for EGFR via a 

Western blot. 

 The second time the cellular fraction was performed, 10cm dishes were plated at 

only 6% confluency to evade the high confluency issue in the first attempt. They again 

were left alone for two days and then serum treatment began with either 0.2%, 0.5%, or 

2% serum. Fractionation was done on the fourth day of serum treatment. The 

membrane, soluble nuclear, and chromatin-bound fractions were probed for EGFR via a 

Western blot. 

 

Cyclin-D1 Western Blot Optimization 

 Optimization of obtaining a cyclin-D1 blot that showed consistent cyclin-D1 bands 

took several steps. Original work on the optimization began with trying different anti- 
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cyclin-D1 primary antibodies on mouse tumor lysates and human lysates that the lab 

possessed. The different antibodies tested were Cell Signaling Rb cyclin-D1 9262 

(#29785), Millipore Ms cyclin-D1, and Abcam Rb cyclin-D1 (ab134175). Different 

blocking conditions, primary antibody concentrations, and primary time conditions were 

modified, but it was the integration of MG-132, a proteasome inhibitor, into the protocol 

that finally allowed detection. MG-132 was added to cells for two hours before lysate 

procurement to prevent cyclin-D1 from being quickly degraded in the cell, resulting in 

cyclin-D1 being detectable in Western blots. The optimized conditions consisted of 

treating cells with 10uM MG-132 and 10ng/mL EGF for two hours before lysates and 

then probing those lysates with the Abcam cyclin-D1 antibody. 

 

Western Blotting 

 Western blot protocol begins by using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) to separate loaded proteins by molecular weight. 

Typically, either a 10% or 15% separating gel was used with a 4% stacking gel. Desired 

total protein amount was determined depending on what the Western would eventually 

probe for, but it was usually around 40ug of protein. The proper amount of cell lysate 

(which was determined based on BCA protein content results) was then mixed with 

either 2x SDS-PAGE loading buffer in a 1:1 ratio or 6x SDS-PAGE loading buffer in a 

1:5 ratio. The mixtures were boiled for 10 minutes and centrifuged. They were then 

loaded into the gel and ran with running buffer (a solution consisting of 10% 10x Tris 

Glycine and 0.5% 20% SDS in water). The separated proteins were then transferred 

onto a PVDF membrane using transfer buffer (a solution consisting of 15% methanol, 
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10% 10x Tris Glycine, and 0.2% 20% SDS in water) in a transfer apparatus. 

Membranes were then immune-probed with antibodies for desired proteins, treated with 

SuperSignal, and developed onto film using a Konica SRX-101A Tabletop Processor. 

Relative band width of sample was visually compared to determine protein expression. 

 Cyclin-D1 

  Cyclin-D1 immunoblotting conditions are in Table 1. Membrane was 

washed three times for 5 minutes each with TBST after the primary and three times for 

10 minutes each with TBST after the secondary and before SuperSignal. 

Blocking/ Antibody Composition Conditions 

Block 1% Non-fat dry milk (NFDM) in 
30% H2O, 70% TBST 

1 hr; Room Temp (RT) 

1⁰: Abcam Rb Cyclin-D1 
ab134175 monoclonal antibody 

(mAb) 

1:1,000 in 100% TBST 1 hr; RT 

2⁰: Gt anti-Rb IgG horseradish 
peroxidase (HRP) conjugate 

1:10,000 in 100% TBST 1 hr; RT 

Table 1: Western blot conditions for cyclin-D1 probe. 

 

 EGFR 

  EGFR immunoblotting conditions are in Table 2. Membrane was washed 

three times for 5 minutes each with PBST after the primary and three times for 10 

minutes each with PBST after the secondary before SuperSignal. 

Blocking/ Antibody Composition Conditions 

Block 1.5% NFDM in PBST 1 hr; RT 

1⁰: Rb EGFR XP 1:1,000 in PBST with 1.5% 
NFDM 

1 hr; RT 

2⁰: Gt anti-Rb IgG HRP 
conjugate 

1:10,000 in 100% PBST 1 hr; RT 

Table 2: Western blot conditions for EGFR probe. 
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 β-Actin 

  β-Actin immunoblotting conditions are in Table 3. Membrane was washed 

three times for 5 minutes each with TBST after the primary and three times for 10 

minutes each with TBST after the secondary and before SuperSignal. 

Blocking/ Antibody Composition Conditions 

Block 3% BSA in TBST 1 hr; RT 

1⁰: Ms β-actin mAb 1:5,000 in 100% TBST 1 hr; RT 

2⁰: Gt anti-Ms IgG HRP 
conjugate 

1:10,000 in 100% TBST 1 hr; RT 

Table 3: Western blot conditions for β-actin probe. 

 

 β-Tubulin 

  β-Tubulin immunoblotting conditions are in Table 4. Membrane was 

washed three times for 5 minutes each with TBST after the primary and three times for 

10 minutes each with TBST after the secondary and before SuperSignal. 

Blocking/ Antibody Composition Conditions 

1⁰: Ms β-tubulin (ab131205) 
mAb 

1:1,000 in 100% TBST 2 hrs; RT 

2⁰: Gt anti-MS IgG HRP 
conjugate 

1:10,000 in 100% TBST 1 hr; RT 

Table 4: Western blot conditions for β-tubulin probe. 

 

 MUC1 

  MUC1 immunoblotting conditions are in Table 5. Membrane was washed 

three times for 5 minutes each with PBST after the primary and three times for 10 

minutes each with PBST after the secondary and before SuperSignal. 

Blocking/ Antibody Composition Conditions 

Block 1% NFDM in PBST 1 hr; RT 

1⁰: AH MUC1-Ab5 mAb 1:1,000 in 100% PBST 1 hr; RT 

2⁰: Gt anti-AH IgG HRP 
conjugate 

1:10,000 in 100% PBST 1 hr; RT 

Table 5: Western blot conditions for MUC1 probe. 
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Transduction 

 Due to the fact that our lab stock of transduced shCTL and shMUC1 cell lines 

were becoming very high passage and not reliably knocking down MUC1, I began 

performing transductions to generate new, younger shCTL and shMUC1 cell lines to be 

used for future experiments. This involves treating cells with lentivirus that contains a 

vector coding for short hairpin RNA against either MUC1 or control mRNA as well as 

puromycin resistance. To begin, kill curves had to be determined to find the 

concentration of the selection agent, puromycin, that would be used to select for the 

transduced cells once the virus has been applied. Kill curve assays consisted of plating 

2,000 cells per well in a 96 well plate and treating these cells everyday with either 

0ug/mL, 0.05ug/mL, 0.1ug/mL, 0.2ug/mL, 0.3ug/mL,  0.4ug/mL, 0.5ug/mL, 0.6ug/mL, 

0.8ug/mL, or 1.0ug/mL of puromycin for either 5 days or 14-16 days before an MTT was 

performed. This was done for MDA-MB-468s and BT20s. 

 The first transduction was performed using the small amount of virus the lab 

possessed from when the original cell lines were created several years ago. The 

information sheet for the lentivirus is in Figure 4A. MDA-MB-468 cells were plated into 6 

wells of a 12 well plate at about 70% confluency. One well was treated with all of the 

remaining shMUC1 virus, which worked out to an MOI of 0.9. A second well was treated 

with all of the remaining shCTL virus, which worked out to an MOI of 1.6. Though ideally 

this would be performed with multiple wells and with a desired MOI of 2, we had a 

limited amount of virus, so all was used in one attempt. The wells were treated with the 

lentivirus and 8ug/mL of polybrene in full media. The remaining four wells with cells 

were placed in normal media and would later become selection controls. They were left 
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in the transduction medium for two days and then were put into normal medium for one 

full day. Following this, puromycin selection began. The kill curve determined that 

0.2ug/mL was sufficient to kill parental cells, so the transduced and control wells were 

treated with this concentration of puromycin every day until all of the parentals died. 

Parental death was determined by visual inspection of the control wells. Once all the 

cells in the control wells were killed, it was determined that any remaining cells in the 

virus-treated wells had successfully taken up the vector. After this was concluded, the 

cells were moved to bigger subsequent plates to culture a large stock of cells. Once 

there were plenty of cells, cells were plated at 80% confluency into a 6 well plate (one 

well for the shCTL cells and one well for the shMUC1 cells), allowed to plate down, and 

then were lysed and probed for MUC1 to determine the efficacy of the transduction. The 

remaining cells were used to generate stocks of each variant cell line. 

 This was also done for MCF10As once new lentivirus particles were acquired. 

The virus information is in Figure 4B. Cells were plated at 25% confluency in 12 well 

plates. Both shCTL and shMUC1 virus was tested at MOIs 1, 2, and 5. There were also 

three controls plated: a puromycin only control, a polybrene only control, and a 

polybrene and puromycin control. They were treated with virus for one day, placed into 

normal full media for one day, and then were selected with puromycin the following day. 

The kill curve for MCF10As determined that 0.25ug/mL puromycin should be used for 

selection. However, during the selection process that concentration was increased to 

0.3ug/mL because control parental cells were not dying. After selection was deemed 

finished, lysates were taken from a sample of cells to probe for MUC1 via a Western 

blot. 
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 This was lastly repeated for BT20s with the new lentivirus. Cells were plated at 

20% confluency in 12 well plates. The control wells were the same as for the MCF10As. 

Both shCTL and shMUC1 lentivirus was tested at MOIs 1, 2, 5, and 10. Puro selection 

consisted of 0.4 ug/mL, determined by the kill curve. After selection was done, lysates 

were taken from a sample of cells to probe for MUC1 via a Western blot. 

 

 

Transfection 

 Transfections were also used as a substitute to using transduced cell lines for 

some experiments. Transfections consist of treating cells with double stranded siRNA 

that work with the RISC complex to degrade mRNA of desire proteins and thus knock 

down expression of those proteins. The siRNA used in this research was siCTL and 

siMUC1. The particle information is in Figure 5. 

 Before use in experiments, an optimization assay was attempted to determine 

proper siRNA concentration. Parental MDA-MB-468 cells were plated in 6 well plates at 

60% confluency. The different siRNA concentrations tested were 5nM, 10nM, and 

15nM. To do the transfection, siRNA (for each respective type) was combined with 
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BLOCK-iT fluorescent tag (GFP) and RPMI only media (no FBS or P/S) in Tube A. The 

ratios of each depended upon the desired concentration of siRNA. In Tube B, 

Lipofectamine 3000 was combined with RPMI only media for a final concentration of 

10% and vortexed. Then the solution in Tube B was added to the solution in Tube A in a 

1:1 ratio and incubated at room temperature for 15 minutes. Cells were washed two 

times with sterile PBS and had 1mL of RPMI only media added to them. After the 

incubation was complete, 200uL of the combined A and B tubes was added to the cells. 

They were incubated for 5 hours and then an additional 1mL of full serum media was 

added to the cells. After three days, the cells were visualized and lysates were taken 

and probed for MUC1. 

 Transfections were also implemented in the quiescent cell drug response assays. 

In this assay, one 6 well plate and four 24 well plates were seeded. The wells in the 6 

well plate were seeded at 50% confluency while the wells in the 24 well plates were 

seeded each with 12,000 cells. The first transfection was performed the day after plating 

and was done at an siRNA concentration of 50nM. As before, the proper siRNA was 

combined with RPMI only media and BLOCK-iT in Tube A, Lipofectamine 3000 was 

combined with RPMI only media in Tube B, and then Tube B was combined with Tube 

A to be incubated for 15 minutes before being added to the cells in scaled volumes 

depending on if going into a 6 well or a 24 well plate. Five hours after the cells were 

treated, additional complete media was added. Four days later, a second transfection 

was performed on the same cells, but the siRNA concentration was increased to 20uM. 
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Quiescent Cell Drug Response 

 In this assay, MDA-MB-468 cells were treated with siRNA, induced into 

quiescence using differential serum, treated with cancer therapeutic, and then had an 

MTT performed to see if quiescence affected cell viability during drug treatment. To do 

this, one 6 well plate and four 24 well plates were seeded. The wells in the 6 well plate 

were seeded at 50% confluency. Of the 24 well plates, one was a Day 0 plate and only 

had 8 wells that contained cells, while the remaining three plates were treatment plates 

and had 16 wells that contained cells. The remaining empty wells were used for 

MTT/media only and DMSO only control wells for the MTT. The cells were transfected 

with either siCTL or siMUC1 RNA as described above to knock down expression of 

MUC1 in half of the cells while the other half retained their MUC1 expression. Beginning 

two days later, cells were treated with either 0.2%, 0.5%, or 10% (complete) serum for 

four days to induce either deep, shallow, or no quiescence. The second transfection 

was performed on the second day of differential serum treatment (four days after the 
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initial transfection). After the fourth day of differential serum treatment, the 6 well plate 

was lysed and the lysates were probed for MUC1 to see if the transfection successfully 

knocked down MUC1 in the siMUC1 treated wells but not in the siCTL treated wells. 

The Day 0 plate was treated with MTT and analyzed for viability as a control plate. The 

remaining three treatment 24 well plates were treated with SAH5-EJ1 at either 0uM, 

1uM, 5uM, or 10uM in their respective differential serums and were incubated. The 0uM 

condition contained the vehicle sterile water in differential serum. The following day, all 

of the treatment plates were treated with MTT and analyzed. A timeline of the assay is 

as follows: 

 

MTT Protocol 

 MTTs were used for both the parental kill curve assays and for the quiescent cell 

drug response assays. The kill curve assays were done in 96 well plates and were 

analyzed by MTT at either 5 days after initiation of puromycin treatment or 14-16 days 

after initiation. No day zero plate was used for the kill curves because equal plating and 

relative growth was not relevant; only total death of cells was of interest. On the day that 

the MTT was to be performed, the media was removed from the wells and 100uL of 

media/MTT solution (consisting of 95uL media and 5uL MTT Sigma M5655) was added 

to each well (except the DMSO only controls). They were then incubated for 2 hours at 

37⁰C. After incubation, the media/MTT was removed and 100uL DMSO was added to 

each well to solubilize formazan. Wells were mixed and then absorbance was read at 
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540nM. Absorbance data was compared to the zero treatment wells (and adjusted using 

background absorbance from media/MTT only control wells and DMSO only control 

wells) to determine relative viability of the different treatment conditions. 

 For the quiescent cell drug response assay, the use of a day 0 plate was 

implemented in addition to the treatment plates. This served the function of showing 

relative growth/death from the day 0 plate to the treatment plate. An MTT on the day 0 

plate was performed the same day that drug was administered to the treatment plates. 

To do this, the current media was removed from the cells and 500uL of media/MTT 

solution (consisting of 475uL of differential media and 25uL MTT Sigma M5655) was 

added to each well, including the MTT/media only control wells. They were then 

incubated for 2 hours at 37⁰C. After incubation, the media/MTT was removed and 500uL 

DMSO was added to each well to solubilize formazan, including the DMSO only control 

wells. Wells were mixed and then absorbance was read at 540nM. Absorbance data 

was adjusted using background absorbance from the media/MTT only and DMSO only 

control wells. The following day, this protocol was repeated for the treatment plates. 

 

III. RESULTS 

Presence of MUC1 increases Cyclin-D1 expression in MDA-MB-468 cells 

 The differential serum treatment assays were conducted to find an accurate 

serum concentration model that could push triple negative breast cancer cells into 

quiescence and then to analyze their cyclin-D1 levels to determine if that is how they 

were regulating their shallow state of quiescence. This was conducted on both MDA-

MB-468 and BT20 cells. The resulting Western blots, both for cylin-D1 and for the 
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loading control β-tubulin, for the MDA-MB-468s are below in Figure 7. The results show 

that the control cell lines, which express MUC1, have higher cyclin-D1 levels than the 

MUC1 knockdown cell lines in most of the serum conditions. The 0.5% serum A and 1% 

serum A for the control cell lines are the only two shCTL conditions that have lower 

cyclin-D1 levels than the shMUC1 cells. Their duplicate condition, though, shows higher 

cyclin-D1 levels, so this could have just been error in the assay. For the control cells, 

there is no apparent consistent pattern regarding serum concentrations. For the 

knockdown cells, the cyclin-D1 expression decreases as serum percentage increases.  

 The resulting Western for the BT20s is below in Figure 8. The results show that 

cyclin-D1 levels are relatively equal across all serum conditions and both cell lines. 
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 The results from the MDA-MB-468 differential serum assay cell counts are below 

in Figure 9. The results show that the 0% and 0.5% serum conditions kept the cells in 

quiescence, hence why they have such low cell counts. The 2% and 10% conditions, on 

the other hand, allowed the cells to be in a proliferative state. There is no clear 

correlation between the cell count and the presence of MUC1, though. The 10% serum 

condition uses complete, full media for these cells and thus serves as the control to 

compare against. 
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Figure 9: Quiescence induced in MDA-MB-468s with 0% and 0.5% serums. Total 
cell counts from differential serum treatment assay on MDA-MB-468 cells, both shCTL 

and shMUC1 variants. Assay performed as described in methods section. 
 
 

 The results from the BT20 differential serum assay cell counts are below in 

Figure 10. The results show that there is no correlation between serum percentage and 

total cell count. It does show, though, that the shCTL variants had lower cell counts than 

the shMUC1 variants. 

 

Figure 10: Quiescence not induced in BT20 cells by differential serum treatment. 
Total cell counts from differential serum treatment assay on BT20 cells, both shCTL and 

shMUC1 variants. Assay performed as described in methods section. 
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Presence of MUC1 results in increased chromatin-bound EGFR levels 

 The cellular fractionation was performed to determine where EGFR is located in 

the cell both in the presence or absence of MUC1, and in quiescence or growth. This 

was to test the hypothesis that MUC1 is causing upregulated trafficking of EGFR to the 

nucleus. It was conducted on BT20 shCTL and shMUC1 cells following a differential 

serum treatment assay, which was meant to induce quiescence. As described in the 

methods section, only the membrane, soluble nuclear, and chromatin-bound fractions 

were of interest for this experiment. These fractions were probed for EGFR and the 

results can be seen in Figure 11. These blots show that in the 0.2% serum condition, 

most EGFR is membrane-bound or in the soluble portion of the nucleus, with both the 

shCTL and shMUC1 cells showing similar results. The shMUC1 cells have less EGFR 

that is chromatin-bound, however. For the 0.5% serum condition, most EGFR is 

membrane-bound or in the soluble portion of the nucleus as well, however the shMUC1 

cells have higher expression of EGFR. For the 2% serum condition, the shCTL cells 

have higher chromatin-bound EGFR expression than do the shMUC1 cells. It is worth 

noting, though, that for all three blots, the bands appear to have air bubbles covering 

them, so the results are not confidently conclusive. It is also not accurate to compare 

the results between the different serum concentrations because they were all run on 

different gels and that could introduce variability. Subsequent replications of this 

experiment yielded too low of protein for good SDS-PAGE runs and Western blots. 
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Successful transduction of MDA-MB-468s to establish shMUC1 knockdown cell 

lines 

 Transductions were performed to create younger and more reliable MUC1 

knockdown cells lines to be used for experiments. To create these lines, cells were 

transfected with lentivirus bearing shRNAi for either MUC1 (MUC1) or a non-specific 

control (CTL). Before the transductions were conducted, kill curves were performed on 

the parental cell lines in order to determine the concentration of selection agent needed 

to kill any cells that do not pick up the vector from the virus during the transduction. This 

was done for both MDA-MB-468s and BT20s. The results from the 5-day puromycin 

treatment on the parental MDA-MB-468s can be seen in Figure 12. The desired 
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puromycin concentration to be used in the selection process is the lowest concentration 

that kills all parental cells. Thus, the MTT shows that this concentration is 0.2ug/mL for 

MDA-MB-468s. The results from the 5-day puromycin treatment on the parental BT20s 

can be seen in Figure 13. This MTT shows the target concentration as being 0.3ug/mL. 

 

Figure 12: MDA-MB-468 Kill Curve. MTT results after 5 days of puromycin treatment 
with differential concentrations on parental 468s. 

 
 

 

Figure 13: BT20 Kill Curve. MTT results after 5 days of puromycin treatment with 
differential concentrations on parental BT20s. 

 
 

 The transductions for both the MCF10As and BT20s were not successful at 

knocking down MUC1 expression. These both used the newly ordered lentivirus. The 
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results of the MUC1 Westerns for these can be seen in Figures 14-15. All samples 

show the presence of MUC1, which means that the transduction failed because the 

shMUC1 samples should not have MUC1 expression. The cells did all survive 

puromycin selection, however, which means they did successfully pick up the vector 

from the virus, which contained the puromycin resistance gene in addition to the short 

hairpin RNA genes. Because of this, we have determined that the new lentivirus sent to 

us was faulty, hence why the transductions with it failed. 
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Quiescent Cell Response to SAH5-EJ1 Inconclusive 

 The quiescent cell drug response assay was performed to see if quiescent 

cancer cells had higher viability than non-quiescent cancer cells when treated with 

cancer therapeutics. It was done by administering a differential serum treatment assay 

to both siCTL and siMUC1 treated cells to induce quiescence (or not induce quiescence 

in regard to the 10% condition) before treating the cells with SAH5-EJ1 therapeutic. 
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After a day of drug treatment, an MTT was performed to determine relative viability 

between the different conditions. The 0.2% serum was used to promote a deep 

quiescence and the 0.5% serum was used to promote a shallow quiescence. The 

viability, however, was not accurately read by the MTT. 

The 6 well plate that was also used during this assay but not treated with SAH5-

EJ1 was lysed and probed for MUC1 to determine if the transfection was successful. 

This blot can be seen in Figure 16. The blot shows that MUC1 is still present in the 

siMUC1 treated samples. The siMUC1 treated samples do have slightly lower MUC1 

expression than the siCTL samples, but it is not to the ideal level; significantly more 

knock down is desired. 
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IV. DISCUSSION 

This study sought to investigate the relationship between MUC1, cyclin-D1, and 

EGFR to breast cancer cell quiescence. While the overall goal is to find what modulates 

this relationship between these proteins and quiescence, the first step toward that goal 

was to determine how we can accurately model in vitro what is happening in the cell 

when breast cancer cells go into quiescence. We hypothesized that MUC1 is mediating 

trafficking of EGFR to the nucleus, inducing increased expression of cyclin-D1 in breast 

cancer cells and promoting a shallow quiescent state. To test this hypothesis, cells were 

treated with differential serum concentrations to induce cellular quiescence. The results 

from the MDA-MB-468 differential serum assays suggest that MUC1 is indeed playing a 

role in cyclin-D1 expression. The cell count data demonstrates that 0% and 0.5% serum 

had much less cell growth than the 2% and 10% serum conditions did, suggesting that 

these lower serum conditions could be inducing quiescence. The cyclin-D1 Western blot 

also shows increased levels of cyclin-D1 in the control cells compared to the MUC1 

knockdown cells, supporting our hypothesis that the presence of MUC1 is increasing 

cyclin-D1 levels. Cellular fractionation revealed that levels of chromatin-bound EGFR 

are higher in the presence of MUC1. Lastly, the drug response assays were used to test 

our hypothesis that these increased levels of cyclin-D1 are what allow the breast cancer 

cells to evade cancer therapeutics. No conclusive data was found due to experimental 

setup error, and thus this assay needs to be optimized and repeated. 

The results from the differential serum assay show support not only for our 

hypothesis, but also align with recent work on how to induce quiescence in cell culture 

and suggest how the cells may be doing this at a molecular level. Dr. Yao and his 
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collaborators have shown evidence for the idea that different levels of serum 

stimulation/starvation are what modulate the E2F activation threshold and define each 

quiescent state. Cyclin-D1 is a regulator of the E2F switch and thus he has also shown 

that increasing levels of cyclin-D1 cause more shallow levels of quiescence.2,19 First, 

our MDA-MB-468 cell count data shows support for his work with different levels of 

serum modulating quiescence because our 0% and 0.5% serum conditions had much 

less cell growth than higher concentrations, thus supporting that these lower levels of 

serum were inducing quiescence. Furthermore, the increased levels of cyclin-D1 that 

we observed in the MDA-MB-468 control cells of our differential serum assays when 

compared to the MUC1 knockdowns blend our hypothesis with the work of Dr. Yao. The 

cyclin-D1 levels may indeed be regulating the cell’s quiescent state, as Dr. Yao 

proposes, and we have shown that MUC1 is playing a role in regulating those cyclin-D1 

levels through our own hypotheses. 

The cellular fractionations were performed to further explore the effects of MUC1 

on EGFR translocation. Our results showed that the presence of MUC1 increases levels 

of chromatin-bound EGFR. This suggests that MUC1 is affecting EGFR’s translocation 

to the nucleus. As described earlier, nuclear EGFR is able to bind to the CCND1 

promoter and induce cyclin-D1 transcription.1,13 Therefore, our results show that the 

presence of MUC1 increases nuclear EGFR, which in turn increases cyclin-D1 levels, 

which Dr. Yao has shown regulates cell quiescence. These findings are meaningful 

because they give insight into the mechanism behind cell quiescence regulation. This is 

important because if we have identified the mechanism by which breast cancer cells 
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regulate quiescence, then future research can be targeted to focusing on this specific 

pathway in order to develop ways to impede or alter this pathway. 

In collaboration with Léa Boden, an accurate serum model to induce quiescence 

in MDA-MB-468s was used. Using the first successful transduction of MDA-MB-468 

cells that I generated, she was able to show that 

0.2% serum induces a deep quiescence and 0.5% 

serum induces a shallow quiescence. She did this 

by combining MTT and BrdU assays. MTT assays 

show mitochondrial activity of cells to determine 

viability. BrdU assays show if cells are proliferating 

due to whether cells incorporate BrdU into their 

DNA, which they would do if they are dividing. 

By combining data from these two assays, she 

determined that quiescent cells would be those 

that are viable via an MTT, but not proliferating 

via a BrdU (Figure 17). She then distinguished shallow versus deep quiescence based 

on how long it took the cells to come out of quiescence after reintroduction of full 

serum.3 This again shows more support for ideas that Dr. Yao has proposed and is 

another step toward a working cell culture quiescence model. This model is vital to 

create so that targeted experiments in the future can be performed on the quiescence 

modulation pathways. 

The quiescent cell drug response assay conducted was a modified repeat of 

Léa’s experiments. She had treated MDA-MB-468 shCTL and shMUC1 cells with 0.2%, 

Figure 17: Results from Léa Boden’s 

work showing quiescence in 468s. A) 

Relative viability determined by MTT 

assay. B) Relative cell division 

determined by BrdU assay. 
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0.5%, and 10% serum concentrations to induce deep quiescence, shallow quiescence, 

and non-quiescence states respectively. She then treated them with either SAH5-EJ1, 

Palbociclib, or Sapitnib to see if drug cell viability was different amongst the different 

serum conditions (via an MTT). Her results were contradictory to our hypothesis that 

quiescent cells are more resistant to chemotherapies. My experiments had to be 

modified to include transfections, though, because the newly transduced MDA-MB-468 

cells that I propagated had died during freeze down procedures. So, transfections were 

implemented to knock down MUC1 instead. Unfortunately, our results with the SAH5-

EJ1 assay were inconclusive. Prior research has shown evidence that quiescent cell 

populations impede the success of many cancer therapies because they are not actively 

proliferating.21 Neither our experiments nor Léa’s were able to replicate similar data, but 

it needs to be further tested because if this is indeed true, it has a significant impact on 

cancer treatment success rates. This potential characteristic of quiescent cells is why 

they are of interest and need to be studied further to determine if this is truly happening 

when treatments are administered and how we can change their behavior. 

 

V. FUTURE DIRECTIONS 

Now that Léa Boden has shown that a combination of MTT and BrdU assays can 

effectively show states of quiescence, this should be repeated for BT20 cells as well 

because no accurate model for those cells has yet been determined. Also, as discussed 

above, the cellular fractionation experiments would need to be repeated for the BT20 

cells. It would be best to do the MTT/BrdU combined assay first to determine which 

serum concentrations should be used to induce quiescence before the cellular 
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fractionation. Additionally, after a quiescence model for BT20s is found, lysates should 

be taken and probed again for cyclin-D1 to compare relative levels between variants 

with and without MUC1 expression. 

It would also be beneficial to perform a quiescence inducing serum treatment 

regimen with a cellular fractionation for MDA-MB-468 cells to also see where EGFR is 

located during cell quiescence. It would be interesting to mirror this experiment in 

MCF10As as well to see if it differs from the cancer cells. 

An important future direction that should be explored is how cells can be coaxed 

out of quiescence clinically. In clinical applications, the issue with quiescence is that 

these quiescent cells are evading cancer therapeutics and then returning to proliferative 

phenotypes later on, causing cancer relapses. If it could be determined how quiescent 

cells can be revealed or pushed back into proliferation, then they could be treated 

immediately. In lab, return to proliferation was done by administering high levels of 

serum, but this is not a clinical treatment; this cannot be done in vivo. Other routes to 

accomplish this should be explored. 

Additionally, the quiescent cell drug response assay is currently being repeated 

using Palbociclib as the therapeutic. This assay will be repeated with the drug Sapitnib 

and will be modified by increasing the number of cells seeded at the beginning of the 

assay. Once a proper number of cells to seed is found, the SAH5-EJ1 and Palbociclib 

assays should be repeated as well. 
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