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Abstract 

 
Controlling cancers as chronic conditions, by arresting and sustaining tumor cells 

at a quiescent or non-proliferating cytostatic state, is emerging as a standard 

treatment approach with the increasing use of targeted therapies for cancers. 

While effective, persisting cytostatic tumor cells pose fundamental challenges to 

achieving prolonged effects as they require continual maintenance and are prone 

to develop resistance and recurrence. Depleting these tumor populations could 

improve treatment outcome, but no rational approach exists, besides monitoring, 

because no targeting strategy is designed for non-proliferating cells. Here, we 

exploited vulnerabilities evoked by oncogenic signals at quiescent states to 

devise targeting strategies for cytostatic tumor populations harboring AKT 

hyperactivation, an oncogenic change associated with treatment-tolerance and 

relapse. Using an organotypic model of normal quiescent mammary cells, we 

found that AKT hyperactivation dysregulates redox and protein homeostasis and 

sensitizes the quiescent cells to apoptosis upon proteasome inhibition in a 

p70S6K- and redox-dependent manner. Intriguingly, therapeutic exploitation of 

this AKT-driven quiescent-state proteasome-vulnerability showed efficacies on 

cytostatic cancer cells with aberrant PI3K/AKT signaling activation across 

different breast cancer subtypes, epithelial tissue origins, and arresting 

mechanisms. Moreover, transient proteasome-inhibitor treatment in spheroid and 

mouse xenograft models of cytostatic tumors significantly reduced recurrent 

growth after treatment-cessation. Our work highlights the effects of oncogenic 
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mutations on altering homeostasis at non-proliferating states that could form the 

basis for devising targeted approaches for depleting genetically-predisposed 

cytostatic tumor subpopulations. 
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1.1 Therapeutic approaches in cancer treatment 

 
Surgery and radiotherapy were first-line cancer treatments. While effective 

in localized cancers, cancer cure rates had not improved even after radical local 

treatment. Later, systemic cancer treatment was achieved with the use of 

chemicals and that was termed chemotherapy (DeVita and Chu, 2008). Surgery, 

radiotherapy and chemotherapy now became the standard types of cancer 

treatments. Therapeutic agents used in chemotherapy, often referred to as 

conventional chemotherapeutic agents have general anti-mitotic or anti-

proliferation properties and are toxic to actively dividing cells. These agents are 

broadly used for diverse types of cancers. The development of anti-cancer 

therapeutic agents has undergone a surge with recent advances in 

understanding cancer at the molecular level. These newer generations of anti-

cancer agents, often referred to targeted therapeutic agents, focus on specific 

molecular targets underlying tumor cell growth, progression and survival. 

Targeted therapeutic agents are crucial tools for personalized medicine.  

 
 
1.1.1 Conventional chemotherapeutics 

Conventional chemotherapeutics are designed to target actively dividing 

cells. Major classes of chemotherapeutic agents include alkylating agents, anti-

metabolites, antitumor antibiotics, topoisomerase inhibitors and plant alkaloids. 

These agents trigger programmed cell death in cancer cells by disrupting cellular 

processes essential for cell division, such as DNA replication and the regulation 
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of microtubule assembly (Rixe and Fojo, 2007). Because of the major effects on 

inducing cell death, these chemotherapeutics agents are classified mainly as 

cytotoxic agents (Rixe and Fojo, 2007). The effects of chemotherapeutic agents 

on general cell proliferation confer broad efficacy on different types of cancers 

but also exhibit side effects such as myelosuppression, alopecia and nausea due 

to toxicity on normal proliferating cells.  

 

1.1.2 Targeted cancer therapies 

A better understanding of cancer biology led to the development of newer 

generations of anti-cancer agents, targeted cancer therapies. Targeted cancer 

therapies, including small-molecule inhibitors and monoclonal antibodies, target 

molecules that are specifically dysregulated in cancer. The molecular targets 

include growth factor receptors, such as EGFR, Her2, and FGFR, and other 

molecules important in cancer growth, survival and progression, including 

PI3K/AKT/mTOR and MEK/ERK. Targeted cancer therapies are also developed 

to target molecules that are direct regulators of cell cycle, such as CDK2 and 

CDK4/6, and cell death, which includes Bcl-2 and NF-κB. Most recent targets are 

immune checkpoint proteins, including CTLA-4, PD-1, and PD-L1 (Huang et al., 

2014). As these agents target molecules that are critical in supporting cancer 

growth, progression and survival, they can selectively target cancer cells with 

less toxicity in normal cells compared to conventional chemotherapeutics (Huang 

et al., 2014). Unlike conventional chemotherapeutics, targeted cancer therapies 

are generally cytostatic (Rixe and Fojo, 2007). Continual treatment is required to 
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maintain the cytostasis, and risk of resistance and recurrence remains (Rixe and 

Fojo, 2007). 

 

1.2 Non-proliferating tumor cells and their implication in cancer 

 
Cancer recurrence after a prolonged period of remission has been 

observed clinically (Amling et al., 2000; Karrison et al., 1999; Loeb et al., 2011). 

Especially in breast cancer, recurrence was observed even after 25 years of 

mastectomy (Karrison et al., 1999). Despite seemingly successful initial cancer 

treatments, a significant number of patients in remission retain tumor cells 

without clinical symptoms or signs. These tumor cells are termed as minimal 

residual disease (MRD) (Luskin et al., 2018). One of the explanations of how 

they persist undetected for long before relapse is that these cells stay in a slow-

cycling or non-proliferating state. Non-proliferating tumor cells have been 

observed in primary tumors, disseminated tumor cells (DTCs), circulating tumor 

cells (CTCs), and drug-tolerant persister cells (DTPs) (Vallette et al., 2019).   

 

1.2.1 Subpopulation of non-proliferating tumor cells in a primary tumor 

The primary tumor cells are heterogeneous, and they contain a 

subpopulation of non-proliferating or slow-cycling tumor cells. Studies have 

shown that there is a large variation in proliferation rate among tumor cells, and 

in the case of primary breast cancer, cells in S-phase were only two to five 

percent (Mitchison, 2012). The existence of non-proliferating or slow-cycling 
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tumor cells has also been shown in melanoma (Roesch et al., 2010), 

glioblastoma (Chen et al., 2012) and colorectal cancer (Kreso et al., 2013). 

 

1.2.2 Cancer cell dormancy 

Cancer cell dormancy is when cells enter a reversible non-proliferating 

state. Cancer cells enter G0 cell cycle arrest, and this state is termed quiescence 

(Aguirre-Ghiso, 2007). It has mainly been studied in DTCs that encounter an 

unfavorable environment and required to adapt to stress. DTCs and CTCs are 

found to be largely quiescent (Aguirre-Ghiso, 2007; Pantel and Brakenhoff, 

2004).  

 

1.2.3 DTPs 

DTPs are subpopulations of tumor cells that survive anti-cancer 

treatments through reversible, non-mutational drug resistance mechanisms 

(Kreso et al., 2013; Recasens and Munoz, 2019). DTPs are found to be largely 

quiescent. They could have been originally in a quiescent state, as those cells 

are often resistant to cytotoxic chemotherapeutics, and the drug treatment can 

lead to a selection of these populations of cells (Kreso et al., 2013). Also, an anti-

cancer treatment could have induced a transient drug-tolerant quiescent state 

(Goldman et al., 2015). 
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1.2.4 Implication of non-proliferating tumor cells in cancer 

Non-proliferating tumor cells have been shown to exhibit enhanced 

plasticity and maintain potential to regrow under permissive conditions 

(Kobayashi et al., 2011; Sharma et al., 2010). As these cells are non-proliferating 

or slow-cycling, they are significantly less sensitive to traditional 

chemotherapeutics that target actively dividing cells (Chen et al., 2012; Naumov 

et al., 2003). In addition to drug resistance, these cells also have been shown to 

evade immune surveillance (Malladi et al., 2016). In accordance with these 

characteristics, the detection of DTCs or CTCs is associated with poor clinical 

outcomes (Janni et al., 2005; Rack et al., 2014), suggesting that depleting non-

proliferating tumor cells could be a viable approach to improve treatment 

outcome. 

 

1.3 Therapeutic challenges in targeting non-proliferating tumor cells 

 
Cytostatic tumor cells that persist under cancer treatments constitute a 

reservoir from which resistance and recurrence can emerge (Kreso et al., 2013; 

Millar and Lynch, 2003; Pan et al., 2017; Rueda et al., 2019). Eradicating 

persistent cytostatic tumor populations has important implications in managing 

chronic cancer conditions and improving treatment outcomes. However, our 

understanding of tumor cell properties in cytostatic states is very limited and 

strategies for targeting tumor cells in non-proliferating states has been elusive.  
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The development of cancer therapeutics has traditionally been focused on 

actively dividing tumor cells. Once arrested in a non-proliferating state, tumor 

cells become significantly less sensitive to standard anti-mitotic and anti-growth 

chemotherapeutic agents (Naumov et al., 2003; Shah and Schwartz, 2001). 

Newer generations of anti-cancer agents can interfere with cellular processes 

independent of cell proliferation, but essentially all are optimized for actively 

dividing cells. Their efficacy on cytostatic tumor populations is largely unexplored.  

 

Achieving target selectivity for cytostatic tumor populations among non-

proliferating normal populations poses another challenge. Growth control of 

tumor cells has been extensively studied; however, the cellular control of tumor 

cells under cytostatic conditions is poorly understood. Previous studies of tumor 

cell dormancy have provided insights into the features of growth-arrested tumor 

cells, but most are comparative properties to the actively proliferating 

counterparts (Aguirre-Ghiso et al., 2003; Ghajar et al., 2013; Kim et al., 2012; 

Naumov et al., 2002; Sosa et al., 2011). Little is known about distinct cellular 

properties between cytostatic tumor cells and normal non-proliferating cells. 

 

1.4 Thesis overview 

 
With increased use of targeted cancer therapies, managing cancer as a 

chronic disease by arresting cancer cells in a non-proliferating state became a 

common treatment approach. Both cytostatic tumor cells and quiescent normal 
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cells stay in a non-proliferating state. Understanding differences in their cellular 

controls can be the basis for designing selective targeting strategies. Chapter 2 is 

to study oncogene-driven changes in quiescent homeostasis and devise 

synthetic-lethal targeting strategies for oncogenic non-proliferating cells. The 

efficacy of the targeting strategy in cytostatic tumor cells and biological 

implications of targeting cytostatic tumor cells are addressed in Chapter 3. 

Finally, conclusions and future directions are stated in Chapter 4. 
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Chapter 2 : 

Exploiting oncogene-driven quiescent-state vulnerabilities to 

target non-proliferating oncogenic cells  
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2.1 Introduction 

 
Non-proliferating, cytostatic tumor cells are implicated in cancer 

recurrence; however, designing selective targeting strategies for those cells is 

limited by a lack of understanding of their cellular control. Current knowledge on 

features of non-proliferating tumor cells originated from studies of tumor cell 

dormancy. Studies using head and neck cancer cell models have identified 

increased p38 mitogen-activated protein kinase (p38 MAPK) and reduced 

extracellular signal-regulated kinase (ERK) activity as a signature of dormant 

tumor cells (Aguirre-Ghiso, 2007; Sosa et al., 2011). However, these 

characteristics of dormant tumor cells learned from previous studies are relative 

to their proliferating counterparts. To achieve selective targeting of cytostatic 

tumor cells among non-proliferating normal populations, determining cellular 

controls in cytostatic tumor cells that are distinct from normal quiescent cells is 

critical.  

 

We hypothesized that oncogenic alterations affect the cellular control of 

tumor cells under cytostatic conditions, eliciting distinct properties from normal 

non-proliferating cells that can be exploited for targeting. To investigate the 

effects of an oncogenic alteration on cellular control in non-proliferating states, 

we undertook a bottom-up approach by utilizing three-dimensional organotypic 

culture of human mammary epithelial cells, MCF10A cells (Coloff et al., 2016; 

Leung and Brugge, 2012). MCF10A cells harbor homozygous loss of p16 and 
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have overcome replication limit, but they are not transformed. They have well-

defined genetic background and have been widely used to study breast 

tumorigenesis (Cowell et al., 2005; Debnath et al., 2003). MCF10A cells naturally 

develop into growth-arrested acinar structures and enter quiescence when 

cultured on reconstituted basement membrane (Debnath et al., 2002), serving as 

a platform for our studies.  

 

We tested the hypothesis with oncogenic aberrant AKT/protein kinase B 

(AKT hereafter) activation, a major tumor driver that supports multiple cellular 

processes, including metabolism, survival, and proliferation (Manning and Toker, 

2017) (Figure 2-1). Importantly, sustained activation of AKT signaling has been 

observed clinically (Kallergi et al., 2008) and shown to support tumor cell survival 

(Zhang et al., 2009) in populations that are found to stay largely quiescent 

(Aguirre-Ghiso, 2007; Pantel and Brakenhoff, 2004). Using an organotypic model 

of quiescent mammary epithelial cells with AKT hyperactivation, we identified 

AKT-driven redox and protein homeostasis allowing synthetic-lethal targeting of 

these cells with proteasome inhibitors. 
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2.2 Materials and Methods 

 
Cell culture 

MCF-10A and HEK293T cells were obtained from ATCC. MCF-10A cells were 

cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-

12) (Hyclone GE Healthcare Life Sciences) supplemented with 5% horse serum 

(Gibco), 20 ng/ml human recombinant epidermal growth factor (EGF) 

(PeproTech), 0.5 µg/ml hydrocortisone, 0.1 µg/ml cholera toxin, 10 µg/ml insulin 

(Sigma-Aldrich), 50 U/ml penicillin and 50 U/ml streptomycin (ThermoFisher 

Scientific). HEK293T cells were cultured in Dulbecco’s High Glucose Modified 

Eagles Medium (DMEM/high glucose) supplemented with 10% fetal bovine 

serum (ThermoFisher Scientific), 15 mM HEPES (Sigma-Aldrich), 50 U/ml 

penicillin and 50 U/ml streptomycin. All cells were cultured in a humidified 

incubator with 5% CO2 at 37 oC. 

 

Three-dimensional (3D) cell culture 

Three-dimensional culture were performed similarly as previously reported 

(Leung and Brugge, 2012). Matrigel Growth Factor Reduced Basement 

Membrane Matrix (Corning) gel beds were formed on 8-well chamber slides 

(ThermoFisher Scientific, #154534) and solidified for 50-80 minutes in 37 °C 

humidified incubator. Five thousand cells per well were seeded in the assay 

media (DMEM/F12, 2% horse serum, 5 ng/ml EGF, 0.5 µg/ml hydrocortisone, 0.1 

µg/ml cholera toxin, 10 µg/ml insulin, 50 U/ml penicillin and 50 U/ml streptomycin) 
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supplemented with 2% Matrigel (Day 0). Media were refreshed every four days. 

Doxycycline induction (1 µg/ml) were performed on Day 16 unless indicated 

otherwise. Drug treatments were performed on Day 18. p70S6K inhibitors were 

added on the day of doxycycline induction and refreshed on Day 18. 

 

Viral vectors  

pBABE-puro and pBABE-hygro were obtained from Addgene (#1764 and #1765). 

The lentivector pLT-iGSP (IRES-GFP-SV40-puro) was generated by subcloning 

a SV40-puro cassette from the pBABE-puro plasmid (Addgene #1764) and 

inserted downstream of the IRES-GFP cassette in the pLT-iG (IRES-GFP) 

lentivector. pLT-iG lentivector containing the tetracycline response element 

(TRE) from pTre-Tight (Clontech), multiple cloning sites, and a downstream 

IRES-GFP cassette from pIRES2-EGFP (enhanced green fluorescent protein) 

(Clontech) were described previously (Leung and Brugge, 2012). pLT-myrAKT1-

iGSP was generated by subcloning the myrAKT1 fragment from pLNCX 

myrAKT1 (Addgene #17245) into the pLT-iGSP vector. pBABE-hygro-rtTA 

(reverse tetracycline-controlled transactivator in pBABE-hygro) were previously 

reported (Leung and Brugge, 2012). 

 
 
Virus production and cell line generation 

HEK293T cells were co-transfected with lentiviral vectors or retroviral vectors and 

corresponding packaging vectors, psPAX2 and pMD2.G (Addgene) or pCL-

Ampho (Imagenex) with TurboFect (ThermoFisher Scientific) according to vendor 
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protocol. Viruses were collected on Day 3 and 4 following transfection, filtered 

through 0.45 µm filter, and stored at -80 °C until use. Stable cell lines were 

generated by transduction with the viral vectors and selection with 250 µg/ml 

hygromycin (ThermoFisher Scientific) or 2 µg/ml puromycin (InvivoGen).  

 

Immunofluorescence staining for three-dimensional culture 

Cells were rinsed once with phosphate-buffered saline (PBS) (ThermoFisher 

Scientific) and fixed in 4% paraformaldehyde (PFA) (Ted Pella Inc) at 37 °C for 

20 minutes and 4 °C for 15 minutes. 4% PFA was replaced with PBS, and the 

chamber slides were kept overnight at 4 °C. Cells were permeabilized in 0.5% 

Triton X-100/PBS for 10 minutes, then washed in glycine/PBS (100 mM glycine 

in PBS) for 10 minutes at room temperature. Cells were washed twice in IF buffer 

[7.7 mM sodium azide, 0.1% bovine serum albumin (BSA), 0.2% Triton X-100, 

0.04% Tween 20 (ThermoFisher Scientific) in PBS] for 10 minutes each. Cells 

were incubated in blocking buffer [IF buffer with 10% goat serum (ThermoFisher 

Scientific)) for 1 hour. Primary antibodies were diluted in blocking buffer with 20 

µg/ml goat anti-mouse F(ab’)2 (Jackson ImmunoResearch Laboratories, Inc.) and 

incubated overnight in a humidified chamber at 4 °C or room temperature. 

Following primary antibodies in indicated dilution were used: Ki-67 (1:500), 

cleaved caspase-3 (1:200), phospho-AKT (Ser473) (1:200). Cells were washed 

three times in IF buffer for 20 minutes each. Alexa Fluor®-conjugated anti-rabbit 

secondary antibody was diluted (1:200) in blocking buffer and incubated in the 

dark at room temperature for 1 hour. Cells were washed in IF buffer for 20 
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minutes. Nuclei were counterstained in IF buffer with 1 µg/ml 4’,6-diamidino-2-

phenylindole (DAPI) for 15 minutes. Cells were washed twice in PBS for 10 

minutes each and then mounted with Prolong Diamond Antifade reagent 

(Invitrogen). Slides were dried overnight in the dark at room temperature and 

stored at 4 °C. Samples were analyzed under Leica DMI 3000 fluorescent 

microscope with a 20X objective. Images were acquired using a Nikon A1RMP 

confocal microscope with a 25X CFI Apo LWD Objective at the University 

Imaging Centers (University of Minnesota). 

 

Sample Prep, Peptide Fractionation and Mass Spectrometry 

Suspension three-dimensional cell culture 

Five thousand cells per well were seeded in assay media supplemented with 4% 

Matrigel in 24-well ultra-low attachment plates (Corning, #3473). 1 ml per well of 

assay medium supplemented with 1% Matrigel was added to each well the day 

after seeding to bring the total volume to 1.5 ml. Every four days, half of the 

media in each well were removed carefully and replaced with fresh media 

supplemented with 1% Matrigel (no Matrigel on Day 12 and Day 16). On Day 16, 

cells were induced with 1 µg/ml doxycycline for 48 hours.  

Protein Extraction  

After 48 hours of doxycycline induction (Day 18), cells were collected and 

Matrigel was removed by incubating cells in Cell Recovery Solution (Corning, 

#354253) for 20 minutes on ice and rinsing with PBS. The supernatant was 

removed and the cell pellets were reconstituted with a 60 µl of extraction buffer [7 
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M urea, 2 M thiourea, 0.4 M Tris pH 7.5, 20% acetonitrile (ACN) and 4 mM tris(2-

carboxyethyl)phosphine (TCEP), 5 mM EDTA, 10 mM sodium fluoride, 1 mM 

sodium orthovanadate]. The samples were sonicated at 30% amplitude for 7 

seconds with a Branson Digital Sonifier 250 (Branson Ultrasonics). Each sample 

was transferred to a PCT tube with a 50 µl cap for the Barocycler NEP2320 

(Pressure Biosciences, Inc.) and cycled between 35 kpsi for 20 seconds and 0 

kpsi for 10 seconds for 60 cycles at 37 °C. 200 mM iodoacetamide was added to 

a final concentration of 8 mM iodoacetamide and incubated for 15 minutes at 

room temperature. The samples were transferred to a new 1.5 mL Protein 

LoBind tube (Eppendorf). Two aliquots for each sample were taken for protein 

concentration determination by Bradford assay.     

 

In-Solution Proteolytic Digestion and TMT10plex Isobaric Labeling  

A 200 µg aliquot of each sample was transferred to a new 1.5 mL microcentrifuge 

tube and brought to the same volume with protein extraction buffer plus 8 mM 

iodoacetamide. All samples were diluted fivefold with ultra-pure water, and then, 

trypsin (Promega) was added in a 1:40 ratio of trypsin to total protein. Samples 

were incubated overnight for 16 hours at 37 °C. After incubation, each sample 

was acidified to 0.3% TFA. Each sample was then cleaned with a 1 CC Waters 

Oasis HLB (Waters Corporation), eluates were vacuum dried and resuspended in 

100 µl 0.1 M triethylammonium bicarbonate, pH 8.5 to a final 2 µg/µl 

concentration. The samples were labeled with six of the TMT10plex Isobaric 

Label Reagents (ThermoFisher Scientific) according to vendor protocol. After 
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labeling, all the samples were multiplexed together into a new 1.5 mL 

microcentrifuge tube.  

 

Global peptide TMT quantification analysis  

Fifteen percent of the pooled sample volume was aliquoted and dried down in 

vacuo. The sample was cleaned with a 3 CC Oasis MCX solid-phase extraction 

cartridge (Waters Corporation), and the eluate was dried in vacuo. The TMT 

isobaric labeled sample was resuspended in Buffer A (20 mM ammonium 

formate pH 10 in 98:2 water:ACN) and fractionated offline by high pH C18 

reversed-phase chromatography (Yang et al., 2012) with the following changes. 

A Shimadzu Prominence HPLC (Shimadzu) with a Hot Sleeve-25 L Column 

Heater (Analytical Sales & Products, Inc.) was used with a Security Guard 

precolumn housing a Gemini NX C18 cartridge (Phenomemex) attached to a C18 

XBridge column, 150 mm x 2.1 mm internal diameter, 5 µm particle size (Waters 

Corporation). Buffer A was 20 mM ammonium formate, pH 10 in 98:2 water:ACN, 

and Buffer B was 20 mM ammonium formate, pH 10 in 10:90 water:ACN. The 

flow rate was 200 µl/min with a gradient from 2-7% buffer B over 0.5 minutes, 7-

15% buffer B over 7.5 minutes, 15-35% buffer B over 45 minutes, and 35-60% 

buffer B over 15 minutes. Fractions were collected every 2 minutes, and UV 

absorbances were monitored at 215 nm and 280 nm. Peptide containing 

fractions were divided into two equal numbered groups, “early” and “late”. A 

volume equal to 15 milli-absorbance unit of the first “early” fraction was 
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concatenated with the first “late” fraction, and so on. Concatenated samples were 

dried in vacuo, resuspended in load solvent (98:2:0.01, water:ACN:formic acid). 

 

Acquisition of nano-liquid chromatography tandem mass spectrometry  

LC-MS data were acquired for each concatenated fraction using an Easy-nLC 

1000 HPLC (ThermoFisher Scientific) in tandem with a Thermo Fisher Orbitrap 

Fusion (ThermoFisher Scientific). Peptides (~500 ng) were loaded directly onto a 

70 cm x 100 µm internal diameter fused silica PicoTip Emitter (New Objective) 

packed in-house with ReproSil-Pur C18-AQ (1.9 µm particle, 120 Å pore) (Dr. 

Maisch). The column was heated to 55 °C, and a flow rate of 300 µL/minute was 

applied during the gradient. The gradient is as follows: 5-22% Buffer B (A: 0.1% 

formic acid in water, B: 0.1% formic acid in ACN) for 79 minutes, 22-32% B for 11 

minutes, and 32-95% B over 10 minutes. The column was mounted in a 

nanospray source directly in line with an Orbitrap Fusion mass spectrometer 

(ThermoFisher Scientific). Spray voltage was 2.1 kV in positive mode, and the 

heated capillary was maintained at 275 °C. The orbital trap was set to acquire 

survey mass spectra (380–1580 m/z) with a resolution of 60,000 at 100 m/z with 

automatic gain control (AGC) 1.0E6, 250-ms min injection time and lock mass at 

445.1200 m/z (polysiloxane). The 12 most intense ions (2-7 charged state) from 

the full scan were selected for fragmentation by higher-energy collisional 

dissociation with normalized collision energy 35%, and detector settings of 60k 

resolution, AGC 5E4 ions, 250 ms maximum injection time and FT first mass 
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mode fixed at 110 m/z. Dynamic exclusion was set to 40s with a 10 ppm high 

and low mass tolerance.  

 

TMT mass spectrometry data analysis  

Database searching  

Tandem mass spectra were extracted by Proteome Discoverer version 2.2.0.388 

with the Sequest (ThermoFisher Scientific) algorithm. Sequest (XCorr Only) was 

set up to search human protein FASTA sequences downloaded from the NCBI 

Reference Sequence repository on August 23, 2018 after concatenation with the 

common lab contaminants database from http://www.thegpm.org/crap/ for a total 

of 40,587 protein sequences. Sequest search parameters included: digestion 

enzyme trypsin; precursor ion tolerance 50 ppm; fragment ion mass tolerance of 

0.1 Da; carbamidomethyl cysteine was a fixed modification; variable 

modifications were pyro-glutamic acid, deamidation of asparagine, oxidation of 

methionine, protein N-terminus acetylation, serine and threonine phosphorylation 

and TMT6plex modification of lysine and peptide N-termini.   

   

Criteria for protein identification  

Scaffold version 4.7 (Proteome Software Inc.) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if 

they could be established at greater than 91.0% probability to achieve an FDR 

less than 1.0% by the Scaffold local false discovery rate (FDR) algorithm. Protein 

identifications were accepted if they could be established at greater than 5.0% 



 20 

probability to achieve an FDR less than 1.0% and contained at least two 

identified peptides. Protein probabilities were assigned by the Protein Prophet 

algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and 

could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. Proteins sharing significant peptide evidence 

were grouped into clusters. 

 

Quantitative data analysis  

Scaffold Q+ version 4.7 (Proteome Software Inc.) was used for TMT-based 

protein relative quantification for proteins detected in the database search. TMT 

reporter ion intensities were adjusted by the correction factors from the reagent 

specification sheet according to the algorithm described in i-Tracker (Shadforth et 

al., 2005). Normalization was performed iteratively (across samples and spectra) 

on intensities, as described in Statistical Analysis of Relative Labeled Mass 

Spectrometry Data from Complex Samples Using ANOVA (Oberg et al., 2008). 

Medians were used for averaging. Spectra data were log-transformed, pruned of 

those matched to multiple proteins, and weighted by an adaptive intensity 

weighting algorithm. Of 50626 spectra in the experiment at the given thresholds, 

37396 (74%) were included in quantitation. Differentially expressed proteins were 

determined by applying Permutation Test with an unadjusted significance level 

p<0.05 corrected by Benjamini-Hochberg. 
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IPA analysis 

Scaffold 4 software (Proteome Software Inc.) was used to export the data. The 

control MCF10A cell sample was used as a reference for the AKThyper cell 

sample. Statistical significance was determined by Permutation Test and 

Benjamini-Hochberg correction with p-value < 0.05. The exported data was 

uploaded onto the Ingenuity Pathway Analysis (IPA) software (Ingenuity 

Systems), and canonical pathway analysis was performed. Statistical 

significance was determined by Right-Tailed Fisher’s Exact Test.  

 

Glucose and lactate assay 

Glucose-Glo and Lactate-Glo (Promega) were used. Control and AKThyper cells 

were induced with 1 µg/ml doxycycline on Day 16 for 48 hours. Media were 

refreshed on Day 18 with doxycycline and collected after 24 hours for analysis. 

The media were diluted 400 times for glucose assay and 100 times for lactate 

assay with PBS. Controls and samples were mixed 1:1 with detection reagents 

on a clear-bottomed white 96-well plate (ThermoFisher Scientific) and incubated 

at room temperature for 60 minutes. Luminescence was measured using Tecan 

Infinite M1000 Pro Microplate Reader. Statistical significance was determined by 

two-tailed Student’s t-tests. 

 

Oxidative stress detection 

Matrigel gel beds were formed on a coverglass bottom 8-well chamber slide 

(ThermoFisher Scientific). Cells were cultured following the MCF10A three-
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dimensional cell culture protocol above. After 48 hours of doxycycline induction 

(Day 18), media were replaced with fresh media containing 5 µM CellROX Deep 

Red Reagent (Invitrogen) and 5 µg/ml Hoechst 33342 and incubated in a 

humidified incubator with 5% CO2 at 37 oC for 30 minutes. Cells were rinsed 

twice with PBS and fixed with 4% PFA at room temperature for 20 minutes. 4% 

PFA was replaced with PBS. Images were acquired using a Nikon A1Rsi 

Confocal with SIM Super Resolution microscope with 20X Objective at the 

University Imaging Centers. 

 

Protein synthesis detection 

Click-iT® Plus OPP Alexa Fluor® 594 Protein Synthesis Assay Kit (Invitrogen) 

was used. After 48 hours of doxycycline induction (Day 18), media were replaced 

with fresh media containing 20 µM Click-iT OPP (O-propargyl-puromycin) 

reagent and incubated in a humidified incubator with 5% CO2 at 37 oC for 30 

minutes. Cells were rinsed once with PBS, fixed with 4% PFA, and processed 

following the immunofluorescence staining protocol above. After TritonX-100, 

glycine and IF buffer washes, Click-iT® reaction was performed according to 

vendor protocol. Samples were counterstained with 1X NuclearMask Blue Stain 

in the dark at room temperature for 30 minutes and mounted with Prolong 

Diamond Antifade reagent. Images were acquired using a Nikon A1RMP 

confocal microscope with a 25X CFI Apo LWD Objective at the University 

Imaging Centers. 
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Quantitative PCR 

RNA was extracted using TRIzol RNA Isolation Reagent (Invitrogen), and purified 

using RNeasy (Qiagen) according to vendor protocols. DNase I (Invitrogen) was 

used to eliminate DNA from the samples, and then RNA was reverse transcribed 

into cDNA using SuperScript III First-Strand Synthesis System (Invitrogen). 

qPCR was performed using SYBR Green PCR Master Mix and StepOnePlus 

Real-Time PCR System (ThermoFisher Scientific). The following qPCR primers 

were used (Oslowski and Urano, 2011):  

sXBP1 forward: 5’-CTGAGTCCGAATCAGGTGCAG-3’,  

usXBP1 forward: 5’-CAGCACTCAGACTACGTGCA-3’,  

XBP1 reverse: 5’-ATCCATGGGGAGATGTTCTGG-3’,  

ATF4 forward: 5’-GTTCTCCAGCGACAAGGCTA-3’,  

ATF4 reverse: 5’-ATCCTGCTTGCTGTTGTTGG-3’,  

CHOP forward: 5’-AGAACCAGGAAACGGAAACAGA-3’,  

CHOP reverse: 5’-TCTCCTTCATGCGCTGCTTT-3’,  

RPLP0 forward: 5’-ACGGGTACAAACGAGTCCTG-3’,  

RPLP0 reverse: 5’-CGACTCTTCCTTGGCTTCAA-3’. 

qPCR was performed with three individual biological samples, each averaged 

from technical duplicate runs. ΔΔCt was calculated by normalizing to RPLR0, 

and means and standard deviations were determined. Statistically significant 

differences were determined by two-tailed Student’s t-test. 
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TUNEL cell death assay 

Click-iT® Plus TUNEL Alexa® 594 In Situ Apoptosis Detection Kit (Invitrogen) was 

used. After 24 hours of bortezomib treatment, cells were rinsed once with PBS, 

fixed with 4% PFA, and processed following the immunofluorescence staining 

protocol above. After TritonX-100, glycine and IF buffer washes, cells were 

washed twice in deionized water for 5 minutes each. The TdT Reaction buffer 

was added and incubated for 10 minutes at room temperature. The TdT Reaction 

mixture was prepared according to vendor protocol. Cells with the reaction buffer 

were incubated overnight in a humidified chamber at room temperature. Cells 

were washed in IF buffer three times for 20 minutes each, and rinsed once with 

PBS. Click-iT Plus TUNEL reaction cocktails were prepared according to vendor 

protocol. Cells were incubated in the reaction cocktails for 30 minutes at room 

temperature in the dark. Cells were washed in IF buffer for 20 minutes. Samples 

were counterstained with DAPI and mounted with Prolong Diamond Antifade 

reagent. Samples were analyzed using Leica DMI 3000 fluorescent microscope 

with a 20X objective. Images were acquired using a Nikon A1RMP confocal 

microscope with a 25X CFI Apo LWD Objective at the University Imaging 

Centers. Statistical significance was determined by two-way ANOVA. 

 

Ethidium monoazide bromide (EMA) staining 

Fresh assay media containing 5 µg/ml EMA were added to each well. Slides 

were incubated for 10 minutes in the dark at room temperature. Slides were then 

put on ice, placed in a UV box, and exposed under high UV for 10 minutes. Cells 
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were rinsed twice with PBS and fixed with 4% PFA. Images were acquired using 

a Nikon A1Rsi Confocal with SIM Super Resolution microscope with 10X 

Objective at the University Imaging Centers. 

 

Western blotting 

Cells were rinsed once with PBS, and Cell Recovery Solution (Corning) was 

added to each well. Matrigel and cells in the solution were collected into 2 ml 

microtubes and incubated on ice for 30 minutes. Samples were centrifuged at 

6,000 rpm for 3 minutes at 4 °C and supernatants were removed. Cells were 

washed with cold PBS twice. Cells were lysed in radioimmunoprecipitation assay 

buffer (RIPA buffer) with Halt protease and phosphatase inhibitor cocktail 

(ThermoFisher Scientific) for 10 minutes on ice. Cells were homogenized by 

passing five times through a 27-gauge needle. Samples were incubated for an 

additional 15 minutes on ice and centrifuged at 14,000 X g for 10 minutes at 4 

°C, and supernatants were collected. Protein concentrations were determined 

using the bicinchoninic acid assay (BCA assay) (ThermoFisher Scientific). 

Samples with SDS-sample buffer (Boston BioProducts) were heated at 90 °C for 

5 minutes. Samples were run on 4-20% Tris-Glycine gels (1.0 mm, 10 wells) 

(Invitrogen) in Tris-Glycine SDS running buffer (Boston BioProducts) for 35 

minutes at 225 V. 0.45 µm PVDF membranes (ThermoFisher Scientific) were 

activated by incubating in methanol for 1 minute, rinsed with deionized water, 

and incubated in transfer buffer for more than 5 minutes. Samples were 

transferred to the membrane in transfer buffer (Boston BioProducts) with 10% 
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methanol for 90 minutes at 100 mA on ice. Membranes were blocked in 5% BSA 

in Tris-Buffered Saline (Boston BioProducts) with 0.1% Tween20 (TBST) for 1 

hour at room temperature. Membranes were incubated with primary antibodies in 

the blocking buffer overnight at 4 °C or 1 hour at room temperature. After 

washing in TBST, membranes were incubated with HRP-conjugated secondary 

antibodies for 1 hour at room temperature. Membranes were developed using 

Luminata Crescendo Western HRP substrate (EMD Millipore) and imaged using 

myECL Imager (ThermoFisher Scientific). Following primary antibodies in 

indicated dilution were used: Phospho-ribosomal protein S6 (Ser235/236) 

(1:1,000), ribosomal protein S6 (1:1,000), β-Actin (1:5,000). Following secondary 

antibodies in indicated dilution were used: HRP-linked anti-rabbit IgG (1:5,000), 

HRP-linked anti-mouse IgG (1:5,000 or 1:10,000). 

 

Chemicals 

The following concentrations were used unless indicated otherwise. Chloroquine 

(20 µM), phloretin (50 µM), buthionine sulfoximine (50 µM), arsenic trioxide (1 

µM), Trolox (50 µM), N-acetyl-L-cysteine (2 mM), and 4’,6-diamidino-2-

phenylindole (DAPI, 1 µg/ml) were from Sigma-Aldrich. Bortezomib (50 nM), 

PF4708671 (10 µM), LY2584702 (1 µM), and PF4708671 (10 µM) were from 

Selleckchem. GSK2606414 (1 µM, Calbiochem). MG132 (1 µM, Tocris). 

Carfilzomib (50 nM, APExBIO). Doxycycline (1 µg/ml, Research Products 

International).  
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Antibodies 

Phospho-AKT (Ser473) (#4060), phospho-ribosomal protein S6 (Ser235/236) 

(#4858), ribosomal protein S6 (#2317), Cleaved caspase-3 (#9661), HRP-linked 

anti-rabbit IgG (#7074) and HRP-linked anti-mouse IgG (#7076) were from Cell 

Signaling. β-Actin (A1978) was from Sigma-Aldrich. Ki-67 (ab15580) was from 

Abcam. Goat anti rabbit Alexa Fluor® 546 (A11035) was from Invitrogen. 
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2.3 Results 

 
Organotypic model of quiescent breast cells with AKT hyperactivation 

To investigate the effects of aberrant AKT activation on cellular control 

under non-proliferating conditions, we undertook a bottom-up approach by 

adapting a model that we developed previously to recapitulate oncogenic 

changes in quiescent mammary cells using organotypic cultures of non-

transformed human breast cells, MCF10A (Coloff et al., 2016; Leung and 

Brugge, 2012). MCF10A cells were engineered with a doxycycline-inducible 

expression cassette of a constitutively-active AKT1 variant, myristoylated AKT1 

(myrAKT1), with an IRES (Internal Ribosomal Entry Site)-driven bicistronic GFP 

reporter or GFP reporter alone (Figure 2-2 a). The engineered cells were first 

cultured on reconstituted basement membrane to form growth-arrested acini 

(Figure 2-2 b and 2-3Figure 2-2) and then induced with doxycycline to express 

the transgenes (Figure 2-2). The growth-arrested acinar cells induced to 

overexpress myrAKT1 showed AKT hyperactivation (AKThyper) as indicated by 

elevated levels of membrane-associated phospho-AKT (p-AKT) (Figure 2-4) but 

maintained homeostatic quiescence similar to the empty vector control (Day18 

Control 1.2 ± 0.3; AKThyper 0.3 ± 0.11) (Figure 2-5). 

 

AKT hyperactivation alters quiescent homeostasis in mammary cells 

We investigated the properties of quiescent cells under aberrant AKT 

activation. We noticed that the culture media of AKThyper quiescent acini showed 
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a lowered pH (data not shown), suggesting an increased metabolism compared 

to the control. This observation also indicated active AKT signal transduction 

despite being insufficient to drive cell cycle re-entry. Analysis of the media 

revealed a significant increase in glucose consumption and lactate secretion 

(Figure 2-6), indicating elevated glycolysis in AKThyper quiescent cells. We also 

found that AKThyper quiescent cells exhibited elevated oxidative stress (Figure 

2-7a), and increased phosphorylation of ribosomal protein S6 (p-S6) (Figure 2-7 

b, c) and protein synthesis (Figure 2-7 d). qPCR also showed an increased level 

of XBP1 splicing, despite no significant change in ATF4 and CHOP expression 

(Figure 2-7 e), suggesting signs of endoplasmic reticulum (ER) stress and 

activation of unfolded protein response (UPR). These observations indicated an 

altered homeostatic condition in AKThyper populations while staying growth-

arrested, similar to the controls. 

 

To gain broader insights into the states of homeostatic controls, we 

performed quantitative mass spectrometry and Ingenuity Pathways Analysis 

(IPA). The Protein Ubiquitination Pathway and Mitochondrial Dysfunction are 

among the most significantly dysregulated pathways (Figure 2-8). Also, seven of 

the ten most significantly changed canonical pathways were related to 

dysregulation in protein and redox homeostasis (Figure 2-8). Together, these 

data indicated that AKT hyperactivation drives an altered quiescent state in 

mammary cells with increased metabolism and dysregulated protein and redox 

homeostasis. 
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Devising targeting strategies for quiescent populations with AKT 

hyperactivation   

Led by the altered homeostatic features, we explored synthetic-lethal 

strategies to target AKThyper quiescent populations by utilizing pharmacological 

agents to amplify the dysregulated control of metabolism, redox, and 

proteostasis. Perturbing cell energetics by inhibiting autophagy or glucose 

transport showed a slight increase in apoptosis but no selectivity between 

AKThyper and control quiescent cells (Figure 2-9). Escalating redox stress with two 

oxidizing agents or blocking the PERK-mediated survival response to UPR did 

not cause apoptotic responses over vehicle controls (Figure 2-9). Interestingly, 

treatment with the proteasome inhibitor, MG132, induced a significant level of 

apoptosis. More importantly, while MG132 showed general toxicity in control 

quiescent cells, the apoptotic level was significantly higher in AKThyper quiescent 

populations (Figure 2-9 and 2-10 a).  

  

We confirmed these results with two clinical-grade proteasome inhibitors, 

bortezomib and carfilzomib (Manasanch and Orlowski, 2017), with higher 

specificity than MG132 and different apoptotic assays (Figure 2-10, 2-11, and 2-

12). Intriguingly, these proteasome inhibitors exhibited both lowered general 

toxicity in control quiescent cells and increased selectivity in AKThyper quiescent 

populations (Figure 2-9 and 2-10). We further utilized Bortezomib to gain insights 

into factors contributing to this apoptotic response. Inhibiting the AKT 

downstream effector p70S6K with PF-4708671 or LY2584702 significantly 
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alleviated the apoptotic response in AKThyper quiescent populations (Figure 2-13 

a). Similar results were observed with two antioxidants, trolox and N-acetyl 

cysteine (NAC) (Figure 2-13 b). These results further highlighted the synergy 

between AKT hyperactivation and proteasome inhibition and a role for 

dysregulated protein and redox homeostasis in eliciting the selective apoptotic 

responses. Together, these studies identified a proteasome-vulnerability evoked 

by oncogenic AKT hyperactivation in the quiescent state, and support the 

feasibility of targeting selective mutant quiescent populations among normal non-

proliferating cells. 
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2.4 Discussion 

 
We exploited oncogene-driven quiescent homeostasis to design a 

selective targeting strategy for cytostatic tumor cells. Using an organotypic 

culture of non-transformed human mammary epithelial cells as a platform, we 

identified that AKT hyperactivation alters metabolism, and redox and protein 

homeostasis in a quiescent state. By exploiting dysregulated cellular controls, we 

found selective vulnerability to proteasome inhibitor-induced apoptosis in 

quiescent cell populations with AKT hyperactivation.  

 

Cell death can be mediated by mechanisms other than apoptosis. We 

detected proteasome inhibitor-induced apoptosis using cleavage of caspase-3 as 

a readout. Determining non-apoptotic cell death using cell impermeable dye 

could be a way to identify other attractive targets for synthetic-lethal targeting of 

quiescent oncogenic cells.  

 

From IPA analysis, we learned that AKT hyperactivation in a quiescent 

state alters many redox and protein homeostasis related canonical pathways. In 

addition to these pathways, exploiting other pathways identified from IPA 

analysis, such as Superpathway of Cholesterol Biosynthesis, could also be 

interesting. 
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Cytostatic tumor cell populations harboring other oncogenic drivers, such 

as Myc (Rueda et al., 2019) and Notch (Abravanel et al., 2015), that are found to 

be associated with cancer recurrence are also appealing targets. A model of 

quiescent non-transformed mammary epithelial cells with AKT hyperactivation 

that we used in the study can be amenable for identifying selective targeting 

strategies for those populations. 

 

Cellular controls of tumor cells in a cytostatic state that are unique from 

normal quiescent cells were unknown. From this study, we identified oncogene-

driven dysregulated quiescent homeostasis and showed that it can be exploited 

for designing selective targeting strategy for quiescent cell populations with 

oncogenic alteration. 
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2.5 Figures 

 

 

 

 

 

 

 

 
 
Figure 2-1. PI3K/PTEN/AKT signaling 

Activated phosphatidylinositol 3-kinase (PI3K) phosphorylates 

phosphatidylinositol-4,5-bisphosphate (PIP2) to produce phosphatidylinositol-

3,4,5-triphosphate (PIP3). AKT gets recruited from cytoplasm to the plasma 

membrane and by engaging with PIP3 with its pleckstrin homology (PH domain), 

AKT changes to its active conformation. One of the main negative regulators of 

the signaling pathway is phosphatase and tensin homolog (PTEN), which 

converts PIP3 to PIP2. Many of the targets of AKT are involved in key cellular 

processes, such as protein synthesis, survival, proliferation, and glucose 

metabolism (Fayard et al., 2005; Manning and Toker, 2017). 
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Figure 2-2. A model of quiescent mammary epithelial cells with AKT 

hyperactivation.   

a, Viral vectors for inducing AKT hyperactivation. rtTA, reverse tetracycline 

transactivator; TRE, tetracycline response element; Dox, doxycycline; myrAKT1, 

myristoylated AKT1. b, Timeline of 3D organotypic culture of MCF10A cells. 
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Figure 2-3. Growth arrest of 3D-cultured MCF10A cells.  

a, b, Representative images (a) and quantification (b) of early proliferating (Day 

6) and late growth-arrested (Day 18) acini with immunofluorescence for Ki67 

(proliferation marker). Scale bars, 10 µm. n = 100 acini from three independent 

experiments (mean ± s.e.m.). Statistical significance was determined by two-

tailed Student’s t-test. ***p<0.001. 
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Figure 2-4. Representative p-AKT immunofluorescence images of growth-

arrested acinar structures.  

On day 16, control and AKThyper cells were induced with 1 µg/ml doxycycline for 

48 hours. The acinar structures were immunostained for activated AKT 

(phospho-AKT ser473, p-AKT). Scale bars, 10 µm. 
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Figure 2-5. Maintenance of growth arrest in quiescent mammary epithelial 

cells after AKT hyperactivation.  

a, b, Representative images (a) and quantification (b) of Ki67 

immunofluorescence. Quantification of control in Figure 2-3. b is shown together 

with AKThyper acini. Scale bars, 10 µm. n = 100 acini from three independent 

experiments (mean ± s.e.m.).  
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Figure 2-6. Increased glucose consumption and lactate secretion in 

AKThyper quiescent cells.  

Glucose and lactate levels in media of control and AKThyper acini measured by 

glucose- and lactate-glo luminescence assays. n = 3 independent samples 

(mean ± s.d.). Statistical significance was determined by two-tailed Student’s t-

test. *p<0.05, ***p<0.001.  
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Figure 2-7. Altered redox and protein homeostasis in AKThyper quiescent 

cells.  

a, Representative images of CellROX Deep Red Reagent (oxidative stress) 

analysis. b, c, Western blot (b) and quantification of the relative band intensity of 

phospho-ribosomal protein S6 (Ser235/236) (p-S6) (c). d, Representative images 

of OPP (protein synthesis) analysis. e, Fold change of spliced-XBP1/unspliced-

XBP1 (s/uXBP1), ATF4 and CHOP mRNA levels (qPCR) in AKThyper acini 

compared to control. (a, d) Scale bars, 10 µm. (c, e) n = 3 independent samples 

(mean + s.d.). Statistical significance was determined by two-tailed Student’s t-

test. **p<0.01, ***p<0.001. 
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Figure 2-8. Dysregulated canonical pathways in AKThyper quiescent cells.  

The top ten dysregulated canonical pathways in AKThyper acini identified by IPA of 

quantitative mass spectrometry from control and AKThyper quiescent acini. 

Statistical significance was determined by Right-Tailed Fisher’s Exact Test. 
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Figure 2-9. Perturbing homeostatic controls altered by AKT hyperactivation 

in quiescent mammary epithelial cells.  

Quantification of the percentage of cleaved caspase-3 positive cells per acinus. 

Growth-arrested control and AKT-hyper cells (Day 16) were induced with 

doxycycline for 48 hr. Dox-induced cells were treated with vehicles (H2O, DMSO) 

or indicated compounds for 24 hr and immunostained for cleaved caspase-3. 

Compounds perturbing metabolism (20 µM chloroquine [autophagy], 50 µM 

phloretin [glucose uptake]), redox (50 µM buthionine sulfoximine (BSO) and 1 µM 

arsenic trioxide (As2O3)) and protein homeostais (1 µM GSK2606414 [PERK] 

and 1 µM MG132 [proteasome]) were used. n = 100 acini from three independent 

experiments (mean ± s.e.m.). Statistical significance was determined by two-way 

ANOVA. ***p<0.001 
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Figure 2-10. Selective targeting of AKThyper quiescent cells with proteasome 

inhibitors.  

a, Representative images of control and AKThyper cells immunostained for 

cleaved caspase-3 after 24 hr of vehicle (DMSO), 1 µM MG132, or 50 nM 

proteasome inhibitor (carfilzomib or bortezomib) treatment. Scale bars, 10 µm. b, 

Quantification of the percentage of cleaved caspase-3 positive cells per acinus 

after 24 hr of vehicle (DMSO), 50 nM carfilzomib, or 50 nM bortezomib treatment. 

n = 100 acini from three independent experiments (mean ± s.e.m.). Statistical 

significance was determined by two-way ANOVA. ***p<0.001 
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Figure 2-11. TUNEL assay of cell death in quiescent breast acinus 

populations after proteasome inhibitor treatment.  

a, b, Representative images (a) and quantification (b) of TUNEL staining for 

AKThyper and control quiescent cells 24 hr after vehicle (DMSO) or 50 nM 

bortezomib treatment. Scale bars, 10 µm. n = 100 acini from three independent 

experiments (mean ± s.e.m.). Statistical significance was determined by two-way 

ANOVA. ***p<0.001. 
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Figure 2-12. Ethidium monoazide bromide staining in quiescent breast 

acinus populations after proteasome inhibitor treatment.  

a, b, Representative images (a) and quantification (b) of ethidium monoazide 

bromide (EMA) staining for AKThyper and control quiescent cells 24 hr after 

vehicle (DMSO) or 50 nM bortezomib treatment. Scale bars, 10 µm. n = 45 acini 

from three independent experiments (mean ± s.e.m.). Statistical significance was 

determined by two-way ANOVA. ***p<0.001. 
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Figure 2-13. p70S6 kinase and redox dependent proteasome-vulnerability in 

AKThyper quiescent cells.  

a, b, Quantification of the percentage of cleaved caspase-3 positive cells per 

acinus. The control and AKThyper cells were immunostained for cleaved caspase-

3 after 24 hr of indicated treatments. 50 nM bortezomib together with vehicle 

(DMSO) or a p70S6k inhibitor (10 µM PF-4708671 or 1 µM LY2584702). PF, PF-

4708671; LY, LY2584702 (a). 50 nM bortezomib together with vehicles (water, 

DMSO) or an antioxidant (50 µM trolox or 2 mM N-acetyl cysteine (NAC)) (b). 

n⪴100 acini from three independent experiments (mean ± s.e.m.). Statistical 

significance was determined by two-way ANOVA. *p<0.05, ***p<0.001. 
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Chapter 3 : 

Synthetic-lethal targeting of cytostatic cancer cells with 

aberrant PI3K/AKT signaling activation using a proteasome 

inhibitor 
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3.1 Introduction 

 
From Chapter 2, we learned that hyperactivation of AKT signaling in a 

quiescent state confers proteasome vulnerability, allowing synthetic-lethal 

targeting of the oncogenic cells with proteasome inhibitors. Proteasomes are 

multi-subunit complexes. The 26S proteasome is composed of a core catalytic 

complex, 20S proteasome, and a 19S regulatory complex at both ends (Figure 

3-1) (Adams, 2004). The proteasome is a threonine protease that degrades 

unneeded or damaged intracellular proteins (Adams, 2004). 

 

Cytostatic tumor cells that harbor aberrant AKT activation are implicated in 

a subset of non-proliferating oncogenic cells that are primed to persist and evolve 

recurrent growth. In accordance with critical roles of AKT signaling in major 

cellular processes, such as proliferation, growth, metabolism and survival (Figure 

2-1), dysregulation of AKT signaling is frequent in cancer. Amplification or 

mutations in growth factor receptors, PIK3CA, AKT, or mutations or loss of tumor 

suppressor PTEN can cause AKT hyperactivation and promote tumor growth and 

progression (Janku et al., 2018; Manning and Toker, 2017). Notably, aberrant 

activation of AKT signaling in tumor cells is associated with drug resistance 

(O'Brien et al., 2010) and cancer relapse (Cicenas et al., 2005; Kallergi et al., 

2008).  
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Controlling tumor growth by arresting tumor cells in non-proliferating 

states became common with increased use of targeted cancer therapies. 

Dysregulation of cell cycle control is a hallmark of cancer (Hanahan and 

Weinberg, 2011), and cell cycle regulators have been attractive targets for 

cancer treatment. Palbociclib is a CDK4/6 inhibitor, which blocks pRb 

phosphorylation leading to growth-arrest of tumor cells (Finn et al., 2009). 

Lapatinib is a small-molecule inhibitor that targets receptor tyrosine kinase 

members, EGFR and Her2 which are often overexpressed in many tumors. It has 

shown to exhibit cytotoxic effects but also shown to induce growth-arrest in tumor 

cells (Rusnak et al., 2001). 

 

We investigated the extent to which the AKT-driven proteasome-

vulnerability of quiescent states may apply to using cytostatic models of tumor 

cells with aberrant AKT activation. Moreover, we investigated biological 

implications of targeting cytostatic tumor cells in paradigms of tumor regrowth 

after a cytostatic drug withdrawal in spheroid and mouse xenograft models of 

cytostatic tumors. We found that AKT-driven proteasome-vulnerability is 

preserved in cytostatic cancer cells and targeting cytostatic tumor cells reduces 

tumor regrowth after a cytostatic drug withdrawal. 
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3.2 Materials and Methods 

 
Cell culture 

MCF-10A, T47D, NCI-H1975, SKOV-3, and HEK293T cells were obtained from 

ATCC. ZR-75-1, HCC38, HCC1954, and SUM225 cells were a kind gift from Dr. 

Deepali Sachdev, Dr. Douglas Yee, Dr. Julie Ostrander (University of Minnesota 

Medical School), and Dr. Fariba Behbod (University of Kansas Medical Center). 

MCF-10A cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F-12) (Hyclone GE Healthcare Life Sciences) 

supplemented with 5% horse serum (Gibco), 20 ng/ml human recombinant 

epidermal growth factor (EGF) (PeproTech), 0.5 µg/ml hydrocortisone, 0.1 µg/ml 

cholera toxin, 10 µg/ml insulin (Sigma-Aldrich), 50 U/ml penicillin and 50 U/ml 

streptomycin (ThermoFisher Scientific). HEK293T, T47D, ZR-75-1, and NCI-

H1975 cells were cultured in Dulbecco’s High Glucose Modified Eagles Medium 

(DMEM/high glucose) supplemented with 10% fetal bovine serum (ThermoFisher 

Scientific), 15 mM HEPES (Sigma-Aldrich), 50 U/ml penicillin and 50 U/ml 

streptomycin. HCC38 and HCC1954 cells were cultured in Rosewell Park 

Memorial Institute-1640 (RPMI-1640) (Hyclone GE Healthcare Life Sciences) 

supplemented with 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate (Gibco), 

50 U/ml penicillin, and 50 U/ml streptomycin. SKOV-3 cells were cultured in 

McCoy’s 5A (Iwakata and Grace Modification) (Corning) supplemented with 10% 

FBS, 50 U/ml penicillin and 50 U/ml streptomycin. SUM225 cells were cultured in 

DMEM/F-12 supplemented with 5% FBS, 1 µg/ml hydrocortisone, 5 µg/ml insulin, 
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50 U/ml penicillin and 50 U/ml streptomycin. All cells were cultured in a 

humidified incubator with 5% CO2 at 37 oC. 

 

Three-dimensional (3D) cell culture 

MCF10A 

Three-dimensional culture was performed similarly as previously reported (Leung 

and Brugge, 2012). Matrigel Growth Factor Reduced Basement Membrane 

Matrix (Corning) gel beds were formed on 8-well chamber slides (ThermoFisher 

Scientific, #154534) and solidified for 50-80 minutes in 37 °C humidified 

incubator. Five thousand cells per well were seeded in the assay media 

(DMEM/F12, 2% horse serum, 5 ng/ml EGF, 0.5 µg/ml hydrocortisone, 0.1 µg/ml 

cholera toxin, 10 µg/ml insulin, 50 U/ml penicillin and streptomycin) 

supplemented with 2% Matrigel (Day 0). Media were refreshed every four days. 

Doxycycline induction (1 µg/ml) were performed on Day 16 unless indicated 

otherwise. Drug treatments were performed on Day 18. p70S6K inhibitors were 

added on the day of doxycycline induction and refreshed on Day 18. 

 

Cancer cell lines 

Matrigel gel beds were formed on 8-well chamber slides and solidified for 50 

minutes to 1 hour 20 minutes in a 37 °C humidified incubator. Five thousand cells 

per well were seeded in assay media (corresponding cell culture media with 5% 

FBS) supplemented with 2% Matrigel (Day 0). Cytostatic drugs were added one 

day after seeding (Day 1) and refreshed with media daily for additional five days 
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(Day 2 - Day 6) to establish the cytostatic condition. Treatments with inhibitors 

were performed on Day 7 along with the cytostatic drug for 24 hours. 

Experiments with AKT and p70S6K inhibitors were pre-treated from Day 5. 

 

Viral vectors  

pBABE-puro, pBABE-hygro and pBABE-neo were obtained from Addgene 

(#1764, #1765 and # 1767). The lentivector pLT-iGSP (IRES-GFP-SV40-puro) 

was generated by subcloning a SV40-puro cassette from the pBABE-puro 

plasmid and inserted downstream of the IRES-GFP cassette in the pLT-iG 

(IRES-GFP) lentivector. pLT-iG lentivector containing the tetracycline response 

element (TRE) from pTre-Tight (Clontech), multiple cloning sites, and a 

downstream IRES-GFP cassette from pIRES2-EGFP (enhanced green 

fluorescent protein) (Clontech) were described previously (Leung and Brugge, 

2012). pLT-myrAKT1-iGSP was generated by subcloning the myrAKT1 fragment 

from pLNCX myrAKT1 (Addgene #17245) into the pLT-iGSP vector. pBABE-

puro-H2B-GFP (Histone H2B fused to 5’ of EGFP in pBABE-puro) and pBABE-

hygro-rtTA (reverse tetracycline-controlled transactivator in pBABE-hygro) were 

previously reported (Leung and Brugge, 2012). pBABE-Bcl2-puro was generated 

by subcloning Bcl2 fragment from pcDNA-Bcl2 (Addgene) into pBABE-puro. pLT-

WT p53-iGSP, pLT-p53 L194F-iGSP, pBABE-WT p53-neo and pBABE-p53 

L194F-neo were generated by subcloning the WT p53 or p53 L194F fragment 

from pBS II-KS(-)-WT p53 or pBS II KS(-)-p53 L194F plasmids (Dharmacon) into 

either pLT-iGSP or pBABE-neo vector. Lentiviral pGIPZ shRNA constructs for 
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TP53 were obtained from Dharmacon (V3LHS-333919, V3LHS-333920 and 

V3LHS-404717). 

 

Virus production and cell line generation 

HEK293T cells were co-transfected with lentiviral vectors or retroviral vectors and 

corresponding packaging vectors, psPAX2 and pMD2.G (Addgene) or pCL-

Ampho (Imagenex) with TurboFect (ThermoFisher Scientific) according to vendor 

protocol. Viruses were collected on Day 3 and 4 following transfection, filtered 

through 0.45 µm filter, and stored at -80 °C until use. Stable cell lines were 

generated by transduction with the viral vectors and selection with 250 µg/ml 

hygromycin (ThermoFisher Scientific), 2 µg/ml puromycin (InvivoGen) or 1 mg/ml 

active G418.  

 

Immunofluorescence staining for three-dimensional culture 

Cells were rinsed once with phosphate-buffered saline (PBS) (ThermoFisher 

Scientific) and fixed in 4% paraformaldehyde (PFA) (Ted Pella Inc) at 37 °C for 

20 minutes and 4 °C for 15 minutes. 4% PFA was replaced with PBS, and the 

chamber slides were kept overnight at 4 °C. Cells were permeabilized in 0.5% 

Triton X-100/PBS for 10 minutes, then washed in glycine/PBS (100 mM glycine 

in PBS) for 10 minutes at room temperature. Cells were washed twice in IF buffer 

[7.7 mM sodium azide, 0.1% bovine serum albumin (BSA), 0.2% Triton X-100, 

0.04% Tween 20 (ThermoFisher Scientific) in PBS] for 10 minutes each. Cells 

were incubated in blocking buffer [IF buffer with 10% goat serum (ThermoFisher 
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Scientific)) for 1 hour. Primary antibodies were diluted in blocking buffer with 20 

µg/ml goat anti-mouse F(ab’)2 (Jackson ImmunoResearch Laboratories, Inc.) and 

incubated overnight in a humidified chamber at 4 °C or room temperature. 

Following primary antibodies in indicated dilution were used: Ki-67 (1:500), 

cleaved caspase-3 (1:200). Cells were washed three times in IF buffer for 20 

minutes each. Alexa Fluor®-conjugated anti-rabbit secondary antibodies were 

diluted (1:200) in blocking buffer and incubated in the dark at room temperature 

for 1 hour. Cells were washed in IF buffer for 20 minutes. Nuclei were 

counterstained in IF buffer with 1 µg/ml 4’,6-diamidino-2-phenylindole (DAPI) for 

15 minutes. Cells were washed twice in PBS for 10 minutes each and then 

mounted with Prolong Diamond Antifade reagent (Invitrogen). Slides were dried 

overnight in the dark at room temperature and stored at 4 °C. Samples were 

analyzed under Leica DMI 3000 fluorescent microscope with a 20X objective. 

Images were acquired using a Nikon A1RMP confocal microscope with a 25X 

CFI Apo LWD Objective at the University Imaging Centers. 

 

EdU cell proliferation assay 

Click-iT® Plus EdU Alexa Fluor® 555 Imaging Kit (Invitrogen) was used. After six 

days of vehicle (water or DMSO) or a cytostatic drug (1 µM palbociclib or 

lapatinib) treatment, 10 µM EdU (5-ethynyl-2’-deoxyuridine) was added to the 

media together with the cytostatic drug. After 24 hours, cells were fixed with 4% 

PFA and processed following the immunofluorescence staining protocol above. 

After TritonX-100, glycine and IF buffer washes, Click-iT® reaction was 
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performed according to vendor protocol. Samples were counterstained with DAPI 

and mounted with Prolong Diamond Antifade reagent. Samples were analyzed 

using Leica DMI 3000 fluorescent microscope with 20X objective. Statistical 

significance was determined by two-tailed Student’s t-tests. 

 

Western blotting 

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA buffer) with Halt 

protease and phosphatase inhibitor cocktail (ThermoFisher Scientific) for 5 to 15 

minutes on ice. Cells were scraped and collected into 2 ml microtubes and 

homogenized by passing five times through a 27-gauge needle. Samples were 

incubated for an additional 10 to 15 minutes on ice and centrifuged at 14,000 X g 

for 10 minutes at 4 °C, and supernatants were collected. Protein concentrations 

were determined using the bicinchoninic acid assay (BCA assay) (ThermoFisher 

Scientific). Samples with SDS-sample buffer (Boston BioProducts) were heated 

at 90 °C for 5 minutes. Samples were run on 4-20% Tris-Glycine gels (1.0 mm, 

10 wells) (Invitrogen) in Tris-Glycine SDS running buffer (Boston BioProducts) for 

35 minutes at 225 V. 0.45 µm PVDF membranes (ThermoFisher Scientific) were 

activated by incubating in methanol for 1 minute, rinsed with deionized water, 

and incubated in transfer buffer for more than 5 minutes. Samples were 

transferred to the membrane in transfer buffer (Boston BioProducts) with 10% 

methanol for 90 minutes at 100 mA on ice. Membranes were blocked in 5% BSA 

in Tris-Buffered Saline (Boston BioProducts) with 0.1% Tween20 (TBST) for 1 

hour at room temperature. Membranes were incubated with primary antibodies in 
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the blocking buffer overnight at 4 °C or 1 hour at room temperature. After 

washing in TBST, membranes were incubated with HRP-conjugated secondary 

antibodies for 1 hour at room temperature. Membranes were developed using 

Luminata Crescendo Western HRP substrate (EMD Millipore) and imaged using 

myECL Imager (ThermoFisher Scientific). Following primary antibodies in 

indicated dilution were used: Phospho-AKT (Ser473) (1:2,000), p53 (1:1,000), 

Bcl-2 (1:1,000), β-Actin (1:5,000). Following secondary antibodies in indicated 

dilution were used: HRP-linked anti-rabbit IgG (1:5,000), HRP-linked anti-mouse 

IgG (1:10,000). 

 

Chemicals 

The following concentrations were used unless indicated otherwise. Palbociclib 

(1 µM), Lapatinib (1 µM), Bortezomib (50 nM), PF4708671 (10 µM), and MK-

2206 (1 µM) were from Selleckchem. 4’,6-Diamidino-2-phenylindole (DAPI, 1 

µg/ml), and ABT-737 (1 µM) were from Sigma-Aldrich. Doxycycline (1 µg/ml, 

Research Products International). Hoechst 33342 (5 µg/ml, ThermoFisher 

Scientific).  

 

Antibodies 

Phospho-AKT (Ser473) (#4060), Cleaved caspase-3 (#9661), p53 (#2527), Bcl-2 

(#4223), Ki-67 (#9449, for mouse tissue immunofluorescence), HRP-linked anti-

rabbit IgG (#7074) and HRP-linked anti-mouse IgG (#7076) were from Cell 

Signaling. β-Actin (A1978) was from Sigma-Aldrich. Ki-67 (ab15580) was from 
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Abcam. Goat anti rabbit Alexa Fluor® 488 (A32731) and goat anti rabbit Alexa 

Fluor® 546 (A11035) was from Invitrogen. DyLight 549 Streptavidin (SA-5549) 

was from Vector Laboratories. 

 

Live cell imaging 

Matrigel gel beds were formed on a coverglass bottom 8-well chamber slide. Five 

thousand per well of T47D cells expressing H2B-GFP were seeded in phenol red 

free assay media supplemented with 2% Matrigel. Media with palbociclib were 

added the day after seeding to make the final concentration to 1 µM. Afterward, 

the media were refreshed daily with palbociclib for five days. On Day 7, cells 

were treated with either vehicle or 50 nM bortezomib together with palbociclib. 

Cells were imaged using a Leica SPE inverted confocal microscope with a 20X 

objective. Image stacks were taken every 20 minutes with 2-micron step-size for 

48 hours under an environmental-controlled chamber (humidified, 5% CO2 and 

37 oC) (Tokai Hit). 3D reconstruction and time-lapse videos were generated using 

Imaris software and ImageJ. 

 

Tumor spheroid regrowth assay 

Three thousand cells per well were seeded as the three-dimensional cell culture 

protocol above. On Day 8, 24 hours after a proteasome inhibitor treatment, cells 

were rinsed once with PBS, and replaced with fresh cell culture media (10% 

FBS). The media were refreshed on Day 9. From Day 9, the media were 

refreshed every three days. On Day 16, cells were counterstained with Hoechst 
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33342 (ThermoFisher Scientific) in a humidified incubator with 5% CO2 at 37 oC 

for 30 minutes. Cells were rinsed twice with PBS and fixed with 4% PFA or 

stayed in fresh cell culture media. Images were taken using a Leica DMI 3000 

fluorescent microscope with a 10X objective. For each condition, one to four 

images were taken per well from four wells. The total number of nuclei of each 

spheroid was counted. On Day 16 (end of the experiments), spheroids with more 

number of nuclei than the average plus standard deviation at the cytostatic state 

(Day 7) was scored as regrowth. Statistical significance was determined by two-

tailed Student’s t-tests. 

 

Mouse xenograft 

Six to seven weeks old female NU/J mice were used (Jackson Laboratory). Mice 

were anesthetized with isoflurane and implanted with a 17β-estradiol pellet (0.36 

mg/pellet, 60 days release) (Innovative Research of America) subcutaneously in 

the neck the day before cancer cell injection. Mice were anesthetized with 

ketamine/xylazine mixture (90 mg/kg ketamine and 7.5 mg/kg xylazine) (Akorn) 

by intraperitoneal injection. One million T47D cells in 50% Matrigel (1:1 PBS-

Matrigel) were injected subcutaneously on both sides of the flank of the mouse 

with pre-chilled 25-gauge needles. For growth arrest analysis, mice were treated 

with vehicle (water) or 100 mg/kg palbociclib daily via oral gavage from one day 

after tumor cell injection for 6 days. After 6 days of daily palbocilcib 

administration, mice were sacrificed, and isolated tumors were fixed in 10% 

formalin for 24 hours. Fixed tumors were transferred to 70% ethanol and later 



 61 

embedded in paraffin. For determining apoptosis, after 6 days of daily palbociclib 

administration, mice were anesthetized with isoflurane, and treated with 0.8 

mg/kg bortezomib or vehicle (0.42% DMSO) intratumorally (Petrocca et al., 

2013). The tumors were harvested 24 hours after the bortezomib treatment, 

fixed, and paraffin-embedded. For tumor regrowth after treatment-cessation, 

mice were treated with bortezomib every three days for four times. Mice were 

treated with daily 100 mg/kg palbociclib for two additional days after the last dose 

of bortezomib. Tumor sizes were measured every 3-4 days with a caliper from 

the first day of the initial Bortezomib treatment dose until 25 days after cessation 

of all treatment (75% of the 17β-estradiol pellet release capacity) to monitor 

regrowth. Tumor volume was calculated by ellipsoid volume formula (𝜋/6 × length 

× width2). Statistical significance was determined by two-tailed Student’s t-tests. 

Animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Minnesota (protocol 1610-34245A). 

 

Immunofluorescence staining for mouse tissues 

Tissue sections (7 µm thick) were de-paraffinized in xylene, rehydrated in graded 

ethanol, and washed in PBS. Slides were processed for antigen retrieval by 

heating in Antigen Unmasking Solution (Vector Laboratories) for 30 minutes. 

Tissue sections were stained using Mouse on Mouse (M.O.M.) Basic Kit (Vector 

Laboratories, #BMK-2202) according to vendor protocol. Following primary and 

secondary antibodies in indicated dilution were used: Ki-67 (1:100), Cleaved 

caspase-3 (1:100), Goat anti-Rabbit Alexa Fluor® 488 (1:200), DyLight 549 
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Streptavidin (1:200). Slides were counterstained with DAPI for 5 minutes. Slides 

were washed twice in PBS for 5 minutes each and then mounted with Prolong 

Diamond Antifade reagent. Slides were dried overnight in the dark at room 

temperature and stored at 4 °C. Images were taken using a Leica DMI 3000 

fluorescent microscope with a 20X objective. Four to six different tumors for each 

condition were analyzed using CellProfiler 3.1.8. Statistical significance was 

determined by two-tailed Student’s t-tests. 
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3.3 Results 

 
Sensitivity of cytostatic breast cancer cells to proteasome inhibition 

We utilized a panel of breast cancer cell lines harboring activating PIK3CA 

mutations or having low expression of PTEN, and a cytostatic condition mediated 

by the clinical-grade CDK4/6 inhibitor palbociclib that inhibits cell proliferation 

independent of AKT and has well-characterized cytostatic properties (Finn et al., 

2009). These cancer cells were cultured on reconstituted basement materials 

and treated with palbociclib or vehicle for six days with daily media refreshment. 

Consistent with previous reports, cell proliferation was significantly reduced (EdU 

labeling, Figure 3-2 a). Notably, most cells under palbociclib treatment assumed 

cellular quiescence (Figure 3-2 b, c). Importantly, AKT hyperactivation was 

sustained in the quiescent state (Figure 3-2 d). 

 

 We examined the effects of proteasome inhibition in these cytostatic 

cancer cell models. Bortezomib treatment induced significant apoptosis in two of 

the three cell lines, T47D and HCC38 (T47D; 62.8 ± 7.1%, HCC38; 31.3 ± 8.0%) 

(Figure 3-3). Cell death without undergoing division was further confirmed by live-

cell imaging of the cytostatic T47D cells indicating apoptotic features of DNA 

fragmentation and chromatin condensation (Figure 3-4, Supplementary Video 1 

and 2). Importantly, the apoptosis levels were 20.5 ± 3.7 (T47D) and 10.2 ± 3.0 

(HCC38) folds higher than the non-transformed breast cells (MCF10A, 3.1 ± 

0.4%), indicating a high selectivity between malignant and normal cytostatic cells 
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(Figure 3-5). Notably, the two responsive breast cancer cell lines are derived 

from different breast cancer subtypes and harbor different alterations that cause 

AKT hyperactivation (T47D, luminal A, PIK3CAH1047R; HCC38, triple-negative, 

PTEN-loss). 

 

Targeting efficacy in diverse cancer cell types and cytostatic conditions 

We extended our studies to other cytostatic conditions and cancer types. 

Bortezomib also induced significant apoptosis in the breast cancer cell line 

HCC1954 (Her2+, PIK3CAH1047R) (Figure 3-7) under cytostatic treatment with 

lapatinib (Figure 3-6 a-c), a dual EGFR/HER2 receptor tyrosine kinase inhibitor 

with cytotoxic and cytostatic effects (Rusnak et al., 2001). Importantly, cytostatic 

HCC1954 cells sustained aberrant AKT activation under lapatinib treatment 

(Figure 3-6 d). By contrast, SUM225, a HER+ breast cancer cell line with PTEN-

loss, which did not sustain AKT hyperactivation under lapatinib, was not sensitive 

to bortezomib treatment (Figure 3-6 d and 3-7). Furthermore, two lung and 

ovarian adenocarcinoma cell lines (NCI-H1975 and SKOV3) that harbor PIK3CA 

mutations and sustain aberrant AKT activation under the cytostatic effects of a 

CDK4/6 inhibitor were sensitive to proteasome inhibition (Figure 3-8 and 3-9). 

 

Sensitivity to proteasome inhibition at cytostatic states is AKT-dependent 

Among the cancer cell models with aberrant PI3K/AKT signaling activation 

tested, only those sustaining AKT hyperactivation under cytostatic treatments 

were sensitive to proteasome inhibition (Figure 3-2 d, 3-3 a, b, Figure 3-6 d, 3-7, 
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Figure 3-8 b, Figure 3-9). To directly examine the synergy between sustained 

AKT hyperactivation and proteasome inhibition, we tested the effects of inhibiting 

AKT on the apoptotic response to bortezomib. Interestingly, AKT inhibition 

induced apoptosis in a subset of cytostatic cancer cell models (Figure 3-10), 

highlighting the role of AKT activation in supporting cell survival under continual 

cytostatic treatments. Importantly, in the subset of cancer cells where aberrant 

AKT activation was dispensable for survival in the cytostatic treatment conditions 

(Figure 3-10), inhibiting AKT signaling or the downstream effector p70S6K 

reduced the apoptotic effects of proteasome inhibition (Figure 3-11), indicating 

that the proteasome-vulnerability is dependent on sustained AKT hyperactivation. 

Altogether, these data indicated that the quiescent-state proteasome-vulnerability 

is preserved in malignant cells harboring aberrant AKT activation and 

demonstrated the broad efficacy of its therapeutic exploitation for targeting 

cytostatic tumor populations from different breast cancer subtypes, epithelial 

tissue origins and arresting conditions.  

 

Mechanistic insights into the proteasome inhibitor-induced apoptosis in 

cytostatic breast cancer cells 

Through what mechanism proteasome inhibitors induce cell death 

generally seems to be unclear and different among cell types (Almond and 

Cohen, 2002). To better understand the mechanism and potential biomarker for 

drug sensitivity in the case of non-proliferating breast cancer cells, expression of 

several proteins that may affect the cell death were examined. Two most 
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significant differences between proteasome inhibitor sensitive and resistant 

breast cancer cells were the expression of Bcl-2 and p53.  

 

Unlike ZR-75-1 cells, the expression of anti-apoptotic protein Bcl-2 was 

undetectable in T47D and HCC38 cells. To determine if Bcl-2 plays a role in 

proteasome inhibitor resistance, we generated T47D cells expressing Bcl-2 

(T47D Bcl-2) at a comparable level to ZR-75-1 cells (Figure 3-12 a); however, 

expressing Bcl-2 did not protect the cells from proteasome inhibitor-induced 

apoptosis (Figure 3-12 b). Consistent with what we have seen in T47D Bcl-2 

cells, treating ZR-75-1 cells with a Bcl-2 inhibitor, ABT-737, did not affect 

proteasome inhibitor sensitivity in ZR-75-1 cells (Figure 3-13).  

 

Both T47D and HCC38 cells have a mutation in p53 (L194F and R273L 

respectively) allowing them to express it in a much higher level compared to ZR-

75-1 cells which have wild type p53. To determine if p53 expression affects the 

sensitivity of cells to proteasome inhibitor-induced cell death, we first 

overexpressed the same mutant p53 as T47D cells (p53 L194F) in ZR-75-1 cells 

(ZR-75-1 p53) and AKThyper quiescent cells (AKThyper p53). Even though ZR-75-1 

p53 cells were still resistant to bortezomib-induced apoptosis (Figure 3-14), 

mutant p53 overexpression in AKThyper quiescent cells enhanced cell death 

(Figure 3-15). Also, short hairpin RNA (shRNA) knockdown of p53 did not affect 

bortezomib-induced apoptosis in T47D cells; however, shRNA that showed the 

largest knockdown of p53 attenuated the cell death in HCC38 cells (Figure 3-16). 
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These suggest that p53 can affect proteasome inhibitor-induced cell death in a 

certain type of breast cancer cells, possibly in basal cells.  

 

Targeting cytostatic tumor cells reduces recurrence in spheroid and mouse 

models 

To gain insights into the biological implications of targeting cytostatic 

tumor populations, we utilized paradigms of tumor regrowth after cytostatic drug 

withdrawal. T47D spheroids were first treated with palbociclib for six days to 

induce a cytostatic state (Figure 3-17 a). Cytostatic spheroids were then treated 

with bortezomib or vehicle for 24 hours before washing off the drugs and 

replacing them with normal growth media (Figure 3-17 a). Most spheroids treated 

with vehicle regrew in 8 days (Figure 3-17b), indicating that the cytostatic effect 

was not permanent. Importantly, transient bortezomib treatment significantly 

reduced the number of spheroids that regrew (Figure 3-17 b). Moreover, the 

small number of spheroids that regrew were notably smaller in size (Figure 3-17 

b). Similar results were also observed in the triple-negative breast cancer cell line 

HCC38 and lung cancer cell line NCI-H1975 (Figure 3-17 c).   

 

We further tested the effects of targeting cytostatic tumor cells in a 

xenograft model of growth-arrested T47D cells under palbociclib treatment 

(Figure 3-18, Figure 3-19 a, Figure 3-20 a). Consistent with our in vitro data, 

Bortezomib, but not vehicle, treatment induced significant apoptosis in the 

cytostatic cancer cells (Figure 3-19 b, c). Upon withdrawal of the cytostatic drugs, 
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the bortezomib-treated tumors remained stable after initial reduction in size for at 

least three weeks while the control tumors begin to grow and continually increase 

in size (Figure 3-20 b). Together, these data suggested a preventive role for 

targeting cytostatic tumor conditions in delaying or reducing tumor recurrence 

after treatment cessation. 
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3.4 Discussion 

 
We tested if synthetic-lethal targeting strategy devised by studying AKT-

driven quiescent cell properties in non-transformed mammary epithelial cells can 

be applied to cytostatic tumor cells with aberrant PI3K/AKT signaling activation. 

AKT-driven proteasome-vulnerability was observed in diverse breast cancer 

subtypes, epithelial tissue origins, and cytostatic conditions. Moreover, targeting 

cytostatic tumor cells with proteasome-inhibitor significantly reduced recurrent 

growth after drug withdrawal in spheroid and mouse xenograft models. 

 

Sustained AKT hyperactivation in the cytostatic cancer cells and 

responsiveness to our targeting approach showed a strong correlation, but not all 

cancer cells could be targeted (Figure 3-3). The mechanism of proteasome 

inhibitor-induced cell death seems to vary among cancer cell types (Almond and 

Cohen, 2002), suggesting that additional genetic or cellular factors can modulate 

the response. Our study in palbociclib-arrested breast cancer cells and non-

transformed mammary epithelial cells with AKT hyperactivation suggested that 

p53 may play a role in proteasome inhibitor-induced apoptosis, possibly in basal 

cells. Also, while culturing cancer cells, we noticed that ZR-75-1 cells that were 

not sensitive to a proteasome inhibitor-induced apoptosis proliferate much slower 

compared to other proteasome inhibitor sensitive cancer cells in regular growth 

condition without a cytostatic drug. Basal proliferation rate of cancer cells may be 

indicative of metabolic activity in a cytostatic state. Considering that altered redox 
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and protein homeostasis are the basis of AKT-driven proteasome-vulnerability in 

a quiescent state, determining metabolic activity in cytostatic tumors cells may be 

informative in predicting the drug sensitivity.  

 

This study has demonstrated that AKT-driven proteasome vulnerability is 

preserved in cytostatic tumor cells harboring aberrant AKT activation, and 

suggested that targeting tumor cells while cytostatic may be a good strategy to 

delay or prevent recurrent tumor growth. 
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3.5 Figures 

 

 

 

 

 

 

 

 

Figure 3-1. Proteasome structure 

The 20S proteasome and the 19S regulatory complex form 26S proteasome. The 

20S proteasome is composed of four heptameric rings. α-Subunits form outer 

rings and enzymatically active β-subunits form inner rings. The proteasome is a 

threonine protease. Three of the seven β-subunits, β1, β2 and β5, are associated 

with distinct proteolytic activities: caspase-like, trypsin-like and chymotrypsin-like. 

The 19S regulatory complex consists of two subcomplexes. The base contains 

six ATPases and four non-ATPase subunits. ATP hydrolysis is required for the 

formation of 26S proteasome and protein unfolding. The lid consists of nine 

different subunits and plays a role in processing ubiquitylated proteins. 
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Figure 3-2. Palbociclib-arrested breast cancer cells.  

a, Quantification of the percentage of EdU positive cells. Cells were treated with 

vehicle (water) or 1 µM palbociclib for 6 days and pulsed with 10 µM EdU for 24 

hr. b, c, Representative images of 3D-cultured breast cancer cells treated with 

vehicle (water) or 1 µM palbociclib for 6 days immunostained for Ki67 (b) and 

quantification of percentage of Ki67 positive cells (c). d, Western blot indicating 

sustained p-AKT levels in the cytostatic breast cancer cells (V, vehicle; P, 

palbociclib). (a, c) n = 3 independent experiments (mean + s.d.). Statistical 

significance was determined by two-tailed Student’s t-test. **p<0.01, ***p<0.001 



 74 

 

 

 

 

 

 

 

 

 

 

 

a 

b 

T47D HCC38 ZR-75-1
0

20

40

60

80

%
 o

f c
-c

as
pa

se
-3

+  
ce

lls ***

*

Bortezomib
Vehicle

T47D ZR-75-1 

Ve
hi

cl
e 

HCC38 

DAPI / Cleaved caspase-3 

Bo
rte

zo
m

ib
 



 75 

Figure 3-3. Proteasome-vulnerability in palbociclib-arrested breast cancer 

cells.  

a, b, Representative images of palbociclib-arrested breast cancer cells treated 

with vehicle (DMSO) or 50 nM bortezomib for 24 hr and immunostained for 

cleaved caspase-3 (a) and quantification of the percentage of cleaved caspase-3 

positive cells (b). n = 3 independent experiments (mean + s.d.). Statistical 

significance was determined by two-tailed Student’s t-test. *p<0.05, ***p<0.001.  
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Figure 3-4. Confocal live-imaging of cytostatic T47D cells under bortezomib 

treatment.  

a, b, Timeline (a) and 3D-reconstructed video frames of palbociclib-induced 

cytostatic T47D cells under vehicle (DMSO) or 50 nM bortezomib (b). White 

arrows and asterisk designate nuclei with DNA fragmentation and chromatin 

condensation respectively. Green, H2B-GFP. 
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Figure 3-5. Selective targeting of cytostatic breast cancer cells with 

bortezomib. 

Fold changes of apoptotic levels induced by bortezomib under palbociclib 

treatment showing high selectivity to cytostatic cancer cells (T47D and HCC38 

data from Figure 3-3 b) over control non-transformed MCF10A cells. n = 3 

independent experiments (mean + s.d.). Statistical significance was determined 

by two-tailed Student’s t-test. ***p<0.001.  
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Figure 3-6. Lapatinib-arrested Her2+ breast cancer cells.  

a-c, Cells were treated with vehicle (DMSO) or 1 µM lapatinib for 6 days and 

immunostained for Ki67 (a) or pH3 (b). In the case of EdU (c), cells were pulsed 

with 10 µM EdU for 24 hr after 6 days of the treatment. n = 3 independent 

experiments (mean + s.d.). Statistical significance was determined by two-tailed 

Student’s t-test. *p<0.05, **p<0.01, ***p<0.001. d, Western blot for pAKT in 

HCC1954 and SUM225 cells treated with vehicle (DMSO) or 1 µM lapatinib for 6 

days. 



 80 

 

 

 

 

 

 

 

 

 

Figure 3-7. Proteasome-vulnerability in lapatinib-arrested breast cancer 

cells. 

Quantification of apoptotic response in lapatinib-mediated cytostatic HCC1954 

and SUM225 cells after 24 hr of vehicle (DMSO) or 50 nM bortezomib treatment. 

n = 3 independent experiments (mean + s.d.). Statistical significance was 

determined by two-tailed Student’s t-test. ***p<0.001. 
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Figure 3-8. Palbociclib-arrested lung and ovarian cancer cells.  

a, Quantification of the percentage of Ki67 positive cells. Cells were treated with 

vehicle (water) or 2 µM palbociclib for 6 days and immunostained for Ki67. n = 3 

independent experiments (mean + s.d.). Statistical significance was determined 

by two-tailed Student’s t-test. **p<0.01, ***p<0.001. b, Western blot for pAKT in 

NCI-H1975 and SKOV3 cells treated with vehicle (water) or 2 µM palbociclib for 6 

days. 
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Figure 3-9. Proteasome-vulnerability in palbociclib-arrested cancer cells 

from different tissue origins.  

Quantification of apoptotic response in palbociclib-mediated cytostatic NCI-

H1975 (lung) and SKOV-3 (ovarian) cancer cells after 24 hr of vehicle (DMSO) or 

50 nM bortezomib treatment. n = 3 independent experiments (mean + s.d.). 

Statistical significance was determined by two-tailed Student’s t-test. **p<0.01. 
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Figure 3-10. AKT signaling inhibition in the cytostatic cancer cells.  

Fold change of the percentage of cleaved caspase-3 positive cells of cytostatic 

cancer cells treated with 1 µM MK-2206 compared with the cells treated with 

vehicle (DMSO). The cells were treated the AKT inhibitor or vehicle for 72 hr and 

immunostained for cleaved caspase-3. n = 3 independent experiments (mean + 

s.d.). Statistical significance was determined by two-tailed Student’s t-test. 

**p<0.01, ***p<0.001. 
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Figure 3-11. AKT-dependent proteasome-vulnerability in palbociclib-

arrested cancer cells.  

Effects of AKT and p70S6K inhibitor on alleviating bortezomib-induced apoptotic 

response in cytostatic cancer cells. The cells were treated with 50 nM bortezomib 

together with vehicle (DMSO) or an inhibitor (1 µM MK-2206 or 10 µM PF-

4708671) for 24 hr and immunostained for cleaved caspase-3. n = 3 independent 

experiments (mean + s.d.). Statistical significance was determined by two-tailed 

Student’s t-test. *p<0.05, ***p<0.001. 
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Figure 3-12. Bcl-2 overexpression and its effect on proteasome 

vulnerability in cytostatic T47D cells.  

a, Western blot for Bcl-2 in T47D, T47D-Bcl2, and ZR-75-1 (ZR) cells. b, 

Quantification of the percentage of cleaved caspase-3 positive cells. Palbociclib-

arrested control and T47D-Bcl2 cells were treated with 50 nM bortezomib for 24 

hr and immunostained for cleaved caspase-3. n = 3 independent experiments 

(mean + s.d.). Statistical significance was determined by two-tailed Student’s t-

test. 
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Figure 3-13. The effect of Bcl-2 inhibitor treatment on proteasome inhibitor 

sensitivity in cytostatic ZR-75-1 cells.  

Quantification of the percentage of cleaved caspase-3 positive cells. Palbociclib-

arrested ZR-75-1 cells were treated with vehicle (DMSO) or 1 µM ABT-737 

together with 50 nM bortezomib for 24 hr and immunostained for cleaved 

caspase-3. n = 3 independent experiments (mean + s.d.). Statistical significance 

was determined by two-tailed Student’s t-test. 
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Figure 3-14. The effect of mutant p53 expression on proteasome inhibitor 

sensitivity in cytostatic ZR-75-1 cells.  

Quantification of the percentage of cleaved caspase-3 positive cells. Palbociclib-

arrested control and ZR-75-1 p53 cells were treated with 50 nM bortezomib for 

24 hr and immunostained for cleaved caspase-3. n = 3 independent experiments 

(mean + s.d.). Statistical significance was determined by two-tailed Student’s t-

test.  
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Figure 3-15. Enhanced proteasome inhibitor sensitivity in AKThyper 

quiescent cells by mutant p53 overexpression.  

a, b, Representative images of control and AKThyper p53 acini treated with vehicle 

(DMSO) or 50 nM bortezomib for 24 hr and immunostained for cleaved caspase-

3 (a) and quantification of the percentage of cleaved caspase-3 positive cells (b). 

Scale bars, 10 µm. n = 100 acini from three independent experiments (mean ± 

s.e.m). Statistical significance was determined by two-way ANOVA. ***p<0.001. 
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Figure 3-16. p53 Knockdown and its effect on proteasome vulnerability in 

palbociclib-arrested breast cancer cells.  

a, Western blot for p53 in T47D cells with non-silencing control or three different 

p53 shRNA. b, c, Quantification of the percentage of cleaved caspase-3 positive 

cells in T47D (b) and HCC38 cells (c). Palbociclib-arrested T47D and HCC38 

cells with indicated shRNA were treated with 50 nM bortezomib for 24 hr and 

immunostained for cleaved caspase-3. n = 3 independent experiments (mean + 

s.d.). Statistical significance was determined by two-tailed Student’s t-test. 

*p<0.05. 
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Figure 3-17. Reduced tumor regrowth in spheroid models of recurrence by 

transient bortezomib treatment at cytostatic states.  

a, Timeline of tumor spheroid regrowth assay. b, Representative images of T47D 

cells 24 hr after vehicle (DMSO) or 50 nM bortezomib (Day 8). Images of 

regrowth from the same field four (Day 12) and eight (Day 16) days after drug 

withdrawal. c, Quantification of tumor spheroid regrowth determined on Day 16. n 

= 4 independent experiments (mean + s.d.). Statistical significance was 

determined by two-tailed Student’s t-test. **p<0.01, ***p<0.001. 
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Figure 3-18. Palbociclib-induced growth arrest of T47D xenografts.  

a, Timeline of mouse T47D xenograft and treatment. b, c, Representative images 

of tissue sections from a mouse treated with vehicle (water) or 100 mg/kg 

palbociclib immunostained for Ki67 (b) and quantification of the percentage of 

Ki67 positive cells (c). n = 4 tumors (mean + s.d.). Statistical significance was 

determined by two-tailed Student’s t-test. *p<0.05. 
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Figure 3-19. Palbociclib-induced apoptosis in T47D xenografts.  

a, Timeline of mouse T47D xenograft and treatment. b, c, Representative images 

(b) and quantification of cleaved caspase-3 immunofluorescence on tissue 

sections from xenograft tumor treated with vehicle (0.42% DMSO) or 0.8 mg/kg 

bortezomib (c). n = 5-6 tumors (mean + s.d.). Statistical significance was 

determined by two-tailed Student’s t-test. **p<0.01.
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Figure 3-20. Reduced tumor regrowth in a xenograft model of recurrence by 

transient bortezomib treatment at cytostatic states.  

a, Timeline of xenograft tumor regrowth assay. b, Quantification of tumor volume. 

Blue arrow designates the time of palbociclib withdrawal. n = 5-6 tumors (mean ± 

s.d.). Statistical significance was determined by two-tailed Student’s t-test. 

*p<0.05 (Day 7 vs Day 19), †p<0.05 (Day 19 vs Day 44). 
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Chapter 4 : 

Conclusions and future directions 
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4.1 Thesis summary 

 
Tumor cells sustaining at cytostatic states underlie a chronic condition with 

minimal expansion and slower clonal selection and evolution (Nowell, 1976), 

which should offer a prime opportunity for treatment before resistance can 

emerge. However, targeting tumor cells in non-proliferating states has been 

elusive. In this study, we devised a targeted strategy for cytostatic tumor 

populations by exploiting oncogene-driven synthetic-lethal vulnerabilities in 

quiescent states, and provided data supporting an efficacy of targeting tumor 

cells under cytostatic treatment conditions on improving treatment outcomes in 

spheroid and animal models of tumor recurrence.  

 

4.2 Future directions 

 
The current work focused on oncogenic AKT hyperactivation and 

demonstrated a synthetic-lethal targeting approach that showed efficacy in 

diverse breast cancer subtypes, epithelial tissue origins, and cytostatic 

conditions. Cytostatic cancer conditions likely involve heterogeneous tumor 

populations within individuals. Our bottom-up approach of exploiting general 

effects of key oncogenic drivers on non-proliferating states may contribute to its 

broad efficacy. Such a designing approach may be amenable to devise targeting 

strategies for diverse cytostatic populations that share common core oncogenic 

alterations.  

 



 97 

Cytostatic states with sustained AKT hyperactivation in the cancer cells 

strongly predict the responsiveness to our targeting approach, but not all showed 

positive response (Figure 3-3 a, b). While the underlying mechanism is unclear, it 

suggests that additional genetic or cellular factors can modulate the response. 

This also highlighted the importance of further delineating cellular controls at 

non-proliferating states and developing additional targeting strategies specific for 

cytostatic tumor cells. Genetic studies have identified other key oncogenic 

drivers, such as Myc (Rueda et al., 2019) and Notch (Abravanel et al., 2015), that 

are associated with cancer recurrence. Exploring their effects on cellular controls 

at non-proliferating states and exploiting vulnerabilities evoked by those changes 

could provide the basis for devising novel therapeutic strategies to erode critical 

pools of genetically predisposed cytostatic tumor populations.  

 

4.3 Concluding remarks 

 
In addition to treatment-induced cytostatic tumor cells investigated here, 

other non-proliferating or slowly proliferating oncogenic populations such as 

stem-like, circulating, and disseminated cancer cells are also associated with 

chronic conditions predictive of relapses but currently managed only by passive 

monitoring (Chen et al., 2012; Muller et al., 2005; Pantel and Brakenhoff, 2004; 

Pantel et al., 2008). Devising strategies for depleting tumor cells in non-

proliferating states could open new therapeutic opportunities for pre-emptive 

targeting during chronic cancer conditions to delay or prevent cancer relapses.  
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