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Pancreatic ductal Adenocarcinoma (PDA) is an aggressive and lethal disease that 

lacks an adequate treatment. Given that patients with PDA only marginally benefit from 

the current therapies, there is an urgent need to develop more effective approaches that 

specifically target PDA. Because a significant portion of PDA tumors lose p16 

expression and often over-express Cyclin D1, we hypothesized that CDK4/6 activity is 

deregulated leading to uncontrolled proliferation. Thus, PDA would represent a good 

candidate for treatment with recently developed CDK4/6 inhibitors. 
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 Our study first investigated the sensitivity of PDA cells to CDK4/6 inhibition and 

found that PDA cells exhibit variable responses to CDK4/6 inhibition, incling models 

that display significant resistance. Interestingly, these models showed a novel mechanism 

of resistance to CDK4/6 inhibition. Prior to this study, RB loss was the only mechanism 

known to circumvent CDK4/6 inhibition. However, herein, we uncovered that CDK4/6 

inhibition can lead to aberrant Cyclin E expression, which can compensate for CDK4/6 

activity loss and maintain RB in a hyper-phosphorylated state. Subsequent findings 

demonstrated that this resistance could be blocked by combination therapy with MTOR 

inhibitors, which prevented aberrant Cyclin E expression and reinforced RB activation.  

Our second study found that prolonged CDK4/6 inhibition led to an altered 

metabolic state with an increased in oxidative respiration and glycolysis accompanied by 

mitochondria accumulation and increase cellular complexity. This heightened metabolic 

state was mediated by MTOR signaling, which activity was stimulated by amino acid 

accumulation and an increase in lysosome production in CDK4/6 treated PDA cells. 

Lastly, we unveiled new combination therapies that targeted the altered metabolism state 

of CDK4/6 inhibitor treated cells by impinging on antioxidants such as Hemoxygenase 1 

(HO-1) and catalase (CAT), whose expression was enhanced post treatment, or by 

targeting BCL-2/BCL-XL using  ABT-737.  

Taken together our data demonstrate that targeting PDA with CDK4/6 inhibitors can 

represent an efficacious route for treatment.   Activation of  MTOR and perhaps other 

signaling pathways likely contribute to intrinsic and acquired resistance to CDK4/6.   

These combined data would support the combined use of CDK4/6 with MTOR inhibitors 

and other agents for the treatment of pancreatic cancer.  
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CHAPTER I: General Introduction 

1.1: Pancreas’ Anatomy and Function: 

The pancreas is located behind the lower portion of the stomach. It is surrounded 

by the spleen, small intestine, gallbladder and duodenum. It is composed of three main 

sections: the head, body, and tail. This organ has two distinct functions: an endocrine and 

exocrine function.  The endocrine component of the pancreas is made up of islet cells, 

which are ubiquitously located in the pancreatic parenchyma. They are responsible for 

the production and secretion of important hormones such as insulin and glucagon. These 

molecules maintain adequate blood glucose levels, which are essential for proper organ 

homeostasis. The pancreas also contains exocrine glands that secrete zymogens, pro-

enzymes, and bile into the intestine, which facilitate carbohydrate, fat, and protein 

digestion. These molecules are shuttled via a network of ducts that are branched 

throughout the pancreatic parenchyma and drained into the duodenum. It is here in these 

ducts that 95% of all pancreatic tumors develop. These tumors are referred to as 

Pancreatic Ductal Adenocarcinomas (PDA)[1].  

 

1.2: Pancreatic Ductal Adenocarcinoma’s  Epidemiology and Etiology: 

PDA has a dire prognosis with a 5-year survival rate of less than 5%. It is 

recognized as the 4th leading cause of cancer deaths in the United States (US), but it has 

also been projected that in the next decade PDA will become the 2nd leading cause of 

cancer deaths[2]. This ascent is the result of an increasing survival trend seen in patients 

with breast and prostate cancers due to more effective screening and/or more efficacious 

therapies, which currently lead PDA in cancer deaths, while no significant progress is 
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predicted in PDA. There are about 50,000 new cases of PDA diagnosed every year in the 

US with a median age of diagnosis at around 71 years old [3]. The etiology of PDA is 

still unclear, but various risks factors have been identified including smoking, long-term 

diabetes, and chronic pancreatitis[4-7]. However, how these factors influence PDA 

development remains discovered. In addition to the risk factors mentioned, a genetic 

component has also been identified and is thought to account for about 10% of PDA 

cases. Inherited germline mutations to multiple genes (CDKN2A, BRCA1, BRCA2, 

ATM, etc.) have been found to be associated with a predisposition to PDA[8]. Not 

surprisingly, combinations of genetic and environmental factors have been shown to hold 

the greatest risk in the development of PDA[9].  
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1.3: PDA Progression: 

Figure 1.1. The genetic progression of PDA. The model shows the morphological and 

architectural  changes experienced by normal duct epithelium until the development of 

PDA, which occurs through a series of histological defined  stages called Pancreatic 

intraepathlium neoplasia (PanIN). The earliest genetic alterations occur in KRAS, which 

are then followed by P16INK4A and later by P53 and SMAD4[10].  

PDA develops through a multistep process, whereby normal healthy ductal cells 

accumulate genetic changes that subsequently lead to its malignant transformation. The 

process of PDA cancer initiation and progression can be summarized in four distinct 

stages, as illustrated in Figure 1.1. The first stage is called pancreatic intraepithelial 

neoplasia-1(PanIN-1). Here, normally ductal cells usually lose their regular morphology, 

changing from non-mucinous cuboidal to mucinous tall columnar epithelium. As the cells 
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accumulate more genetic aberrations, the ductal lining becomes increasingly more 

disorganized, entering the second stage called PanNI-2. In the third stage, PanIN-3 

lesions cells are often seen detaching into the PanIN lumen. Lastly, in fourth stage, 

PanIN-3 cells develop to adenocarcinoma, where cells undergo an epithelial to 

mesenchymal transition to become migratory. These migratory cells often metastasize to 

tissues including local and distant lymph nodes as well as the liver, brain and lungs [11].  

1.4: Current Pancreatic Cancer Therapeutics  

Even though there has been an increase in knowledge regarding the progression of PDA, 

there ultimately has been very little progress in the development of effective therapies to 

target PDA.  For the last 30 years, Gemcitabine, a nucleoside analog, has been used as the 

major medical treatment for PDA even though the benefit has only led to an increase in  

overall survival in advance disease by about a month[12]. Recently, two new standard 

therapies have been employed: Folfirinox or Nab-paclitaxel with Gemcitabine.  

Folfirinox is a multiple chemotherapy combination containing fluorouracil [5-FU], 

leucovorin, irinotecan and oxaliplatin; while, Nab-paclitaxel is an albumin nanoparticle 

that allows better delivery of paclitaxel due to its greater solubility in water. Similar to 

Gemcitabine these drug combinations work by non-selectively targeting all proliferating 

cells. Presently, these combinations have only shown a modest benefit in the overall 

survival of patients possibly due to PDA’s recalcitrant nature[13, 14]. Several studies 

have attempted to use more targeted approaches to PDA but results have been less then 

modest. For instance, Epidermal growth factor receptor (EGFR) was considered an 

attractive target due to the fact that its high expression is correlated with more advanced 

disease and poor survival[15]. This led to the evaluation of EGFR antagonists erlotinib 
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with Gemcitabine in the clinic, but unexpectedly this combination only increased overall 

survival by about two weeks[16-18]. Other similar studies testing other potential 

candidates such farnesyl transferase, thought to play an essential in KRAS attachment to 

cell membrane, however results showed no significant benefit [19]. Together, this 

suggests that new candidates need to be identified and targeted that could potentially be 

more efficacious. 

1.5: Overview of Cell Cycle: 

PDA growth is thought to result from a disruption in the cell cycle control. 

Normally, the mammalian cell cycle is divided into four discrete phases, G1, S, G2 and 

M.  The cell cycle begins at G1, where the cell prepares for genomic replication by 

inducing early cell cycle genes. The G1 phase is followed by genome replication during 

the S phase. When genomic replication is completed the cells will enter G2. Here, the cell 

continues to grow and produce proteins that are important for proper genomic separation. 

Lastly, cells will go through an ordered series of stages during mitosis (prophase, 

prometaphase, metaphase, anaphase, telophase and cytokinesis) to generate two daughter 

cells, thus completing the cell cycle. Oscillating regulatory subunits called cyclins closely 

regulate these orchestrated processes. The fluctuating expression of cyclins is created by 

their rapid expression and quick degradation by the proteasome to coordinate the 

transition between the various cell cycle phases[20]. Each cyclin is specific for distinct 

phases of the cell cycle. The primary role of cyclins is to activate Cyclin-dependent 

kinases (CDKs), which are responsible for phosphorylating and activating cell cycle 

machinery components[21, 22]. Each of these phases is associated with a different 

cyclin/CDK complexes as illustrated in Figurec 1.3 [23]. This process is closely regulated 
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by surveillance mechanisms referred to as checkpoints, which are driven by major 

transcriptional regulators (RB, P53 etc.)[24-26]. These checkpoints exist to halt 

replication progression should a problem arise.  Present at several points of the cell cycle 

(G1 - S, G2 - M and metaphase - anaphase transitions), these checkpoints can by readily 

activated following DNA damage or other cellular stresses[27]. In healthy cells, 

activation of these checkpoints will lead to cell cycle arrest until the problem is repaired. 

If the damage is irreversible cell death will be initiated via apoptosis. Interestingly, in 

cancer many of these regulatory processes are disrupted due to loss function of cell cycle 

regulators such as RB and/or P53 leading to uncontrollable cell cycle progression, which 

has been shown to be essential for cancer progression[28].  

1.6: Deregulation of Tumor Suppressors 

It is speculated that loss of tumor suppressors is an important step for PDA 

development[29].   This is supported by animal studies showing that when tumor 

suppressors are lost, PDA arises[30].Tumor suppressors such as P53 and SMAD4 have 

been investigated and shown to be actively involved in PDA suppression, but their loss is 

often found at later stages in PDA[1, 31]. Unlike P53 and SMAD4, CDKN2A loss is 

found in much earlier lesions and at higher rates, thus suggesting that loss of CDKN2A is 

the first hurtle PDA needs to overcome[32, 33].  This is in accordance with familial 

studies, where germline mutations to CDKN2A were significantly associated with 

PDA[34]. 
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1.7: Loss CDKN2A a Common Occurrence in PDA: 

One of the hallmark genetic events in PDA is the loss of the CDKN2A tumor 

suppressor locus[9].  This locus normally encodes for a pair of tumor suppressors: ARF 

and p16. ARF functions as a stabilizer of the tumor suppressor protein p53 by 

antagonizing E3 ubiquitin-protein ligase, MDM2; while p16 is an inhibitor of CDK4/6. 

The mechanism by which p16 exerts its inhibitory effect occurs via binding to CDK4/6 

thus preventing their association with Cyclin D1, a complex responsible for the induction 

of cell cycle genes[35]. Interestingly, oncogenic KRAS induces a senescent-like growth 

arrest state in the presence of p16[36]. In accordance with this data, genetic engineered 

animal models have also demonstrated that constitutively active forms of KRAS are not 

sufficient for PDA development. It is only when tumor suppressors such as p16 are 

deleted in conjunction with KRAS oncogene induction that PDA develop. Together, this 

evidence suggests that there is a highly selective pressure for p16 loss, which precedes 

PDA development[37]. 

1.8: CDK/RB/E2F Axis: 

CDK4/6, threonine/serine kinases, are key components of the cell cycle 

machinery. These low-weight molecular proteins are responsible for initiating transition 

from G1 to S phase. In response to mitotic signals, CDK4/6 together with D-Type cyclins 

(D1, D2, and D3) initiate the hyper-phosphorylation of RB, which is a main gatekeeper 

of cell cycle. Subsequent to CDK4/6 phosphorylation other CDK/Cyclin complexes are 

responsible for maintaining RB in a hyper-phosphorylated state throughout the cell 

cycle[38]. For instance, Cyclin E1 /CDK2 complex plays a pivotal role in RB 
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phosphorylation following CDK4/6 mono-phosphorylation of RB[39].  Thus, it is 

speculated that a possible mechanism of resistance to CDK4/6 inhibition may occur as a 

consequence of deregulation of compensatory CDK/cyclin complexes such as Cyclin 

E/CDK2.  RB is responsible for binding to E2F transcription factor and recruiting histone 

modifying complexes that prevent induction of cell cycle genes. However, when RB is 

hyper-phosphorylated in part by the CDK4/6/CylinD1 complex, RB becomes inactive 

and E2F transcriptional factors are released. Consequently, transcription of cell cycle 

genes is re-initiated and the progression of the cell cycle continues[40]. 

1.9: CDK4/6 Inhibitors:  

Normal cell cycle progression is tightly controlled by multiple regulatory 

mechanisms. Disruption of these mechanisms can contribute to malignant transformation. 

In PDA, RB is often maintained in a hyper-phosphorylated state along with the up-

regulation of Cyclin D1 expression, alluding to a possible deregulation of CDK4/6 

activity, which may be responsible for the uncontrolled proliferation seen in PDA[41, 

42]. Until recently, CDKs were considered untargetable due to lack of specificity; 

however, more recent developments have changed this perspective[43]. Currently, 

several CDK4/6 inhibitors have been developed (Palbociclib, Lee-001 and LY2832519), 

unlike their predecessors; these inhibitors exhibit greater specificity in the nanomolar 

range (Figure  1.2)[44]. They were developed from a group of pyridopyrimidines, which 

are selective ATP-competitive inhibitors. These inhibitors effectively dephosphorylate 

RB and inhibit cell cycle progression, halting cells at G1 thus they are considered 

cytostatic drugs[45].  Recent clinical studies have shown that CDK4/6 inhibitors can exert 

a potent effect as a single agent in several cancer types, which are highly dependent on 
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CDK4/6 activity[46, 47]. Additionally, in breast cancer, CDK4/6 inhibitors were shown 

to be very efficacious in combination with anti-estragon therapy increasing Tumor Free 

Progression (TFP) by more than 10 months[48]. 

 

Figure 1.2 CDK4/6 inhibitors specificity. All CDK4/6 inhibitors target CDK4 and 

CDK6 at namomolar range. 
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Figure 1.3 Cell Cycle Regulation at G1 to S transition:	  P16	  maintains	  RB	  in	  its	  active	  

and	  hypo-‐phosphorylated	  by	  inhibiting	  CDK4/6	  activity.	  When	  P16	  is	  loss,	  RB	  is	  	  

hyper-‐phosphorylated	  by	  CDK4/6	  leading	  to	  release	  	  of	  E2F	  transcriptional	  actors	  

and	  subsequent	  induction	  of	  cell	  cycle	  genes. 

 

1.10: KRAS oncogene in PDA: 

PDA is a disease that originates from the deregulation of cellular mechanisms 

important in maintaining normal cell growth leading to oncogenic transformation.  The 
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progression from normal pancreas to PDA occurs via a series of well-established genetic 

alterations. The most common genetic alteration in PDA occurs in KRAS (name derived 

from Kirsten rat sarcoma)[49]. KRAS is member of a family of GTPases possessing 

intrinsic GTPase activity that plays an important role in transmitting mitogenic messages 

from the cell membrane. Normally, KRAS activity is regulated by nucleotide exchange 

factors (GEFs) and GTPase activating proteins (GAPs). When bound to GEFs, KRAS is 

activated by the substitution of GDP to GTP; conversely, when bound to GAPs, KRAS is 

inactivated by the hydrolysis of bound GTP to form GDP[50]. However, in PDA, these 

regulatory mechanisms become impaired. The most common mutations found in KRAS   

are G12, G13, or Q61, which disrupt KRAS GTP hydrolysis thus rendering KRAS in a 

constitutive active state[51, 52]. These activating mutations are found in >95% in PDA 

tumors and in 30% of PanIN lesions. Since activation of KRAS is both an early and 

predominant event in the formation of pancreatic cancer, it is considered to play a critical 

role in the formation of PDA tumors[53]. These findings are consistent with genetic 

engineered animal models (PDX-1-Cre, LSL-KrasG12D  or Ptf1a-Cre, LSL-KrasG12D) where 

KRAS is constitutively expressed in pancreatic tissue. These models have shown that 

introduction of KRAS in the pancreas, in conjunction with tumor suppressor (p53, pRB, 

CDKN2A, etc…) ablation, is sufficient to drive PDA in mice. [54, 55].  
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1.11: KRAS signaling in PDA:   

 

Figure 1.4. Oncogenic KRAS signaling. Oncogenic KRAS activates multiple signaling 

pathways. Two of the major pathways that are activated by KRAS are BRAF, mitogen-

activated protein kinase, and PI3K. 
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KRAS signaling is relayed through various signaling cascades, as illustrated in Figure 

1.4. There are several major signaling pathways that are engaged by KRAS signaling 

including PI3K and MEK signaling[53].  The importance of these pathways on PDA 

development has been investigated using genetic engineered mouse models, where 

constitutively active forms of PI3K (PIK3CA) or MEK (RAF) signaling are introduced 

into pancreatic ductal epithelium[56, 57]. Interestingly, these models were capable of 

phenocopying KRAS-driven pancreatic carcinoma, thus emphasizing the importance of 

these pathways in PDA development. Furthermore, studies have examined the effects of 

impinging on these signaling pathways on PDA growth using pharmacological agents. 

Results have found that disrupting a single KRAS driven pathways only exerts a modest 

effect, but when intruding on multiple singling pathways by using combination therapies, 

a more significant outcome can be achieved[58, 59]. How this relates to human disease 

however, is still unknown. Multiple clinical trials that are interested in investigating the 

dependency of PDA on these signaling pathways are underway.   

1.12: KRAS and Metabolism: 

  KRAS signaling influences beyond proliferation in PDA.  It plays a pivotal role in 

regulating metabolic processes, in the cytoplasm and mitochondria that are essential for 

fueling the rampant proliferation observed in PDA. KRAS drives major metabolic 

processes such as glycolysis and glutaminolysis, which dividing cells rely heavily on for 

energy and raw material[53, 60]. Glycolysis is essential for the production of ATP as well 

as primary intermediates that are important in the synthesis of nucleotides and nucleic 

acids required for DNA replication. Glutaminolysis supports lipid and nucleotide 
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biosynthesis as well as maintaining the redox balance by replenishing Nicotinamide 

adenine dinucleotide phosphate (NADPH). KRAS has been shown to steer cells toward 

glycolysis and glutaminolysis by inducing the expression of rate-limiting enzymes such 

as Hexokinase (HK1), Hexokinase 2 (Hk2), and Lactate Dehydrogenase A (LDHA), 

aspartate	  transaminase 1(GOT1)[60, 61]. In addition, several KRAS down-stream 

signaling pathways have been implicated in regulating metabolic processes including 

MEK and MTOR signaling[62]. For instance, our group has shown that MEK signaling 

regulates monocarboxylate transporter MCT4 expression, which mediates lactic acid 

efflux, presumably helping maintain proper intracellular pH and cellular homeostasis[63]. 

1.13: Metabolism and ROS Production in PDA 

 It is speculated that the heightened metabolic state exhibited by PDA cells could become 

a liability due to the production of by-products such as reactive oxygen species (ROS). 

Various metabolic processes occurring in the mitochondria and the cytoplasm produce 

ROS. In the mitochondria, generation of ROS is produced by the electron transport chain; 

while, in the cytoplasm, NADPH oxidase is the major contributor[64]. It has been shown 

that high levels of ROS can potentially lead to DNA damage, which is detrimental for 

cancer cells; however, paradoxically, ROS can also act as a second messenger 

responsible for prosurvival and anti-apoptotic signals in PDA[65]. A study showed that 

ROS produced by NADPH-activated JAK2 kinases mitigated apoptosis by inhibiting key 

protein tyrosine phosphatases (PTPs)[66]. However, ROS levels need to be closely 

regulated as they can still exert much damage. Interestingly, KRAS regulates ROS 

levels by multiple mechanisms including the induction of NRF2.  NRF2 is key 

transcriptional factor that regulates the expression of antioxidants, such as NADPH	  
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Dehydrogenase,	  Quinone	  1 (NQO1) and Heme	  Oxygenase	  1 (HMOX1), which play an 

important role in ROS quenching[67]. 
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CHAPTER II: CDK4/6 inhibitors have potent activity in combination with pathway 

selective therapeutic agents in models of pancreatic cancer 

2.1: Abstract 

Pancreatic ductal adenocarcinoma (PDA) has a poor prognosis, in part, due to the 

therapy-recalcitrant nature of the disease. Loss of the CDK4/6 inhibitor CDKN2A is a 

signature genetic event in PDA. Therefore, PDA may be amenable to treatment with 

pharmaceutical CDK4/6 inhibitors. Surprisingly, response to CDK4/6 inhibition was 

highly variable in PDA models, and associated with differential suppression of gene 

expression. Mitotic genes were repressed and FOXM1 was uniformly attenuated; 

however, genes involved in DNA replication were uniquely suppressed in sensitive 

models. Aberrant induction of Cyclin E1 was associated with resistance, and knockdown 

demonstrated synergistic suppression of the cell cycle with CDK4/6 inhibition. 

Combination therapies are likely required for the effective treatment of disease, and drug 

screening demonstrated additive/antagonistic interactions with CDK4/6 inhibitors. 

Agents dependent on mitotic progression (taxanes/PLK1 inhibitors) were antagonized by 

CDK4/6 inhibition, while the response to 5-FU and gemcitabine exhibited drug specific 

interactions. PI3K/MTOR and MEK inhibitors potently cooperated with CDK4/6 

inhibition. These agents were synergistic with CDK4/6 inhibition, blocked the aberrant 

upregulation of Cyclin E1, and yielded potent inhibition of tumor cell growth. Together, 

these data identify novel mechanisms of resistance to CDK4/6 inhibitions and provide a 

roadmap for combination therapies in the treatment of PDA. 
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2.2: Introduction: 

 Pancreatic ductal adenocarcinoma (PDA) has a terrible prognosis with a 5-

year survival of approximately 6% [68-70].  The approved systemic therapies have a 

relatively modest impact on survival, and PDA is considered a therapy recalcitrant 

disease [68, 69, 71]. The treatment of PDA has remained largely dependent on the use of 

systemic chemotherapy regimens, and there are basically no targeted approaches to 

treatment that exploit the underlying genetic features of pancreatic cancer.  PDA is 

largely driven by oncogenic events (e.g. KRAS), which historically are considered “non-

actionable” from a therapeutic perspective.   However, PDA exhibits a range of genetic 

alterations some of which could be amenable to targeted therapy.   One of these 

alterations is the genetic loss or epigenetic silencing of the CDKN2A tumor suppressor 

[49, 72-74].    

 The CDKN2A gene encodes the p16INK4a protein that is a potent inhibitor of 

Cyclin Dependent Kinases 4 and 6 (CDK4/6).  Physiologically, p16ink4a represents a 

key barrier to oncogenic transformation, as it is induced by oncogenic stress and leads to 

senescence in multiple disease relevant settings [75].   In the context of PDA, it has been 

hypothesized that p16ink4a loss is selected for to enable the progression of KRAS 

mutated cells [76-79].    Correspondingly, it has been shown that the over-expression of 

p16ink4a is dominant to the effects of KRAS in cell culture models and is capable of re-

establishing a senescence-like arrest in established cancer models [80-83].  The only 

known functional target of p16ink4a are the kinases CDK4 and CDK6, and a plethora of 

data support this concept [75, 84-89].   For example, p16ink4a-mediated arrest is 

selectively bypassed by CDK4 mutations that disrupt the association with the inhibitor 
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[90, 91].   Similarly, loss of RB, which is the down stream target for CDK4/6 bypasses 

the growth inhibitory activity of p16ink4a [75, 92].   Furthermore, analysis of mutual-

exclusivity in cancer demonstrates that there is a pronounced reciprocal relationship 

between the loss of p16ink4a, deregulation of CDK4/6, and loss of RB [91, 93, 94].  Thus 

these events describe a single pathway, wherein the predominant event occurring in PDA 

is loss of p16ink4a, and suggest that restoring its biological function could represent a 

key means to limit the growth of KRAS driven cancers. 

 While multiple CDK-inhibitory agents have been evaluated in clinical trials, only 

recently have highly specific CDK4/6 inhibitory drugs been developed [45, 95].   

Consistent with the function of p16ink4a, they induce a highly potent G1-arrest that is 

dependent on the suppression of CDK4/6 and the presence of RB tumor suppressor (RB) 

[96-98]. RB is a critical downstream effector of CDK4/6 and regulates the expression of 

a host of target genes through interactions with E2F and other transcription factor 

complexes [99]. These targets include CDK/Cyclin subunits (e.g. Cyclin E and Cyclin 

A), DNA replication factors (e.g. MCM7 and PCNA), genes involved in dNTP 

metabolism (e.g. thymidylate synthase and ribonucleotide reductase), and mitotic 

progression (e.g. PLK1 and CDC20). In preclinical models, activation of RB via CDK4/6 

inhibition can induce senescent-like arrest [45, 95, 100-104].   An important parallel 

effector of CDK4/6 is FOXM1, which is stabilized by direct CDK4/6 mediated 

phosphorylation and stimulates expression of cell cycle regulated genes [105, 106].   

Recently, clinical studies have demonstrated that CDK4/6 inhibitors can have potent 

single agent activity in select tumor models ostensibly addicted to kinase activity, such as 

liposarcoma and mantle cell lymphoma [47, 107-109].   Additionally, in breast cancer 
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CDK4/6 inhibitors have demonstrated highly significant activity in combination with 

endocrine agents [110-114].   However, it is also clear that there are features of tumor 

behavior that we do not fully understand, as specific diseases which frequently lose 

p16ink4a had minimal response to CDK4/6 inhibitors in the clinic [108, 109].    

Here we find that CDK4/6 inhibition can have a potent impact on PDA models.   

While some models exhibit a durable response, acquired/intrinsic resistance can bypass 

the action of CDK4/6 inhibition in the majority of models analyzed via a novel 

mechanism involving induction of Cyclin E1.    Drug screening reveals a complex and 

mechanism specific impact of CDK4/6 inhibitors on drug-sensitivity.  However, specific 

combination therapies clearly expand the therapeutic potency of CDK4/6 inhibition for 

the treatment of PDA. 

 

Results: 

 

CDKN2A-deficient PDA models exhibit differential response to CDK4/6 inhibition:   

Eight pancreatic cancer cell lines were screened for their proliferative response to 

CDK4/6 inhibition.  In addition to multiple PDA signature mutations (e.g. KRAS, 

SMAD4, and TP53) these cell lines carried a non-functional CDKN2A gene (Fig. 2.1A).   

In order to test sensitivity to CDK4/6 inhibitors, cells were treated with increasing 

concentrations of PD-0332991, and proliferation was measured by 5-bromo-2-

deoxyuridine (BrdU) incorporation (Fig. 2.1B). Results showed that some model 

experienced a complete suppression of proliferation (e.g. CAPAN2), while others were 

modestly or mostly resistant to CDK4/6 inhibitor (e.g. HS766T and PL5).  Recognizing 
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that PDA cell lines display differential proliferative responses to acute treatment, long-

term treatment responses were also monitored in order to evaluate if the responses are 

maintained over time (Fig 2.1C).   CAPAN2 cells being the most sensitive to the acute 

treatment, also exhibited significant suppression of proliferation with long-term 

treatment.   In contrast, cell proliferation occurred in PL45, ASPC1 and PL5, albeit at a 

reduced extent relative to control.  These results indicate that there is differential 

proliferative response to CDK4/6 inhibition within CDKN2A deficient PDA cell models, 

and suggests that there are additional determinants of therapeutic sensitivity.   A possible 

explanation of these results is that in resistant models the phosphorylation of RB is 

CDK4/6 independent.    In analysis of RB phosphorylation by mobility shift and with 

phospho-specific antibodies, CDK4/6 inhibition did suppress the phosphorylation of RB 

across all models interrogated (Fig 2.1D).  These results were confirmed by reverse phase 

protein array (RPPA) analysis, wherein RB dephosphorylation was the only consistently 

observed change amongst 53 phosphoproteins analyzed (not shown).   Thus, from 

conventional assessment of the RB-pathway, CDK4/6 inhibitors should be actionable.  
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Figure 2.1 : PDA cell lines display differential responses to CDK4/6 inhibition. (A)  

Eight PDA cell lines were employed with documented deleterious mutations in the 

CDKN2A tumor suppressor. (B) Cells were treated with indicated concentrations of PD-

0332991 (0.5, 1, and 2 μM) for 24 hours. Cell cycle progression was quantified by BrdU 

incorporation as determined by flow cytometry. Data shown is from three independent 

experiments. (C) CDK4/6 effects on total RB and phospho-serine 780 were evaluated by 

immunoblotting. (D) Long-term responses to PD-0332991 in select PDA cell lines were 

assessed using crystal violet staining after 10 days of treatment with drug  

replenishment every three days. 
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2.4: PDA models exhibit distinct suppression of E2F gene expression with CDK4/6 

inhibition: 

To interrogate the downstream signaling from CDK4/6 inhibition, we analyzed 

the expression of RB/E2F target genes using a high-density RBTARGET Affymetrix 

array (probes listed in supplemental tables).    Using a 2-fold cutoff and p<0.05 we found 

that there were many RB/E2F targets genes that were repressed potently with CDK4/6 

inhibition (Fig. 2.2A). Specifically, a large number of genes were repressed in CAPAN2 

cells that exhibit a durable response to CDK4/6 inhibition.  In contrast, the PL45 and PL5 

cell lines exhibited modest suppression of such genes (Fig. 2.2B).  Interestingly, by gene 

ontology analyses these groups of genes segregated along biological processes (Fig. 

2.2C).   There was potent suppression of mitotic genes across cell models with CDK4/6 

inhibition; however, the suppression of DNA replication proteins was largely restricted to 

CAPAN2.   Bar-graphs demonstrating the repression of representative genes are shown 

(Fig. 2.2D).   One of the key determinants of mitotic gene expression is FOXM1 [106].   

FOXM1 is both a transcriptional target of RB/E2F, and a direct target for protein stability 

by CDK4/6 [105].   By gene expression profiling FOXM1 repression was largely 

restricted to CAPAN2 cells; however, by RPPA analysis FOXM1 protein levels were 

reduced uniformly (Fig. 2.2E).   These data suggest that there is a fundamental difference 

in the mechanisms underlying the repression of different classes of cell cycle genes, but 

that suppression of genes involved in DNA replication was particularly associated with 

durable response to CDK4/6 inhibition. 
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Figure 2.2: Gene expression profiling of RB/E2F target genes reveals differential 

transcriptional repression. (A) Heatmap analysis of transcripts that are potently 

repressed by PD-0332991 in at least one cell model. (B) Venn diagrams demonstrating 

the overlap of genes that are repressed by at least two-fold (p<0.05) in each cell line. (C) 

Gene ontology analysis of genes repressed in multiple models vs. those repressed in 

CAPAN2. (D) Representative gene expression of genes involved in mitotic progression 

(left) and DNA replication (right) 
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2.5: Intrinsic aberrant regulation of Cyclin E is a key determinant of resistance to 

CDK4/6 inhibition:  

 In an attempt to decipher the mechanism underlying the specific resistance to 

CDK4/6 inhibition, we interrogated the expression of critical CDK and Cyclins that are 

important for progression through G1/S.    These data demonstrated that certain genes are 

repressed irrespectively (e.g. Cyclin A2) (Fig. 2.3A).   However, there was a consistent 

upregulation of Cyclin D1 in all models (Fig 2.3A).   Additionally in PL45 and PL5 cells 

that are relatively resistant to CDK4/6 inhibition there was a reproducible upregulation of 

Cyclin E1 transcript (Fig 2.3A).   The induction of Cyclin D1 has been previously 

described in other models [97, 98]; however, the induction of Cyclin E1 is a unique 

observation in the setting of PDA.   Therefore, the levels of Cyclin E1 were determined 

by immunoblotting across all cell lines (Fig. 2.3B).   These data revealed that cyclin E1 

induction was particularly apparent in multiple cell lines including PL5, MIAPACA2, 

PANC1 and HS766T.  To determine the functional relevance of cyclin upregulation in 

PDA models exposed to PD-0332991, RNAi was used to knockdown Cyclin D1 and 

Cyclin E1.   Individually, both Cyclin D1 and Cyclin E1 knockdown inhibited cell cycle 

progression as determined by BrdU incorporation (Fig. 2.3C/D).   In the case of Cyclin 

D1 depletion there was an additive effect on cell cycle progression in combination with 

PD-0332991.   In contrast, Cyclin E1 deletion prevented virtually all BrdU incorporation 

in combination with PD-0332991.   These data indicate that Cyclin E1 upregulation 

contributes to the observed resistance of PDA models to CDK4/6 inhibition, and suggests 

a unique feature of signaling that compromises the sensitivity to CDK4/6 inhibition in 

PDA models. 
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Figure 2.3: CDK4/6 inhibition induces aberrant expression of CCNE1 and CCND1. 

(A) Analysis of gene expression related to control over G1/S regulated CDK activity is 

shown from two different array platforms. (B) CCNE1 expression was evaluated by 

immunoblotting. (C) Cell cycle progression of PL5 cells was determined following 

knockdown of CCND1 or CCNE1 by RNAi in the presence or absence of 1μM PD-

0332991. (D) Quantification of BrdU incorporation from three independent experiments. 

Data is expressed as percentage of BrdU positive cells, and a significant difference 

(p<0.01) was observed between CCND1 and CCNE1 knockdown concurrent with PD-

0332991 treatment versus knockdown alone in both PL-45 and PL-5. 
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2.6: CDK4/6 inhibition results in both antagonistic and additive responses with 

other anti-cancer therapies:  

 It is widely recognized that combination approaches to therapy will be required 

for the success of targeted agents in the treatment of pancreatic cancer.   Given the 

modest response to CDK4/6 inhibitors we interrogated the impact of PD-0332991 on 304 

anti-cancer compounds (supplemental tables).  Drug screening was performed in PL45, 

PL5 and MIAPACA2 PDA models, which are relatively resistant to PD-0332991.    Cells 

were treated singly with the drug library or with concurrent PD-0332991.    Cell survival 

was determined by CTG analysis and representative data is depicted in the scatter plots 

(Fig. 2.4A).   To globally evaluate the response of select classes of drugs, heatmaps were 

generated plotting the log fraction of surviving cells to define the relative response (Fig. 

2.4B).   Antagonistic responses are drug combinations where CDK4/6 inhibitor protected 

cells from the other agent.    We observed robust antagonism of specific 

chemotherapeutic drugs, PLK1 inhibitors, and other drugs specifically dependent on 

ongoing cell cycle progression for their mechanism of action (Fig. 2.4C, left panel).   In 

contrast, additive effects were observed for MEK across a relatively broad range of 

compounds (Fig. 2.4B and 2.C, middle).   Similarly PI3K (e.g. GDC0941), MTOR  (e.g. 

AZD0855), and dual PI3K/MTOR (e.g. GDC0980) inhibitors exhibited cooperative 

inhibition with PD-0332991 (Fig. 2.4B and C, right).   In all cases the overall impact of 

CDK4/6 inhibition was statistically significant across the drug class selected. 
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Figure 2.4: Drug screen for interaction with CDK4/6 inhibitor. (A) Scatter plots 

diagrams showing overall drug responses to drug screen by PL5, PL45 and MIAPACA2 

in the presence or absence of 1μM PD-0332991. (B) Heatmaps displaying relative 

response to chemotherapy/Plk1 inhibitors (left), MEK inhibitors (middle) and 

PI3K/MTOR inhibitors (right) (C) Log surviving fraction chemotherapy/ Plk1 inhibitors 

(left), MEK inhibitors (middle) and PI3K/MTOR inhibitors (right) for all cell lines. 

Average, 95% confidence interval and p-value are shown. 
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2.7: Drug context specific effects of CDK4/6 inhibition on chemotherapies:   

The drug screening indicated that CDK4/6 inhibition has the potential to antagonize the 

effect of various types of chemotherapies. We speculated that the cytostatic effect of 

CDK4/6 inhibition may represent the principle mechanism leading to a decreased 

efficacy of drugs targeting the mitotic machinery.   As shown, PLK1 inhibitors were 

antagonized by co-treatment with PD-0332991 (Fig. 2.5A).   Since such drugs can have 

off-target effects, PLK1, which is an essential kinase during mitosis, was depleted (Fig. 

2.5A).   In absence of CDK4/6 inhibitors, PLK inhibition led to significant reduction in 

viability, but in the presence of CDK4/6 inhibitor, this effect was significantly 

diminished.  This finding suggested that even the modest cell cycle inhibition observed in 

PL5 and PL45 models will still impinge on the cytotoxic effects of anti-mitotic agents, 

such as docetaxel and paclitaxel that are present in the drug screen.  

       In addition to anti-mitotic drugs, PD-0332991 treatment significantly antagonized 

Gemcitabine activity in drug screening.   Since the anti-metabolites Gemcitabine and 5-

FU are both used in the treatment of PDA, we specifically evaluated response to these 

drugs.    Initially, we simply recapitulated the antagonism of Gemcitabine-mediated 

toxicity (Fig. 2.5B).   These short-term effects were re-affirmed in the analysis of overall 

cell survival by crystal violet analysis (Fig. 2.5C).   In this setting, Gemcitabine 

effectively killed the PDA cells; however, in the presence of PD-0332991 a fraction of 

cells survived.    These findings contrasted with the observation for 5-FU, which although 

having limited effect, was not antagonized by CDK4/6 inhibition and in some lines there 

was evidence of cooperative effects (Fig. 2.5C).   A likely basis for this differential 

response relates to the role of E2F target genes deoxycytidine kinase (DCK) and 
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thymidylate synthase (TS).  DCK is required to activate gemcitabine and cells exposed to 

PD-0332991 have reduced level of this protein (Fig. 2.5D).   In contrast TS is the target 

for 5FU-mediated inhibition and reduced levels of TS are associated with increased drug 

sensitivity.   In the PDA models, treatment with PD-0332991 suppressed TS levels (Fig. 

2.5D).   Treatment with 5FU leads to a covalent bond with TS, and thus stoichiometric 

inhibition of TS is ostensibly easier to achieve.   Consistent with this hypothesis, we 

observed additive effects between PD-0332991 and 5FU and the suppression of BrdU 

incorporation (Fig. 2.5E).    Together, these findings indicate that while combination 

treatments of CDK4/6 inhibitor and chemotherapy can be antagonistic, there are specific 

conditions where additive responses can be identified based on mechanism of action. 
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Figure 2.5: Drug specific effect of CDK4/6 inhibition on chemotherapy. (A) PL5 cells 

were either treated with PLK1 inhibitors or transfected with the indicated RNAi in the 

presence or absence of 1 μM PD-0332991. At 72 hours post-treatment or transfection cell 

viability was measured by Cell-titer glow. Results are expressed as the surviving fraction, 

and a significant difference of p<0.005 was observed between co-treated with PD-

0332991 compared to PLK1 inhibited alone. (B) PL-5 cells were treated with 5 μM 

gemcitabine as a single agent or in combination with PD-0332991 for 72 hours and 

viability assessed by Cell titer Glo. Results are expressed as the surviving fraction, and a 

significant difference of p<0.005 was observed between co-treated with gemcitabine and 

PD-0332991 compared to gemcitabine treatment alone. (C) Long-Term responses to 

single agent or co-treatments with Gemcitabine (1μM) and 5-FU (25 μM) in the presence 

or absence of 1 μM PD-0332991 was evaluated in PL-45, PL5 and ASPC1 cells by 

crystal violet. (D) Effects of CDK4/6 inhibition concurrent with either Gemcitabine or 5-

FU on the DCK and TS protein was detected by immunoblotting. **Indicates the 

mobility of 5FU-TS adduct. (E) PL5 Cells were treated as indicated with PD-0332991 

(1μM) or 5-FU (25 μM). 
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2.8: Concurrent inhibition of CDK4/6 either with PI3K/mTOR or MEK inhibitors 

display cooperation in suppression of PDA proliferation:  

As a whole, PI3K/MTOR inhibitors showed cooperative effects in concert with 

CDK4/6 inhibitor treatment assessed by viability assay in drug screening. In order to 

examine the mechanisms, BrdU incorporation was assessed after treatment with BEZ235, 

GDC0980 and AZD0855 in combination with CDK4/6 inhibitor (Fig 2.6A).  Results 

indicate that CDK4/6 inhibitor in combination with these PI3K/MTOR inhibitors has a 

synergistic effect in suppression of cell cycle.  PL5 cells that exhibit resistance to both the 

CDK4/6 inhibitor and PI3K/MTOR inhibitors as single agents displayed a complete 

proliferative halt after treatment in both acute and long-term responses (Fig. 2.6B and C).   

This suppression of proliferation with co-treatment was associated with suppression of 

Cyclin D1 and Cyclin E1 expression that is observed with PD-0332991 (Fig. 2.6D).   

Additionally, there was suppression of additional critical cell cycle regulatory proteins 

including CDK2 and Cyclin A.   In keeping with the suppression of multiple cyclins, 

although CDK4/6 inhibition has a profound effect on the phosphorylation of RB, there is 

residual phosphorylation that was further suppressed in the context of co-treatment with 

PI3K/MTOR inhibitors (Fig. 2.6E).   These data suggest that even low levels of RB 

phosphorylation can facilitate cell cycle progression, and provide the emphasis for full 

suppression of CDK-activity through complementary mechanisms.       

In addition to PI3K/MTOR, MEK inhibitors also had additive effects in concert 

with CDK4/6 suppression.    We demonstrated the cooperation at the level of cell cycle 

progression by BrdU incorporation and found that similar suppression of proliferation 

with the combination treatment (Fig. 2.6F).  The biochemical effect of MEK inhibitors on 
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RB phosphorylation paralleled the observation with PI3K/MTOR inhibition and 

revealing a similar basis for cooperation (Fig. 2.6G).  Together, these findings suggest 

that PI3K/MTOR and MEK inhibitors could be particularly in combination with CDK4/6 

inhibitors due to complementary mechanisms of action. 
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Figure 2.6: PI3K/MTOR and MEK inhibitors synergize with CDK4/6 inhibition. (A) 

PDA model PL5 was treated with 1μM PI3K/MTOR inhibitors (BEZ235, AZD0855 and 

GDC0980) as a single agent or co-treated with 1μM PD-0332991. Cell cycle progression 

was determined by flow cytometry. (B) Quantification of BrdU incorporation from three 

independent experiments. Results are expressed as percentage of BrdU positive cells, and 

a significant difference of p<0.001 was observed between co-treated versus PI3K 

inhibitor treatment alone. (C) Treatment with GDC0980 as a single agent and in 

combination with PD-0332991 was evaluated by crystal violet. (C) Effect of treatment 

with the PI3K/MTOR inhibitors alone and in the presence of PD-0332991 on the 

expression of the indicated proteins was determined by immunoblotting. (D) Effect of 

treatment with the PI3K/MTOR inhibitors alone and in the presence of PD-0332991 on 

the expression of the indicated proteins was determined by immunoblotting. (E) 

Quantification of the proliferative effects by CDK4/6 inhibitor concurrent with MEK1/2 

inhibitor treatment assessed by Brdu incorporation. Results are expressed as percentage 

of BrdU Proliferating cells, and a significant difference of p<0.001 was observed between 

co-treated and MEK1/2 inhibitor treatment alone. 
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2.9: Discussion: 
 

The treatment of pancreatic cancer is a particular challenge and new therapeutic 

approaches are urgently needed.   One appealing means of intervention is to target 

specific genetic features of disease, and CDKN2A loss is one of the most common 

genetic alterations in PDA.   Ostensibly, the loss of the kinase inhibitor results in aberrant 

CDK4/6 activation that could be targeted through the use of CDK4/6 inhibitors.   Here 

we challenged this simple precept in preclinical models. 

 Interestingly, and contrary to multiple other tumor models, PDA models exhibited 

disparate responses to CDK4/6 inhibition that were not dependent on the canonical RB-

pathways.    In breast cancer, HCC, glioma, melanoma and other models, the response to 

CDK4/6 inhibition is simply dependent on the presence of RB [96, 98, 115].   Such 

tumors generally have lost CDKN2A, which provided the rationale for the study herein.   

Interestingly, within PDA there was a diversity of response to CDK4/6 suppression.   

Particularly, there were multiple models which exhibited features associated with partial 

cell cycle inhibition, or relatively complete resistance.   These findings are consistent 

with the work of others [116].    While it would be expected that there would be a full 

bypass of the requirement for CDK4/6 this was not observed, as RB phosphorylation 

remained largely dependent on CDK4/6.   Additionally, there was significant suppression 

of a subset of E2F target genes.   Interestingly, these genes are largely involved in 

mitosis, and are controlled by the DREAM and FOXM1 complexes that are ostensibly 

still effectively repressed in this setting [106]. In fact, we observed similar FOXM1 

protein attenuation in all models studied, which is consistent with work demonstrating 

that FOXM1 protein accumulation is dependent on CDK4/6 activity [105].    However, 
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the control of genes involved in DNA replication has emerged as a key RB-dependent 

function that is associated with terminal cell cycle arrest [117].   Therefore, the data here 

suggest that in select tumors models there is an uncoupling of these aspects of cell cycle 

control.    In breast cancer and additional models PD-0332991 results in robust 

suppression of the full spectrum of E2F target gents and therefore indicates that 

pancreatic cancer is somewhat unique in this aspect of cell cycle regulatory uncoupling.        

 The realization that such uncoupling can occur necessitated a highly focused 

analysis of CDK genes/proteins that drive the G1/S transition.   Our group and others 

have shown that CDK4/6 inhibitors can lead to the accumulation of Cyclin D1 levels [97, 

98].   The basis of this response remains under study, but it could reflect more potent 

mitogenic signaling in the G1-phase of the cell cycle to stimulate the Cyclin D1 

promoter.   Importantly, we have observed this response in multiple models that exhibit a 

profound durable response to CDK4/6 inhibition; therefore, Cyclin D1 upregulation does 

not appear to be associated with resistance to PD-0332991.  Surprisingly, our work 

revealed that resistant models exhibited an aberrant upregulation of Cyclin E.   To the 

best of our knowledge, this is the first time such a response to CDK4/6 inhibition has 

been observed.   In general, CDK4/6 inhibition will reduce the level of Cyclin E 

transcripts; therefore, the upregulation in resistant models was particularly unexpected.  

Importantly, we could show that the “levels” of these cyclins contributes to the response 

and suggests that induction of such proteins will modulate the durable response to 

CDK4/6 inhibition in a general setting, although Cyclin E-depletion was particularly 

synergistic with PD-0332991.  These results agree with the overall concept that Cyclin E 

deregulation can contribute to bypass of CDK4/6 inhibitors [118]. 
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 In recognition that many PDA models did not harbor a particularly durable 

response to CDK4/6 inhibition, combination treatments were interrogated.   This work 

revealed that CDK4/6 inhibition has complex interactions on the response to multiple 

agents.   In particular, and consistent with others [119], CDK4/6 inhibition compromised 

the cytotoxicities of chemotherapies that primarily act via mitotic catastrophe including 

PLK1 inhibitors and taxanes.   This result suggests for this class of drugs it is critical to 

develop a rational metronomic schedule for drug treatment.   In contrast, anti-metabolites 

are more difficult to predict as RB/E2F regulate a host of genes that are drug targets or 

otherwise modify dNTP pools [120].    This aspect of RB/E2F function is particularly 

important when evaluating anti-metabolites that would cooperate or be antagonized by 

CDK4/6 inhibition.  It should be noted that in addition to the enzyme interrogated herein 

RB/E2F modulates DHFR and RNRII levels that have highly significant effect on dNTP 

pools.    

In contrast with chemotherapy, we observed highly reproducible additive effects 

across a relatively large panel of MEK and PI3K/MTOR inhibitors with CDK4/6 

inhibition.   These findings are particularly important since MEK and PI3K/MTOR 

inhibitors have been considered for the treatment of pancreatic cancer [121].    As shown 

here CDK4/6 inhibition can have relatively subtle effects on cell cycle and suppression of 

proliferation.  In contrast, drug combinations yielded potent cytostatic response in all 

models tested.  In the case of PI3K/MTOR the induction of Cyclin D1 and Cyclin E that 

occurs with CDK4/6 inhibition was completely blocked resulting in profound de-

phosphorylation of RB.    These finding are consistent with the work of others showing 

that cyclin D1 levels are under the control of MEK or MTOR signaling [122, 123].   
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Presumably, these data suggest that one of the “weaknesses” of pharmacological CDK4/6 

inhibitors is compensatory or alternative regulators of RB phosphorylation.    In the case 

of MEK and PI3K/MTOR, there are well described mechanisms through which they limit 

the expression of Cyclins and suppress CDK activity.   Ostensibly in many therapeutic 

contexts, these mechanisms of attenuating CDK-activity are NOT sufficient to halt cell 

cycle; however, due to the complementary mechanism of action such agents are 

particularly effective in concert with CDK4/6 inhibitors.    Likely, a similar mechanism 

could underlie the profound clinical activity of CDK4/6 inhibitors with endocrine 

therapy; since in ER-positive breast cancer estrogen signaling is required for the 

expression of cyclin D1 and E [124, 125].   Together, the work herein provides a 

roadmap for considering the clinical utilization of CDK4/6 inhibitors in the treatment of 

PDA.    
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2.10:Material and Methods: 

2.10.1: Cell culture, chemicals and antibodies 

Human pancreatic cancer cell lines PL45, MIAPACA-2, PANC1, CAPAN2, BXPC3, HS 

766T, ASPC1, PL5 were purchased from the American Type Culture Collection (ATCC). 

All cells except for MIAPACA2 were cultured in DMEM supplemented with 10% fetal 

bovine serum and antibiotics. MIAPACA2 cells were grown in DMEM with fetal bovine 

serum and horse serum to a final concentration of 10% and 2.5% respectively plus 

antibiotics. Drugs used in this study were purchased from Selleck Chemicals. 

Compounds were diluted in DMSO to 5 mM stock concentrations. PD- 0332991 was 

employed at a concentration range of 0.5-2 μM. Drugs screen was performed at 2.5 μM. 

Antibodies against CDK2, CCNE1, CCNA2, GAPDH, total ERK, p-ERK, lamin B, 

DCK, TS and p27 were purchased from Santa Cruz biotechnology. While, antibodies 

against total RB, p-RB(780), total Akt, p-Akt (ser473) were purchased from Cell 

signaling. Cyclin D1 (AB3) was from NeoMarkers. 

2.10.2: Drug Screen 

A library of 304 drugs from Selleck Chemicals was used for drug screening. Cells were 

grown in 96- well plates at 2500 cell per well. Subsequent to plating, cell were treated 

with 1μM PD-0332991 or DMSO for 24 hours at 37° and 5.0 CO2. The next day, cells 

were treated with the drug library to final concentration of 2.5 uM, and incubated at 37° 

and 5.0 CO2 for 72 hours. Following treatment, viability was assessed using Celltiter 

Glo(Promega). The relative fluorescence units were detected and analyzed by a BIOTEK 

plate reader and Gen5 software. Data analysis was performed using Drug-decode macro 
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(developed by David Haan, UT Southwestern). 

2.10.3: Flow cytometry 

Cell were trypsinized and fixed in 70% Ethanol post a 2 hour incubation with Brdu 

labeling solution(Invitrogen). Fixed cells were incubated in 2M HCl with 0.3mg/ml 

pepsin solution for 30 minutes followed by addition of 0.1 M sodium tetraborate 

solution(pH 8.5). After acid neutralization, cells were washed twice with IFA(10mM 

HEPES(pH 7.4), 25 mM NACI, 4% FBS) buffer. Cells were then incubated with FITC 

labeled anti-Brdu(BD Pharmingen) at 1:10 dilution for 30 min at room temperature. After 

Brdu labeling, Propidium iodine(20ug/ml) and RNAse(4ug/ml) was added and incubated 

for 15 minutes in Dark. BrdU incorporation was assessed using a Facscalibur Instrument 

and data was analyzed using FlowJo . 

2.10.4: Western blot analysis and reverse phase protein array analysis 

Pancreatic cell lines were lysed in RIPA buffer (10% NP-40 substitute, 1% SDS, 500mM 

Tris-HCI(pH 7.4), 1.5M NaCI, 5% sodium doxycholate, 10mM EDTA) containing both 

complete protease inhibitor cocktail tablets (Roche) and phosphatases inhibitors (Roche). 

Protein concentrations were subsequently measured with the BCA protein assay DCtm 

Protein Assay(BIO- RAD) using manufacture’s protocol. These samples were separated 

on SDS polyacrylamide gels and electroblotted on to Immobilon-P Transfer Membrane. 

Membranes were washed with wash buffer (0.1% Tween- 20/1x saline). Followed by 

incubation with blocking solution (5% BSA, 0.1% Tween-20; saline), followed by 

incubation with rabbit primary antibodies (1/500 dilution) at 4°C overnight. The 

membranes were then washed in Wash buffer and incubated with horseradish peroxidase 
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conjugated secondary antibodies (Jackson ImmunoResearch) for one hour at room 

temperature. Antibody detection was performed with an enhanced chemiluminescence 

reaction (SuperSignal) as directed by manufacture. 

Protein lysates were prepared from cell treated with vehicle or 1 μM PD-0332991 for 48 

hours. Preparation of the lysates were as directed by the MD Anderson RPPA shared 

service, and the analysis of the signals were performed using their highly standardized 

procedures. The difference in normalized log protein values are presented in the analysis. 

2.10.5: Short-term and long-term treatments of in vitro models 

For short term treatments, pancreatic cell lines were seeded at 5x104 cell/well in 6 well 

plate and left to adhere for 3 hours at 37 °C. Cells were then treated with individual drug 

or drug combinations at 1uM concentrations and incubated for 24-72 hours. For long- 

term experiment, cell were seeded at 5x103 cell/ well and drugs were replenished every 3 

days for 10 days. Following long term studies, they were assessed by cystal violet. 

2.10.6: Transfection of siRNA 

Pancreatic cell lines were seeded in a 6-well plate at a desity of 5x105 cells per well and 

transfected with siRNA against either CCND1 (Santa Cruz biotechnology), CCNE1 

(SMARTpool: Accell CCNE1 siRNA; Dharmacon) and PLK1(SMARTpool: Accell 

PLK1 siRNA; Dharmacon) at a final concentration 50nmol/L with Lipofectamine 

RNAiMAX(Invitrogen) according to manufacture’s instructions. Transfections with a 

control sRNA(TMEM) served as a negative control. 
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CHAPTER III: Metabolic re-programming of pancreatic cancer mediated by 

CDK4/6 inhibition elicits unique vulnerabilities. 

3.1: Abstract: 

Due to loss of p16ink4a in pancreatic ductal adenocarcinoma (PDA), 

pharmacological suppression of CDK4/6 could represent a potent target for treatment.   In 

PDA models CDK4/6 inhibition had variable effect on cell cycle, but yielded 

accumulation of ATP and mitochondria.  Pharmacological CDK4/6 inhibitors induce 

cyclin D1 protein levels; however, RB activation was required and sufficient for 

mitochondrial accumulation.  CDK4/6 inhibition stimulated glycolytic and oxidative 

metabolism and was associated with an increase in mTORC1 activity.   MTOR and MEK 

inhibitors potently cooperate with CDK4/6 inhibition in eliciting cell cycle exit.  

However, MTOR inhibition fully suppressed metabolism and yielded apoptosis and 

suppression of tumor growth.  The metabolic state mediated by CDK4/6 inhibition 

increases mitochondrial number and ROS.  Concordantly, the suppression of ROS 

scavenging or BCL2-antagonists cooperated with CDK4/6 inhibition.  Together, these 

data define the impact of therapeutics on PDA metabolism and provide strategies for 

converting cytostatic response to tumor cell killing. 

3.2: Introduction: Pancreatic ductal adenocarcinoma (PDA) has a five year survival of 

only ~6%[126, 127].   This dire prognosis is due to multiple clinical features of the 

disease, including diagnosis at late stage and ineffective systemic therapies [68].   

Therefore, there is significant energy directed at delineating biological features of PDA 

that could be exploited for therapeutic intervention.    
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One of the hallmark genetic events in PDA is loss of the CDKN2A/2B tumor 

suppressor locus[128].   This locus encodes endogenous CDK4/6 inhibitors that are 

particularly relevant in the context of KRAS driven tumors, such as PDA[75, 129].   

Oncogenic KRAS can induce a senescent-like growth arrest state in cells[77, 80].   The 

execution of this phenotype is mediated by p16ink4a encoded by CDKN2A that blocks 

the activity of CDK4/Cyclin D and CDK6/Cyclin D complexes[75, 80].    This leads to 

the suppression of RB phosphorylation and concomitant inhibition of cell cycle 

progression through the suppression of E2F-mediated transcription[117]. Highly selective 

drugs that phenocopy features of p16ink4a function would be expected to have potency 

in PDA[44].  While such drugs have some degree of effect in established PDA cell 

lines[116, 130-132], resistance can develop quickly, thereby necessitating the use of 

combination therapeutic approaches.    

 Although the underlying mechanisms remain unclear, cell division is coordinated 

with metabolic functions.   First observed in yeast, cell cycle entry is associated with 

increased cellular mass and the accumulation of energetic metabolites required for cell 

division[133].   In PDA, much of the metabolic circuitry is subservient to mutant KRAS, 

which drives a complex reprogramming of glycolytic, oxidative and non-canonical (e.g. 

macropinocytosis) metabolic pathways in concert with tumorigenic proliferation[62, 

134].  Key downstream effectors include MEK and MTOR signaling pathways that 

engage multiple distal features of metabolism through transcriptional and translational 

regulatory programs[61, 135-137].   The interface of cell cycle regulatory factors with 

metabolism is similarly complex and varied [138 ].   For example, Cyclin D1, which is a 

requisite activator of CDK4/6, has been shown to act in a transcriptional role to 
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coordinate metabolism/mitochondrial function [139].   Additionally, at a cellular and 

organismal level CDK4/6 activity plays important roles in controlling gluconeogenesis 

and responsiveness to insulin [138].   RB has been shown to bind to mitochondria and 

regulate apoptotic functions[140], while E2F has been shown to drive mitochondrial-

dependent apoptosis in Drosophila[141, 142]. Interestingly, in fibroblastic models RB 

loss is associated with increased glutamine utilization [143, 144], and loss of RBF has 

been associated with altered glutamine catabolism in drosophila [145].  Recent studies 

have shown that loss of RB can lead to decreased oxidative phosphorylation and more 

dependency on glycolytic metabolism [146, 147].  Consonantly, E2F1 and RB in tissue 

can provide a critical node of regulation between proliferation and metabolic activity 

[138, 148].   Since metabolic features of cancer are progressively emerging as a target for 

therapeutic intervention, these findings supported a direct interrogation of how 

pharmaceutical CDK4/6 inhibitors impinge on tumor metabolism and the ability to 

selectively target that metabolic state. 

 3.3: CDK4/6 inhibition yields increased mitochondrial mass via RB: 

In order to address the role of CDK4/6 inhibition in PDA, three cell models were 

utilized.   These models contain classic features of PDA [130], but exhibit differing cell 

cycle inhibition with pharmacological suppression of CDK4/6 activity (Figure S1).    

While many therapeutic agents that target KRAS signaling suppress metabolism, we 

observed that CDK4/6 inhibition with PD-0332991, resulted in increased cellular 

complexity, which is an indirect surrogate of increased organelles and metabolic 

functions within the cytoplasm (Figure 1A).   Concordantly, CDK4/6 inhibition was 

accompanied by an increase in ATP levels (Figure 1B) and an increase in mitochondrial 
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mass in multiple cell lines (Figure 1C, 1D and Figure S1).   Since these effects could 

represent a specific feature of PD-0332991 as opposed to CDK4/6 inhibition, two other 

specific CDK4/6 inhibitors (LEE-11 and LY2853219) were employed, and exhibited 

similar increased mitotracker staining (Figure S1).   Transmission electron microscopy 

confirmed the numerical increase in mitochondria in cells treated with CDK4/6 inhibitors 

(Figure 1E).     

CDK4/6 inhibitors are known to inhibit cell cycle [44] but also exert two 

biochemical effects that are potentially germane to tumor metabolism.  Notably, CDK4/6 

inhibitors will lead to the accumulation of Cyclin D1 that has the capacity to impact cell 

biology through non-catalytic functions[149], and CDK4/6 inhibition results in the 

suppression of RB phosphorylation [45, 98] (Figure S1).   Using RNA-i mediated 

knockdown (Figure S1), Cyclin D1 depletion had little effect on mitochondrial 

accumulation (Figure 1F).   In contrast, the knockdown of RB1 partially reverted the 

accumulation of mitochondria (Figure 1F) and decreased cellular complexity (Figure S1).  

Additionally, we defined rare cases of PDA that exhibit endogenous RB loss[150]. Using 

a cell line derived from such a case (EMC7310) we observed that the increase in 

mitochondrial mass was dependent on RB (Figure S1).   Furthermore, employing 

constitutively active RB allele refractory to phosphorylation (PSM.7-LP)[151], indicated 

RB activity was sufficient to induce the accumulation of mitochondria in a manner 

comparable to PD-0332991 (Figure 1G). It has recently been shown that RB can 

associate with mitochondria [140].   However, in the presence of the CDK4/6 inhibitor 

RB was solely nuclear as determined by immunofluorescence microscopy (Figure S1).  

In parallel with these established cell lines, PD-0332991 treatment of a low passage 
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patient-derived PDA cell line elicited a similar increase in mitotracker (Figure 1H). To 

determine whether these effects were observed in vivo, the matched xenograft model 

derived from the same patient was treated with PD-0332991 for 8 days.  This treatment 

elicited potent suppression of Ki67, consistent with the established role for CDK4/6; and 

as observed in cell lines, there was an increase in mitochondria (Figure 1I). 
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Figure 3.1: CDK4/6 inhibition leads to mitochondria accumulation in an RB-

dependent fashion. 

(A) Representative flow cytometry histogram displaying cellular complexity on the x-

axis for cells treated with PD-0332991 for 120 hours. (B) Relative ATP levels from cells 

treated with control or PD-0332991 for 120 hours. The average and standard deviation 

are shown, statistical comparison to vehicle control was determined by t-test (**p<0.01, 

***p<0.001). (C) Confocal fluorescence imaging of mitochondria (62.5x) in the indicated 

cells treated with PD-0332991 for 120 hours (scale bar 20 μm). (D) Flow cytometry 

histograms showing comparison of mitotracker red fluorescence of the control vs. PD-

0332991 treated. (E) Representative transmission electron microscope micrograph of PL5 

cells control and treated with PD-0332991 (scale bar 1 μm). Quantification of 

mitochondria from counting high-power fields, the average and standard deviation are 

shown. Statistical comparison to vehicle control was determined by t-test (***p<0.001). 
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(F) Flow cytometry histograms showing comparison of mitotracker red fluorescence of 

the control vs. PD-0332991 treated following CCND1 or RB knockdown. (G) 

Quantitation of mitotracker red intensity treatment with PD-0332991 or transduction of 

the constitutively active RB allele 7-LP. The average and standard deviation are shown. 

Statistical comparison to vehicle control was determined by t-test (*p<0.05, **p<0.01). 

(H) Flow cytometry histograms showing comparison of mitotracker red fluorescence of 

the control vs. PD-0332991 treated in the EMC43 cell model. (I) Hematoxylin and eosin 

staining, immunohistochemistry for(Ki67) (scale bar 100 μm), and fluorescence (scale 

bar   200 μm) imaging (TOM20/Vimentin/DAPI) of patient-derived xenograft EMC43. 

See also figure S1. 

3.4: Reprogramming of metabolism with CDK4/6 inhibition: 

 To determine the effect of increased mitochondria number on metabolism, oxygen 

consumption was evaluated as a measure of increased oxidative phosphorylation.  As 

shown in Figure 2A, there was a substantial increase in oxidative phosphorylation with 

CDK4/6 inhibition.     Analysis of metabolite levels in culture media indicated that PD-

0332991 treatment resulted in a significant increase in glucose and glutamine 

consumption.   Correspondingly, there was enhanced glutamate secretion as a product of 

glutamine metabolism, and increased lactate efflux as a measure of the end product of 

glycolysis (Figure 2B). Consistent with the increase in lactate production, there was a 

significant increase in media acidification (Figure 2C).   These features were 

recapitulated with LEE-011 and LY2853219, indicating that increased metabolism is a 

general feature of CDK4/6 inhibition (Figure S2).  Metabolomic analysis was performed 

in conjunction with universally labeled 13C-glucose and 13C-glutamine to monitor 
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metabolic flux.   These analyses showed increase in glycolytic intermediates (ie. glucose 

6-phosphate, fructose 1,6-bisphosphate, pyruvate, and lactate) that were predominantly 

derived from glucose as expected (Figure 2E).   For TCA metabolites (ie. malate, 

fumarate, succinate, and alpha-ketoglutarate), there were also significant increases in 

metabolite levels (Figure 2F).    Flux analysis indicated that these metabolites were 

principally derived from glutamine; therefore, the majority of mitochondrial-derived 

metabolism is fueled by glutamine in these models (Figure 2G).   Starving cells of either 

glutamine or glucose significantly reduced viability (Figure 2H-I).    However, pre-

treatment with CDK4/6 inhibitors protected selectively against the effect of acute glucose 

withdrawal, suggesting that enhanced glutamine metabolism was sufficient to rescue the 

reliance on glucose.  Similarly, CDK4/6 inhibition limited the acute toxicity of 

mitochondrial inhibitors phenformin and rotenone (Figure S2).   These findings 

underscore the possibility that the metabolic status of CDK4/6-treated cells could impact 

on tumor biology and therapeutic sensitivities. 
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Figure 3.2: CDK4/6 inhibition leads to metabolic reprogramming. 

(A) Oxygen Consumption Rate (OCR) of PL45 and Capan2 cell lines either control or 

treated with PD-0332991. (B) Quantification of media glucose and glutamine uptake, and 

glutamate and lactate production from the indicated cell lines with or without PD-

0332991 treatment. The average and standard deviation are shown. Statistical comparison 

to vehicle control was determined by t-test (*p<0.05, **p<0.01,***p<0.001). (C) 

Extracellular acidification rate (ECAR) in cells treated with or without PD-0332991 

treatment. (D) Relative fold change of glycolytic intermediates Glucose 6P, Fructose 

1,6BP, pyruvate and lactate as determined by mass-spectrometry. The average and 

standard deviation are shown. Statistical comparison to vehicle control was determined 

by t-test. (E) Flux analysis of cell populations treated with universally labeled 13C-

glucose (solid bars) or universally labeled 13C-glutamine (stippled bars). Bars show the 

relative average abundance and standard deviation of differing mass species. (F) Relative 

fold change of TCA intermediates alphaketoglutare, citrate, malate and fumarate. The 

average and standard deviation are shown. Statistical comparison to vehicle control was 

determined by t-test (**p<0.01). (G) Flux analysis of cell populations treated with 

universally labeled 13C-glucose (solid bars) or universally labeled 13C-glutamine 

(stippled bars). Bars show the relative average abundance and standard deviation of 

differing mass species. (H) Quantification of cell viability following acute glucose or 

glutamine withdrawal. The average and standard deviation are shown. Statistical 

comparison to vehicle control was determined by t-test (*p<0.05). (I) Representative 

images of crystal violet stained cells following either glutamine or glucose withdrawal 

(scale bar is 200 μm). See also figure S2.  



	   	   	  58	  

3.5 CDK4/6 inhibition drives MTOR pathway activation: 

 Given the significance of signaling pathways in regulating metabolism, we 

assessed how CDK4/6 inhibition influences the levels of 217 protein and phospho-

proteins by reverse phase protein array (RPPA) analysis [152] (Figure 3A).   

Interestingly, there were very few significant changes in protein abundance mediated by 

CDK4/6 inhibition.   In terms of down-regulated proteins, phosphorylated RB and E2F 

targets (e.g. Cyclin B1) were downregulated as expected (Figure 3A).   In contrast, the 

phosphorylation of ribosomal protein S6 at Ser235/236 was uniquely observed to be 

significantly increased with CDK4/6 inhibition (Figure 3A).   Immunoblotting confirmed 

the increased phosphorylation of S6, an MTOR complex 1 (TORC1) substrate, and also 

increased phosphorylation of RSK at Ser 389 (Figure 3B).  In contrast, there was no 

increase in either ERK or AKT phosphorylation (Figure 3B).   To determine if this 

signaling feature of CDK4/6 inhibition is observed in vivo, tumor sections from 

xenografts treated with PD-0332991 were stained for Ki67 and phosphorylated S6, and 

showed the expected reduction in Ki67 and a significant increase in S6 phosphorylation 

(Figure 3C).  Similar results were observed in PDX models (Figure S3).  Together, these 

data indicate that MTOR signaling is activated with the inhibition of CDK4/6.   Parallel 

analysis of transcriptional pathways was performed on cells treated with PD-0332991 for 

five days.   This treatment resulted in the down-regulation of multiple genes involved in 

cell cycle control, consistent with the expected suppression of RB phosphorylation 

(Figure 3D and S3).   However, a large number of genes were significantly up-regulated 

(Figure 3D), and gene set enrichment analysis identified the induction of genes associated 

with glycolysis, lysosome, pyruvate metabolism, fatty acid metabolism, and PPAR 



	   	   	  59	  

signaling (Figure 3D and S3).   Importantly, many of these processes are activated 

downstream of MTOR [136] suggesting this signaling pathway is associated with 

CDK4/6-inhibition mediated metabolic effects.    

Canonically, the activation state of MTOR is regulated by PI3K/AKT/TSC 

pathway, amino acid availability, lysosomes, and the appropriate milieu of regulatory 

proteins [137].  In the analysis of gene expression data and RPPA, there was no evidence 

for the activation of PI3K/AKT or the abundance of TORC1 or TORC2 subunits or 

regulatory proteins (not shown).    However, there was a rapid (24 hr) increase in 

lysosomes that preceded the increase in mitochondria (Figure S3). Immunofluorescence 

analysis demonstrated that the majority of MTOR in PDA models is associated with 

lysosomal structures, and treatment with CDK4/6 inhibitors increased lysosome-

associated MTOR (Figure S3). These data suggest that TORC1 complex activation is 

occurring.   Additionally, there was an accumulation of amino acids as determined by 

mass-spectrometry (Figure S3).  Consistent with the supposition that amino acids play an 

important role downstream from RB, depletion of amino acids blocked the induction of 

MTOR activity with CDK4/6 inhibition (Figure S3).   Together, these data suggest that 

CDK4/6 inhibition triggers an energetic feed-forward loop that engages MTOR signaling 

for metabolic reprogramming.    
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Figure 3.3: CDK4/6 inhibition leads to the induction of MTOR activity and 

downstream effects on metabolism. 

(A) Quantification of reverse phase protein array (RPPA) data. The log-fold change of 

proteins abundance with PD-0332991 treatment is displayed as a function of the 217 

protein species detected on the array. RPPA data for selected proteins and 

phosphoproteins is shown, with the average abundance and standard deviation. Statistical 

comparison to vehicle control was determined by t-test (*p<0.05, **p<0.01). (B) 

Immunoblotting was performed for the indicated proteins in cells treated with the 

indicated pathway selective inhibitors. (C) Immunohistochemical analysis of xenograft 

tumors treated with lactate control or PD-0332991 for 8 days. Representative images of 

Ki67 and pS6 (S235/236) are shown (scale bar is 100 μm). (D) Gene expression profiling 

was performed on Capan 2 cells treated with control or PD-0332991 for 120 hours. 

Heatmap shows genes passing a 1.5-fold p<0.05 cutoff. Representative genes falling into 

selected gene set enrichment categories are shown in the heatmap. (E) Quantification of 

BrdU positive cells following 24 hour treatment with 

dual PI3K/MTOR (BEZ235), PI3K (BKM120, BYL719), mTOR (Torin, Everolimus and 

Deforolimus) and MEK (AZD-6244) inhibitors alone and in combination with PD-

0332991 treatment. Average BrdU incorporation and standard deviations are shown. 

Statistical comparison to single agent treatment was determined by t-test (*p<0.05, 

**p<0.01,***p<0.001). (F) Bright filed images of PD-0332991, AZD-6244 and Torin 1 

and combination treated cells (scale bar is 100 μm). (G-J) Quantification of mitochondria, 

OCAR, ECAR, and ATP levels from cells treated with the indicated drugs and 
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combinations. Average signals and standard deviations are shown. Statistical comparison 

to control was determined by t-test (*p<0.05, **p<0.01, ***p<0.001). See also figure S3. 

 

3.6: MTOR and MEK inhibitors exhibit distinct endpoints with CDK4/6 inhibition: 

To determine the functional interaction between CDK4/6 inhibition and signaling 

pathways, a panel of agents that inhibit PI3K, MTOR, and MEK was employed.    

Consistent with prior work[130], we observed potent cooperation between MTOR and 

MEK inhibitors with CDK4/6 inhibitors; however, there was little influence of PI3K 

selective inhibitors (Figure 3E).  Interestingly, there were significant differences in the 

morphology of cells treated with MEK vs. MTOR inhibitors (Figure 3F).  Since both 

MTOR and MEK inhibitors cooperated to invoke similar levels of cell cycle inhibition, 

the associated influence on metabolism was evaluated.   MEK inhibition further 

augmented the impact of CDK4/6 inhibition on oxidative metabolism including increased 

mitochondrial mass, cellular complexity and enhanced OCAR (Figure 3G and 3H and 

S3).   However, MEK inhibition selectively inhibited glycolysis (Figure 3I).  In contrast, 

combined CDK4/6 and MTOR inhibition resulted in the suppression of both glycolytic 

and oxidative functions, as was most evident in terms of the mitochondrial accumulation 

that was completely suppressed (Figure 3G-I and S3).   These combined findings suggest 

a pathway through which the selective activation of RB in the presence of oncogenic 

signals enables the further accumulation of MTOR signaling and resultant stimulation of 

metabolism, while MEK is predominantly required for the maintenance of glycolytic 

metabolism. 
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3.7: Combination treatments with CDK4/6 inhibitors result in durable therapeutic 

response: 

The distal effects of the combination of CDK4/6 inhibition with MTOR or MEK 

inhibition were evaluated.  MEK in combination with CDK4/6 inhibition enforced a 

profound effect on cell cycle inhibition (Figure S4), and a potent cytostatic effect with 

evidence of induced senescence (SA-ß-Gal) (Figure 4A).    In contrast, MTOR inhibition 

suppressed senescence, but resulted in the induction of cell death (Figure 4B).    This 

apoptotic cell death could not be reversed by supplementation with methyl-pyruvate or 

alpha-ketoglutarate which directly support mitochondrial metabolism (Figure S4).   The 

endpoints of combination treatment yielded suppression of tumor cell proliferation over 

>2 weeks in culture (Figure 4C).   Importantly, in PL5 xenograft models while both PD-

0332991 and the PI3K/MTOR inhibitor BEZ235 exhibit some single agent activity, the 

combination was significantly more potent for the suppression of tumor cell growth and 

proliferative index (Figure 4D, E, and S4).   These data were further confirmed through 

the use of an independent orthotopic model (PL45), where the combined treatment both 

suppressed tumor growth and reduced metastatic burden in this highly aggressive model 

(Figure 4E and S4). 

 

3.8: Selectively targeting ROS and mitochondria in the presence of CDK4/6 

inhibition: 

A high level of oxidative phosphorylation is believed to represent a liability to 

tumor cells, due to the role of mitochondria in apoptosis and generation of reactive 

oxygen species (ROS).   Indeed, treatment of the PDA models with CDK4/6 inhibitor 
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resulted in increased total ROS and mitochondria-derived ROS (Figure 4F and S4).   

However, one of the key transcriptional responses to CDK4/6 inhibition includes the 

accumulation of genes involved in peroxisome biosynthesis and the expression of ROS 

scavengers including hemeoxygenase 1 (HO-1) and catalase (CAT) (Figure S4).   The 

knockdown of either HO-1 or CAT elicited a significant reduction in PDA cell growth 

and cooperated with CDK4/6 inhibition (Figure 4G, 4H, S4).   These findings suggest 

that increased utilization of mitochondria is balanced by antioxidant pathways in the 

context of CDK4/6 inhibition.   Interestingly, not all perturbations of ROS regulatory 

processes cooperated with CDK4/6 inhibition.   Notably, the glutathione inhibitor BSO 

failed to further increase ROS levels above CDK4/6 inhibition, and similarly did not 

cooperate with CDK4/6 inhibition (Figure S4). 

An alternative means to exploit mitochondria is through mobilization of BH3-

containing proteins.   It is known that ROS and other stresses, including CDK inhibition, 

can effectively limit the expression of MCL1 or modify its activity [153, 154].   Cells 

treated with PD-0332991 exhibited a marked suppression of the high-mobility form of 

MCL1 (Figure S4).    To determine if this was related to increased sensitivity to 

mitochondrial-mediated apoptosis, the BCL2 inhibitor ABT-737 was employed [155].   

Cells that had been pretreated with PD-0332991 and exhibited an accumulation of 

mitochondria were selectively sensitive to ABT-737 that elicited apoptotic cell death 

(Figure 4 J-L and S4).   Importantly, the pretreatment with CDK4/6 inhibition also 

elicited long-term suppression of proliferation in combination with ABT-737 (Figure 4L).  

Together, these data indicate that the mitochondria/metabolic features of CDK4/6 treated 

cells could be selectively exploited to yield a synthetic approach to cancer treatment. 
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Figure 3.4: Selective cooperation with CDK4/6 inhibition for enhancing therapeutic 

effect. 

(A) Quantification of SA-β-gal positive cells following the indicated treatments. Average 

number of senescent cells and standard deviations are shown. Statistical comparison to 

control was determined by t-test (**p<0.01, ***p<0.001). (B) Quantification of apoptotic 

cells following the indicated treatments. Average apoptotic cells and standard deviations 

are shown. Statistical comparison to control was determined by t-test (***p<0.001). (C) 

Colony-formation was assessed at the indicated times by crystal violet staining. 

Representative images are shown (D) Tumor volume of PL5 xenografts following 

treatment with BEZ235, PD-0332991, and the combination was measured as a function 

of time The average volume and standard deviation are plotted, the statistical comparison 

vs. vehicle treated control is shown by t-test (*p<0.05, **p<0.01). (E) Representative Ki-

67 immunohistochemistry of the PL5 treated xenografts (scale bar is 100 μm). (F) Tumor 

volume of orthotopically implanted PL45 cells that were treated with the indicated 

agents. The average volume and standard deviation are shown, statistical comparison to 

the vehicle treated control is shown. (G) Representative histograms showing fluorescence 

of total ROS in the presence vs. absence of PD-0332991. (H) Surviving cells following 

HO-1 or CAT knockdown in the absence or presence of PD-0332991 was determined. 

Bars show average surviving fraction relative to control transfected controls. Statistical 

analyses to the RNAi control was determined by t-test (*p<0.05, **p<0.01, ***p<0.001). 

(I) Colony outgrowth of knockdown cells alone or in combination with PD-0332991. 

Representative images shown. (J) Fold change in fraction of apoptotic cells pre-treated 

with PD-0332991 for the indicated period of time, followed by acute treatment with 
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ABT-737. The average number of apoptotic cells and standard deviation is shown. 

Statistical analysis was by t-test to single agent vs. combination with PD-0332991 

(*p<0.05). (K) Impact of PD-0332991 pretreatment on sensitivity to ABT-737 Average 

and standard deviations are shown. Statistical comparison to control was determined by t-

test (*p<0.05, **p<0.01) (L) Prolonged treatment with ABT-737 of control or PD-

0332991 pretreated and stained for crystal violet. See also figure S4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   	   	  68	  

3.9: Discussion:     

There has been an ever-increasing appreciation of the importance of metabolism in 

cancer and as a target for therapeutic intervention[134, 156].     In parallel, it is becoming 

evident that the class of CDK4/6 inhibitors will be utilized in multiple clinical settings 

either singly or in combination[44, 113].     

 The impact of CDK4/6 inhibition on tumor metabolism is distinct from other 

targeted agents that have been evaluated in PDA models.   In general, therapeutic agents 

against the KRAS signaling pathway suppress features of mitogenic signaling and result 

in attenuation of specific facets of metabolic activity[61, 135, 156, 157].   This can occur 

either through the attenuation of glycolysis as observed with MEK inhibitors, or a general 

diminution of metabolic function as reported with MTOR inhibitors.  Increased metabolic 

activity observed in PDA models with CDK4/6 inhibition was surprising, since in 

different settings CDK4 and Cyclin D1 expression or RB loss enhance metabolic 

functions associated with proliferation [138, 143, 144].   For example, in Drosophila 

CDK4 is well-established to drive cellular growth by activating metabolic pathways 

[158].   In spite of these prior studies, recent work has shown that RB loss is selectively 

associated with a diminution of oxidative phosphorylation, and increased sensitivity to 

mitochondrial poisons [146].   Therefore, our findings suggest that RB activation by 

CDK4/6 inhibition essentially drives this process in reverse and activates mitochondrial 

function.  Correspondingly, such treated cells are actually less sensitive to glucose 

withdrawal and mitochondrial poisons.  

The finding that tumors treated with CDK4/6 inhibitors maintain a high metabolic 

rate has significant clinical implications.  Such a state could represent a potential liability 
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as the treated tumor cells are metabolically charged for cell division, and cessation of the 

CDK4/6 inhibition could elicit rapid cell cycle progression.   In yeast models the 

accumulation of cell mass and energetics can drive subsequent rounds of proliferation 

under non-ideal conditions[133].  This could also explain in part why single agent 

treatment with CDK4/6 inhibitors (ie. PD-0332991) has not proved effective in most 

solid tumors.   Importantly, the metabolic features observed here in preclinical models are 

consistent with imaging from clinical trials.   In the analysis of single agent PD-0332991 

in mantle cell lymphoma FLT-PET signal which measures thymidine utilization was 

suppressed, while the signal for FDG-PET was maintained suggesting the tumors treated 

in this fashion maintain significant metabolic activity[46].    

 Mechanistically, CDK4/6 inhibitors are unique as they suppress proliferation 

downstream from many of the oncogenic signaling pathways that stimulate both 

metabolism and cellular proliferation[44, 113].   As shown here, the activity of effectors 

distal to KRAS is maintained following the exposure to CDK4/6 inhibitor.   Additionally, 

we find MTOR signaling is stimulated with suppression of CDK4/6 activity in the PDA 

cells and tumor models studied.   MTOR engages a signaling program downstream from 

nutrient availability to stimulate metabolism leading to cell cycle progression[136, 137], 

and therefore is generally antagonistic to the cytostatic effect of CDK4/6 inhibition.    We 

observe the induction of multiple gene expression programs known to be downstream of 

MTOR including glycolysis, lysosome biogenesis, fatty acid metabolism and PPAR 

signaling [136].    Presumably this elevated MTOR signaling in concert with a 

suppression of cell cycle progression is sufficient to enhance the metabolic features 

observed in the PDA cultures and tumors observed.   One of the key questions is how 
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CDK4/6 impacts MTOR. MTOR activation occurs as a consequence amino acid 

availability and lysosomal localization[159].  Interestingly, CDK4/6 inhibition yielded a 

rapid accumulation of lysosomes, and metabolomics analysis showed increased amino 

acid pools. These data suggest an energetic feed-forward loop, wherein CDK4/6 

inhibition yields increased metabolic activity that is further exaggerated by MTOR 

activation that mediates downstream effects on metabolism/mitochondria.   Critically, 

MTOR inhibition can suppress effects of CDK4/6 inhibitor on metabolism, thus mTOR 

activity is required for metabolic reprogramming induced by CDK4/6 inhibition.   In spite 

of these findings, the exact signaling through which CDK4/6 and RB controls 

metabolism remains under study, as does the potential context dependence beyond the 

PDA models studied here.   

 In pancreatic cancer and in other solid tumor models, CDK4/6 inhibitors as single 

agents do not appear to be very effective [44].   Thus defining means to selectively 

capitalize on the metabolic status imparted by CDK4/6 inhibition is particularly pertinent.   

Due to the withdrawal from the cell cycle, CDK4/6 inhibitors have an antagonistic 

function related to select chemotherapies, further underscoring the need for rational 

combinatorial approaches.   In breast cancer models, PI3K inhibitors potently cooperate 

with CDK4/6 inhibition[160].   However, this combination has a relatively modest effect 

in PDA models.   In contrast, MEK and MTOR inhibition potently cooperates with 

CDK4/6 inhibition [130, 131].  In spite of similar effects on cell cycle suppression, MEK 

and MTOR inhibition have distinct effects on metabolism and biology.   As has been 

previously published, MEK activity is particularly relevant for maintaining glycolytic 

function in PDA models[61]. MEK inhibitors function in concert with CDK4/6 inhibition 
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to enhance the accumulation of mitochondria and oxidative phosphorylation, eliciting a 

pronounced cell cycle arrest with features of senescence.  In contrast, MTOR inhibitors 

restricted glycolytic metabolism and oxidative phosphorylation induced by CDK4/6 

inhibition and yielded cell death and suppression of tumor growth.   While potent 

cooperation is observed in several cell and xenograft models, a concerted effort across 

multiple patient-derived models will be required to determine the fraction of tumors that 

would be expected to be sensitive to such interventions in the clinic.   

 Targeting metabolism or other conserved features of cell biology represents a 

challenge in establishing a therapeutic index[161].   In contrast with other agents, the 

increase in tumor associated mitochondria and ROS could represent a unique target for 

tumors treated with CDK4/6 inhibitors [162].    Inhibitors of antioxidants are being 

considered as cancer therapies due to the established increase in ROS production by 

many tumors[163].  We observed that both depletion of catalase or hemoxygenase-1 

cooperated with CDK4/6 inhibition.  Similarly the high levels of mitochondria in 

principle could yield increased sensitivity to mitochondrial driven cell death mediated by 

agents such as ABT-737.    Thus these studies provide potential avenues for considering 

converting the cytostatic nature of CDK4/6 inhibitors to cytotoxicity. 

  Given the recent FDA approval of CDK4/6 inhibitors, their use will become 

progressively common-place.  Understanding both canonical cell cycle and metabolic 

features of treatment exposure will be important for defining preferred combination 

strategies and capitalizing on tumor biology. 
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Figure 3.5: Supplemental Figure 1: (A) The indicated cell lines were treated with 

DMSO or PD- 0332991 and BrdU was determined at 24 hours post treatment. Data 

shown is from three independent experiments. Bars demonstrate the average and standard 

deviation. Statistical comparisons relative to the control were determined by t-test 

(**p<0.01, ***p<0.001). (B) The indicated cell lines were treated with PD-0332991 for 
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the indicated time. Mitotracker signal was determined as a function of time. The average 

signal and standard deviation are shown. Statistical comparisons relative to the control 

were determined by t-test (***p<0.001). (C) Representative histograms of mitotracker 

signal from the indicated cell lines cultured in the presence of DMSO or PD-0332991. 

(D) The indicated cell lines were treated with CDK4/6 inhibitors PD-0332991, Lee011, 

and LY2853219 for 120 hours. Representative histograms of mitotracker signal are 

shown. (E) Immunoblots of Cyclin D1, Cyclin A, ppRB (Ser780) following 120 hour 

treatment with PD-0332991 are shown from the indicated cell lines. (F) 

Immunofluorescence (scale bar is 20 μm) and immunoblots of RB and Cyclin D1 

following transfection with pooled RNAi against RB and CCND1 in PD-0332991 pre-

treated cells. (G) Mitochondria accumulation following RB knockdown was quantified in 

the indicated cell lines. The average and standard deviation are shown. Statistical 

comparisons relative to the control were determined by t-test (*p<0.05, **p<0.01). (H) 

Confirmation of effects on mitonchondria accumulation with independent RNAi 

molecules against CCND1 and RB1. Representative histograms are shown. (I) Cellular 

complexity changes with PD-0332991 in the presence of pooled RNAi mediated 

knockdown of cyclin D1 or RB. (J) Immunoblotting for the indicated proteins in the 

indicated cell lines. The EMC7310 cell line is RB deficient and expresses high-levels of 

p16ink4a, while EMC18128 is RB- proficient. (K) Mitocondrial accumulation was 

evaluated in the indicated cell lines by mitotracker staining. Representative histograms 

are shown. (L) The localization of RB and mitochondria were determined by 

immunofluorescence staining in the presence of PD-0332991 (scale bar is 20 μm).  
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Figure 3.5: Supplemental Figure 2: (A) The effect of PD-0332991 treatment on basal 

OCR and ECAR was determined in the indicated cell lines. Average and standard 

deviation are shown. Statistical comparisons relative to the control were determined by t-

test (*p<0.05) (B) The impact of the indicated PD-0332991, Lee011 and LY2853219 on 

glucose consumption and lactate secretion were determined in Capan2 cells. Average and 

standard deviation are shown. Statistical comparisons relative to the control were 

determined by t-test (*p<0.05). (C) Cells were treated with Rotenone or Phenformin in 

the presence of vehicle control or PD-0332991. Surviving fraction was determined 

average and standard deviation are shown. Statistical comparisons relative to the vehicle 

control were determined by t-test (**p<0.01).  
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Figure 3.5: Supplemental Figure 3:  (A) Immunoblotting for the phosphorylation of ribosomal 

protein S6 (Ser235/236) over time. (B) Immunoblots showing S6 phosphorylation (Ser235/236) 

following treatment with PD-0332991. (C) Representative immunohistochemical staining for 

phosphorylated ribosomal protein S6 (Ser 235/236) following 8 days of PD-0332991 treatment is 

shown for the patient- derived xenograft model EMC43 (scale bars 100 μm). (D) Gene set 

enrichment data for KEGG terms CELL CYCLE, PYRUVATE METABOLISM, PPAR 

SIGNALING, and FATTY ACID METABOLISM. (E) Histograms and representative images of 

LysoTracker staining following 24 hour PD-332991 treatment in Capan2 and PL45 cell lines 

(scale bars 50 μm). (F) Immunostaining for MTOR and LAMP2 was performed in the indicated 

cell lines treated with DMSO or PD-0332991. Representative images showing the accumulation 

of MTOR in the lysomal compartment are shown (scale bars 25 μm). (G) Amino acid levels as 

determined by mass-spectrometry from cells treated with PD-0332991. The average and standard 

deviation are shown. Statistical comparisons relative to the vehicle control were determined by t-

test (*p<0.05, **p<0.01). (H) Immunoblot of phosphorylated S6 (Ser235/236) following 

treatment with PD-0332991 alone or with concurrent amino acid withdrawal.  
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Figure 3.5: Supplemental Figure 4: (A) Cells were treated with the indicated doses of 

PD-0332991 and AZD6244. BrdU incorporation was quantified and the average and 

standard deviation are shown. Data show significant cooperation between the agents. (B) 

Cells were treated with PD-0332991 and Torin1 alone or in conjunction with 

methylpyruvate or alpha-ketogluturate. Average number of apoptotic cells and standard 

deviation is shown. (C) Representative immuhistochemical staining of phosphorylated S6 

(Ser235/236) in PL45 xenograft following 8 days treatment with vehicle control, PD- 

0332991 or combined treatment with PD-0332991 and BEZ235 (scale bars 100 μm). (D) 

Representative images of orthotopic xenografts (scale bar 1 cm). Immunohistochemical 

staining of tumors treated with the indicated agents was performed. Representative 

images of pS6 (Ser235/236) and Ki67 staining are shown (scale bars 100 μm). (E) 

Representative images of vehicle treated tumors and metastasis to spleen and liver (scale 

bar 1 cm), quantification of metastatic burden was determined by visual examination of 

all animals. Statistical comparison of the combined treatment relative to the vehicle 

control were determined by t-test (**p<0.01). (F) Flow cytometric analysis of reactive 

oxygen species from the indicated cell line. Representative histogram is shown. (G) Flow 

cytometric analysis of mitochondria-derived reactive species from the indicated cell lines 

treated with PD-0332991. Representative histogram are shown (H) Gene set enrichment 

analysis for KEGG term PEROXISOME, heatmap of select peroxisome associated genes, 

expression level of HMOX and CAT genes (**p<0.01). (I) Immunoblotting of HO-1 

protein following treatment with PD-0332991 in the indicated cell lines. (J) 

Immunostaining for catalase in the presence of DMSO or PD-0332991 treatment (scale 

bar 100 μm). (K) Analysis of ROS levels from cells treated with vehicle, PD- 0332991, 
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25 μM BSO, or 25 μM BSO+PD-0332991. The mean and standard deviation is shown. 

Statistical comparisons of treatments relative to the vehicle control were determined by t-

test (**p<0.01, p<0.001). (L) Cells were treated with increasing concentrations of BSO in 

the absence or presence of PD-0332991. 

are shown. (M) Immunoblot analysis of MCL1 in the indicated cell lines treated with 

vehicle (DMSO) or PD-0332991.  
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3.10.1:  Mitochondria Staining: 

Mitochondria were assessed with MitoTracker®Red CMXRos 540/604 (50nM) (Live 

technologies). Cells were incubated under normal culture conditions for 30 minutes and 

fixed with 70% ice-cold ethanol. Mitochondria were subsequently visualized by 

fluorescence confocal microscopy using a Zeiss LSM 510 META NLO at magnification 

62.5x or quantified by Flow cytometry using BD FACSCaliburTM (measured at 530 

[FL-1, green] and 590 [FL-2, red] nm). 

3.10. 2:  Transfection: 

Cells were cultured in 96 well plates then transfected with ON-TARGETplus siRNA 

(100nM) specific for CCND1 or RB or HO-1 (All purchased from Dharmacon), using 

RNAiMAX Lipofectamine according to the manufacturer’s specifications. 

3.10. 3:  Quantification of ATP levels: 

Cells were seeded in 24 well plates and treated with PD-0332991 and/or combination 

(AZD- 6244 and Torin 1) for 120 hours. Following treatment, cells were counted and 

assessed by CellTiter-Glo Reagent (Promega), luminescent signal is proportional to the 

amount of Adenosine triphosphate (ATP) present. Results were analyzed by dividing 

Relative Luminescence Units (RLUs) by cell number. 

3.10. 4:  Immunofluorescence: 

Cells were plated onto cover slips and staining was conducted after finalization of 

treatment. Cells were first washed twice with PBS and then fixed with ice-cold methanol 

for 15 min. Following fixation, cell were washed with PBS and blocked in IF buffer 



	   	   	  85	  

(PBS, 05% NP40 substitute, and 5% BSA) for 10 min at room temperature (RT). Primary 

antibodies were subsequently added, diluted in blocking buffer, and incubated for 1 hr at 

37 °C in humidifying chamber. Following incubation, cover slips were washed with PBS 

and incubated in fluorescent-conjugated secondary antibodies, dilluted in blocking buffer, 

for 30 min at RT. Cells were washed and counter stained with DAPI and subsequently 

mounted onto slides using mounting agent. Subsequent to staining, cell were images by 

fluorescence confocal microscopy using a Zeiss 510 at magnification (62x). 

3.10. 5:  Transmission Electron Microscopy: 

Cells were fixed on MatTek dishes with 2.5% (v/v) glutaraldehyde in 0.1M sodium 

cacodylate buffer. After three rinses in 0.1 M sodium cacodylate buffer, they were post-

fixed in 1% osmium tetroxide and 0.8 % K3[Fe(CN6)] in 0.1 M sodium cacodylate buffer 

for 1 h at room temperature. Cells were rinsed with water and en bloc stained with 2% 

aqueous uranyl acetate overnight. After three rinses with water, specimens were 

dehydrated with increasing concentration of ethanol, infiltrated with Embed-812 resin 

and polymerized in a 60oC oven overnight. Blocks were sectioned with a diamond knife 

(Diatome) on a Leica Ultracut ultramicrotome (Leica Microsystems) and collected onto 

copper grids, post stained with 2% Uranyl acetate in water and lead citrate. Images were 

acquired on a Tecnai G2 spirit transmission electron microscope (FEI) equipped with a 

LaB6 source using a voltage of 120 

kV. 

3.10. 6:  Metabolite deprivation: 

PD-0332991 pre-treated (96 hours) and control cell populations were acutely deprived of 

glutamine and/or glucose. Cells were seeded and cultured in Glutamine-free DMEM 
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and/or Glucose-free DMEM media (Corning) with 10% dialyzed FBS (Sigma). Bright 

field images (10x) were taken following 48 hours incubation under glucose deprivation or 

72 hours when deprived of glutamine. For amino acid deprivation experiment, cells 

were pre-treated with PD- 0332991 followed by Amino Acid deprivation using DMEM 

w/o amino acids (US biological) supplemented with 10% dialyzed FBS and antibiotics 

for 8 hours. 

3.10. 7:  Biochemical analyzer: 

Glucose and glutamine uptake and lactate and glutamate production was assessed using a 

biochemistry analyzer (BioProfile Basic-4 Analyzer; NOVA). Cell were plated in 6-well 

plates and exposed to drugs as indicated. Twelve hours before analysis, media was 

changed. Media was collected and glucose/glutamine and lactate/glutamate levels were 

evaluated, and results were reported in mmoles/mL normalized to cells number (Baek et 

al., 2014). 

3.10. 8:  Oxygen consumption and extracellular acidification rates 

OCR and ECAR measurement were conducted using Seahorse Bioscience XF24 

Extracellular FLUX analyzer according to manufacturing’s protocol. Cells were first 

plated XF24 polystyrene cell culture plates to 60-80% confluence (20,000 cell per well) 

12 hours at 37° with 5.0 CO2 before ECAR or OCR analysis. Following incubation and 

before conduction of assay, growth 

medium was replaced with the appropriate assay medium (DMEM with 1.85g/L NaCI, 3 

mg/L phenol red, 2 mM L-glutamine). During assay, glucose, oligomicin, and 2-DG for 

ECAR, and oligomycin, FCCP, and rotenone for OCR were sequentially injected into 

each wells in accordance with standard protocols. OCR and ECAR were graphed as 
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absolute rates (pmoles/min for OCR and mpH/min for ECAR) and normalized against 

cell number. 

3.10.9:  LC/MS-based metabolite profiling: 

LC/MS analyses were conducted on a QExactive benchtop orbitrap mass spectrometer 

equipped with an Ion Max source and a HESI II probe, which was coupled to a Dionex 

UltiMate 3000 UPLC system (Thermo Fisher Scientific, San Jose, CA). External mass 

calibration was performed using the standard calibration mixture every 7 days. 

Dried metabolite samples were stored at -80°C and then resuspended in 100 μL water; 1 

μl of each sample was injected onto a ZIC-pHILIC 2.1 x 150 mm (5 μm particle size) 

column (EMD Millipore). Buffer A was 20 mM ammonium carbonate, 0.1% ammonium 

hydroxide; buffer B was acetonitrile. The chromatographic gradient was run at a flow rate 

of 0.150 ml/min as follows: 0-20 min.: linear gradient from 80% to 20% B; 20-20.5 min.: 

linear gradient from 20% to 80% B; 20.5-28 min.: hold at 80% B. The column was held 

at 25°C. The mass spectrometer was operated in full-scan, polarity switching mode with 

the spray voltage set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe 

held at 350°C. The sheath gas flow was set to 40 units, the auxiliary gas flow was set to 

15 units, and the sweep gas flow was set to 1 unit. The MS data acquisition was 

performed in a range of 70-1000 m/z, with the resolution set at 70,000, the AGC target at 

106, and the maximum injection time at 80 msec. Relative quantitation of polar 

metabolites was performed with XCalibur QuanBrowser 2.(Thermo Fisher Scientific) 

using a 5 ppm mass tolerance and referencing an in-house library of chemical 

standards.Cell number was utilized to normalize the data obtained from mass 

spectrometry analysis. Change in metabolites levels in PD-0332991 treated cells were 



	   	   	  88	  

calculated relative to control. A two tailed t-test was used to obtain significance value. 

Ratio of labeled to total metabolite were calculated in both 13C-glucose and 13C-

glutamine for the flux analysis data. All plots were obtained using functions implemented 

in gplots package in R. 

3.10. 10:  SA-β-Gal and Apoptotic staining: 

 Senescence was measured with the senescence-associated β-galactosides (SA- β-Gal) 

activity assay (Cell Signaling) following manufacture’s standard protocol. Apoptotic cell 

death was assessed by incubating growing cells with propidium iodide solution for 30 

minutes, and then quantifying positive cell staining using flow cytometry. 

3.10. 11:  Microarray Analysis: 

Microarray was performed on Illumina HumanHT-12 V4.0 expression beadchip array. 

The data was normalized using the robust multi-array average method (RMA) 

implemented in the limma1 Bioconductor package in R2. For genes with multiple probe 

sets, the median expression level was used. A two tailed t-test was calculated to identify 

differentially expressed genes. Genes with absolute fold change > 1.5 and p-value < 0.05 

were identified as differentially expressed. Gene set enrichment analysis (GSEA) was 

used to identify signaling and metabolic pathways that were enriched for the microarray 

dataset (Subramanian et al., 

http://www.genome.jp/kegg/pathway.html 

2005). KEGG gene sets ( ) from the molecular signature database (MSigDB) was used 

as the gene set of interest. 

3.10. 12:  Xenografts and PDX Studies: 

Patient-derived tumors were engrafted subcutaneously into the flanks of 
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immunocompromised NOD-SCID IL2Rgammanull (NSG) mice and expanded and 

passaged over time as described previously(Witkiewicz et al., 2015). PDXs were treated 

with PD (125mg/kg) or with DMSO diluted in sodium lactate buffer (50 mM, pH 4.0) by 

oral route for 8 days. For established cell line derived xenografts, 5 million cells were 

injected subcutaneously with matrigel (1:1 volume) and treated with PD-0332991 (125 

mg/kg), BEZ235 (25 mg/kg) and the combination when tumors reached ~200mm3 . 

All animal experiments were carried out under protocols approved by the University of 

Texas Southwestern Medical Center Animal Care. At the end of the treatment period 

mice were sacrificed, tumors were excised from mice, weighed and then fixed overnight 

in formalin or flash frozen using liquid nitrogen. Formalin fixed tissue was embedded in 

paraffin; while, frozen tissue was embedded in optimal cutting temperature (OCT). 

Immunohistochemical staining for Ki-67 and pS6 (Ser235/236) was performed on 

paraffin embedded sections. The Ki67 staining was performed as previously 

reported(Witkiewicz et al., 2015). For the pS6 (Ser235/236) staining was performed on a 

DAKO autostainer. Antigen retrieval was performed low pH for twenty minutes at 97C 

and the peroxidase block was for 5 minutes. pS6 (Ser235/236) antibody was used at a 

1:400 dilution for 20 minutes. A rabbit linker and HRP secondary antibody were 

sequentially applied for 15 and 20 minutes respectively. DAB developing was for 10 

minutes, and Hematoxylin staining was for 5minutes. 

Immunofluorescence staining for Tom20 and vimentin was performed on frozen sections, 

using methanol fixation and the same protocol as described above for cells on cover slips. 
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CHAPTER IV: Discussion and Future Directions 
 

 
4.1: Overall Findings: CDK4/6 Inhibitors Have Potent Activity in Combination with 

Pathway Selective Therapeutic Agents in Models of Pancreatic Cancer. 

 
We initiated our study by investigating the sensitivity of PDA to CDK4/6 

inhibitor PD0332991 using a panel of established cell lines. Our results demonstrated that 

PDA cells exhibit variable responses to CDK4/6 inhibition; these responses range from 

very sensitive to highly resistant. Interestingly, those models that were highly resistant, 

such as PL5, maintained residual RB suppression even after CDK4/6 inhibition thus 

alluding to a compensatory mechanism responsible for sustaining RB in a hyper-

phosphorylated state.  These responses were consistent with the results obtained from 

gene expression profiling where resistant models displayed a decrease in transcriptional 

suppression of cell cycle genes compared to more sensitive models.  

Surprisingly, unlike most other cell cycle related genes, which expression 

decreased following CDK4/6 inhibition, Cyclin D1 and Cyclin E1 were up-regulated, but 

only Cyclin E1 was deregulated in resistant models. Later, we found that indeed Cyclin 

E1 induction was responsible for resistance. Cyclin D1 up-regulation have been 

previously reported by other groups, but to our knowledge, we were the first group to 

report that Cyclin E1 deregulation could be a mechanism that PDA cells can utilize to 

bypass CDK4/6 inhibition. This mechanism of resistance has been furthered confirmed 

since we published this study by another group showing similar results in ovarian 
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cancer[164].  So far, resistance to CDK4/6 inhibitors had only been noted in models that 

were RB-deficient, which fortunately is a low occurrence in PDA where it occurs in less 

than 6% of cases[165].  

This alternative mechanism of resistance by aberrant cyclin induction may be 

potentially involved in PDA rapid resistance to CDK4/6 inhibitors, which we observed 

while investigating durable responses to CDK4/6 inhibitor PD0332991. We learned that 

PDA established cell lines quickly overcome CDK4/6 inhibition. This was true even in 

models that initially displayed high sensitivity such as Capan2 (Appendix A). We suspect 

that cyclin deregulation may be playing an active role in this process. To date, only RB 

loss is associated with resistance in the clinical setting, it remains to be ascertain if 

CDK4/6 inhibition leads to aberrant cyclin expression and if this is associated with 

resistance in PDA tumors. 

  While testing CDK4/6 inhibitors, we encountered various unwanted drug 

combinations that could be potentially be used in the clinic. We found that CDK4/6 

inhibition was consistently protected from the cytotoxicity exerted by several targeted 

therapies (PLK1, AURIKA, CHEK) and chemotherapies (Gemcitabine). Even though 

antagonistic responses to chemotherapies have been discovered, we were the first to 

report antagonist responses to targeted therapies [166].   We speculate that CDK4/6 

antagonism results from CDK4/6-induced cell cycle arrest, which state protects cells 

from the DNA damage elicited by these agents, thus diminishing their cytotoxicity.  

Lastly, we uncovered that this aberrant cyclin expression is directly associated 

with MTOR activity. We found that impinging on MTOR signaling by pharmacological 

means was sufficient to block aberrant cyclin E and D1 induction, thus leading to 
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furthered RB de-phosphorylation and cell cycle blockade. Both MTOR and MEK 

inhibitors, in combination with CDK4/6 inhibition, had a comparable effect on the 

proliferation of resistant cell models. This suggests that MEK signaling may be carrying 

out an equivalent role but this remains to be determined. 

Even though, we found that Cyclin D1 is uncoupled to responses by resistant 

models, future experiments will investigate the mechanism by which CDK4/6 stabilizes 

Cyclin D1 expression. Previous studies have shown that Cyclin D1 expression is 

dynamic, actively being shuttled from the nucleus to the cytoplasm and the other way 

around.  This shuttling is associated with the phosphorylation of Cyclin D1. When 

phosphorylated at Thr 286, Cyclin D1 is located in the cytoplasm, where it can be 

degraded by proteolysis; while, in the nucleus it is protected from degradation and can 

fully exert its activity. Unlike other cyclins with oscillating expression, Cyclin D1 

expression does not suggest the transport from and out of the nucleus is the major 

mechanism to regulate its activity[167].  

 

4.2: Overall Findings: Metabolic Reprogramming of Pancreatic Cancer Mediated 

by CDK4/6 Inhibition Elicits Unique Vulnerabilities 

There is a growing appreciation that cell cycle control is associated with cellular 

metabolism. Several components of the cell cycle machinery have already been linked to 

several metabolic processes. For instance, CDK4/6, RB, and E2F have been presumably 

found to be active regulators of glycolysis, oxidative respiration and lipid metabolism but 

these effects are context dependent [143, 168].  Hence, we decided to investigate if 

CDK4/6 inhibitors had any influence on the metabolic state of PDA. 
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 Surprisingly, we uncovered that PDA cells treated with CDK4/6 inhibitors 

exhibited an altered metabolic state with both an increase in oxidative respiration and 

glycolysis; this phenotype was dependent on RB expression. This altered metabolic state 

was associated with an accumulation of mitochondria and changes in cellular complexity. 

The increase in mitochondria was not mutually exclusive to our in vitro studies. After 

treating patient-derived Xenografts (PDXs) with PD-03332991 for 8 days, we noticed an 

accumulation of mitochondria in tumor tissue, thus making mitochondria accumulation a 

possible biomarker for responses to CDK4/6 inhibitors.  

 These effects on metabolism led to a robust accumulation of ATP, metabolism 

intermediates (pyruvate, citrate, malate, etc..), and amino acids. This metabolic charged 

phenotype protected PDA cells from acute glucose deprivation, but not from glutamine 

deprivation, thus emphasizing the importance of glutamine for PDA survival. 

Acknowledging that these metabolic effects are attributed to cross-talk with other 

signaling pathways, we decided to performed Reverse phase protein array (RPPA), which 

is a high-throughput assay that assesses the expression levels of more than 200 

phosphorylated proteins, many of which are downstream targets of multiple signaling 

pathways.  Results indicated that for the most part, CDK4/6 inhibition had a minimal 

impact on most signaling pathways except for MTOR signaling, which exhibited 

heighten activity. MTOR hyperactivity was further confirmed by gene expression profiles 

that showed many genes involved in MTOR-regulated processes being up regulated. 

Expectedly, enhanced MTOR signaling was also corroborated by xenografts experiments. 

 Subsequent findings uncovered that CDK4/6-enhanced MTOR activity was 

caused by an accumulation of amino acids and increased induction of lysosome, which 
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mechanism has been recently discovered [169, 170] [171].  The role of amino acids in 

MTOR induction was evaluated by depriving cell of exogenous amino acid, which 

prevented CDK4/6 induced MTOR activity. Also, we found that this increase in MTOR 

signaling was responsible for the altered metabolism state of CDK4/6 treated cells. 

Unexpectedly, even though impinging on MTOR and MEK signaling had similar effect 

on proliferation when combined with CDK4/6 inhibitors, they exerted a differential effect 

on metabolism. Disrupting MEK signaling using AZD6244 inhibited suppressed 

glycolysis; while, impinging of MTOR signaling with Torin 1  led to both suppression of 

glycolysis and oxidative respiration. Furthermore, we discovered that they led to distinct 

endpoints; MEK inhibition reinforced senescence while MTOR inhibition led to death. It 

remains to be determined if their differential effects on metabolism are leading to their 

distinct endpoints. 

Lastly, we decided to investigate if CDK4/6 induced altered metabolism could 

become a liability for PDA cells. Acknowledging that CDK4/6 inhibition led to an 

accumulation of mitochondria, we decided to assess if this accumulation lead to an 

increase in ROS production.  Results showed that CDK4/6 inhibition did indeed elicit an 

increase in ROS production, but this was accompanied with induction of ROS scavenging  

genes (HMOX1 and catalase), which we found to participate in protecting cells from 

ROS accumulation. Moreover, we uncovered that CDK4/6 inhibition could also sensitize 

cells to drugs such as ABT-737, which target pro-survival BCL-2, because it reduces that 

expression of MCL-1, which is known to compensate for BCL-2 activity loss.     

Future experiments will investigate if PDXs become more metabolically active 

after treatment with PD-0332991 using FDG-PET, which uses fluorine-18 (F-18) 
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fluorodeoxyglucose (FDG) as tracer to detect glycolysis. In the clinic, it has already been 

noted that tumors treated with CDK4/6 inhibitors significantly reduced  FLT-PET, which 

measures proliferation by detecting thymidine incorporation, but no changes in PDG-

PET, thus suggesting that tumors remain metabolically active. 

 

4.3: Future Directions Of Present Study 

4.3.1: CDK4/6 Inhibition Effects on Stromal Compartment 

The major focus of this study has been to uncover the effects elicited by CDK4/6 

on the growth and biology of PDA epithelium cells. We purposely disregarded a main 

component of PDA, which is its stroma, due to its cellular complexity.  A feature of PDA 

is the presence of a dense stroma, which could account for more than 90% tumor weight, 

consisting largely of fibroblasts, endothelium cells, and immune cells[172]. The stroma is 

thought to contribute to the aggressive nature of PDA by promoting tumor growth and 

metastasis while also enhancing drug resistance[172, 173]. Interestingly, CDK4/6 activity 

has been implicated in regulating all of these stromal components, which we will discuss 

in greater detail in the section bellow. Future studies will focus on uncovering the effects 

of CDK4/6 inhibition on these stromal components in the context of PDA, which may 

expose new therapeutic avenues for combination therapies. 

 
4.3.2: Cancer-Associated Fibroblasts 
 

In healthy tissue, fibroblasts are responsible for facilitating tissue repair, especially 

during inflammation. The main function of fibroblasts is to produce components of the 

extracellular matrix, which assist in maintaining the structural integrity within the 
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connective tissue which are often damaged during inflammation[174]. Fibroblasts are 

recruited by chemoattractants that direct them to the site of injury.   Interestingly, cancer 

highjacks this system and recruits fibroblasts to form its stroma using a similar 

mechanism to the one discussed above [175]. Once in the tumor environment, fibroblasts 

are referred to as Cancer-Associated Fibroblasts (CAFs) [176]. It has been reported that 

CAFs enhance cancer cell proliferation, angiogenesis, invasion, and metastasis[177]. It 

was also discovered that CAFs could protect cancer cells from therapeutic agents[178].  

The aforementioned finding leads us to speculate if a similar outcome would be observed 

after treatment with CDK4/6 inhibition. Furthermore, no one has fully studied the direct 

effects of CDK4/6 inhibition on PDA CAFs, and how these effects may influence the 

microenvironment. CDK4/6 activity has already been reported in CAFs in the context 

cancer. CDK activity has previously been shown to play a pivotal role in the secretion of 

certain extracellular matrix components, which aids in metastasis of cancer cells[179, 

180].  Thus, this emphasizes the need to elucidate the impact of CDK4/6 inhibitor on 

CAFs to uncover how this may change the tumor microenvironment in PDA and if this 

could be furthered targeted in future therapies. 

4.3.3: Role of CDK4/6 in Angiogenesis in PDA 

Angiogenesis is the processes by which new vessels form from pre-existing ones. These 

new vessels are responsible for feeding the tumor with nutrients and other essential 

molecules required for growth and overall tumor maintenance. In the context of PDA, 

angiogenesis is thought to promote PDA growth and metastasis, which is regulated by 

angiogenic signals provided by both tumor cells and stroma [181].  The transcription of 

vascular endothelial growth factor A (VEGFA) is an important factor that stimulates 
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vascular endothelial growth and is highly expressed by PDA[182]. VEGF ligands 

mediate their angiogenic effects by binding to VEGF receptors, leading to subsequent 

signal transduction and promoting vascularization. Unexpectedly, a study found that 

CDK6 promotes formation of blood vessels in lymphoid malignancies[183]. While 

another group showed that CDK4 inhibition can directly prevent endothelium 

proliferation[184]. Interestingly, both groups showed that CDK4/6 inhibition had a 

detrimental effect on VEGF expression by cancer cells, which may be potentially having 

an effect on the tumor microenvironment. However, it remains to be determined whether 

CDK4/6 also plays a role in angiogenesis in PDA tumors and if this process could be 

altered by CDK4/6 inhibition.  

4.3.4: CDK4/6 effects on Stromal Immune Component 

  Immune cells are a significant part of pancreatic tumor associated stroma and the 

accumulation of certain immune subtypes has been associated with poorer prognosis[54]. 

Normally, immune effector cells carry out surveillance in the blood for cancer cells and 

destroy them when recognized. However, in established tumors including PDA, it is often 

found that immune cells are either inactive or are actively cooperating with tumor. A 

large number of these cells are highjacked immune cells, referred to as regulatory 

immune cells, which are involved in dampening effector immune cell function and 

preventing tumor clearance[185, 186]. Multiple studies have also implicated these 

infiltrates in cancer processes such as growth and metastasis. [187]. As a result, there is a 

current emphasis in developing new therapeutic approaches that could target this 

suppressive environment, thus helping effector cells penetrate to elicit their anti-tumor 

effector function. Interestingly, CDK4/6 activity plays an active role in immune cell 
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development and function[188-190]. Hence, I suspect that the immune component of 

PDA stroma will be the most effected by CDK4/6 inhibition. However, it will be difficult 

to anticipate if this will be beneficiary to either tumor clearance or tumor survival, as both 

may be actively regulated by CDK4/6 activity. 

 

4.4: Significance 

PDA has presently no therapeutic options outside of surgery and chemotherapy and these 

therapies only have a marginal effect on the overall survival of these patients.  However, 

we are optimistic that the current focus in discovering more directed approaches targeting 

the biology of PDA could lead to better treatments.  In this study we sought to investigate 

if PDA could benefit from RB reactivation using CDK4/6 inhibitors. Results indicated 

that CDK4/6 inhibitors may be a good option, but not as a single-agents due to the rapid 

development of resistance seen in PDA established models. However, combination 

therapy with MTOR exerted significant suppressive effect on proliferation of PDA cells 

compared to single agent in both in vivo and in vitro systems, thus emphasizing that this 

combination therapy may a good alternative treatment options. From our studies, we 

believe this synergism comes from the fact that MTOR signaling is necessary for aberrant 

cyclin E1 resistance and also to that fact that MTOR plays an active role in the altered 

metabolism of CDK4/6 arrested cells, however the mechanism by which MTOR  couples 

metabolism and cell cycle deregulation remains to identified. Together, these findings 

suggest that PDA may benefit from CDK4/6 inhibition in combination with agents that 

target MTOR. This remains to be seen in the clinic, but based on what has been observed 

in vitro and in vivo models, we are hopeful that results will be recapitulated. Future 
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experiments will uncover new combination therapies with CDK4/6 inhibitors against 

PDA, targeting both the tumor and stromal compartment, which may lead to more 

effective and durable treatment against PDA. 
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APPENDIX A: Rapid acquired resistance to CDK4/6 inhibitor displayed by PDA 
established models. 

 
 
Representative BrdU incorporation after 24 hours and after 2 weeks of treatment with 
PD-0332991. 
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APPENDIX B: RB loss sensitizes to Gemcitabine, PLK1, CHK1/2 and Taxanes. 

Introduction 

 Triple negative breast cancer (TNBC) is distinguished from other breast cancers 

types due to the lack of expression of estrogen receptor (ER), progesterone receptor (PR) 

and human epidermal growth factor receptor 2 (HER2)[191]. Accounting for 

approximately 30% of all breast cancers, the incidence of this type of cancer is often 

associated with a younger demographics[192, 193]. TNBC has a poor prognosis as 

compared to estrogen receptor positive (ER+) breast cancer, due to both its aggressive 

nature as well as the lack of targeted therapies[194, 195]. Because TNBC is believed to 

be a heterogeneous disease consisting of a collection of several molecularly diverse 

tumors, it is thus extremely difficult to find adequate targets[196].  

Current therapies for TNBC include: surgery, radiation and chemotherapy[197]. 

While it frequently exhibits higher chemo-sensitivity as compared to ER+ breast cancers, 

a large proportion of TNBC tumors quickly become resistant to chemotherapy[197, 198].  

This feature of the disease demonstrates the critical importance of finding more effective 

and targeted treatments for TNBC. 

 A common feature in TNBC is the frequent loss of Retinoblastoma tumor 

suppressor (RB1)[191]. Occurring in approximately 40% of cases, RB1 disruption is due 

to  gene deletion/mutation or gene silencing presumably leading to the deregulation of 

E2F activity and aberrant cell cycle progression[199-201]. This is supported by various 

studies that noted very high levels of RB/E2F signature genes in TNBC[201].  
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 Interestingly, it has been reported that RB loss is associated with increase 

in tumor aggressiveness and chemo-sensitivity, however, the exact mechanism of these 

changes remains unknown[202]. Previous studies attempting to uncover novel selective 

therapies against TNBC using several large non-targeted drug libraries, but failed to yield 

drugs that selectively target TNBC cells based on RB-status[202, 203].   

 Here, we took an alternative approach, where we utilized pharmacological 

activation of RB with CDK4/6 inhibitors, vs. matched RB-deficient models to define 

agents that were reproducibly regulated by RB function We found that RB-status had a 

major impact on the selective sensitivity to targeted therapies.  

 

Results 

Primary Screen for RB-Selective Therapeutic Agents: We initiated this study by 

conducting a unbiased high throughput drug screen on MDA-MB 231 in the presence or 

absence of CDK4/6 inhibitor, PD0332991.  This inhibitor results in the activation of RB 

by preventing the inhibitory phosphorylation events that occur with cell cyce progression.  

Cells either untreated or pre-treated with PD-0332991, were exposed to the 

Prestwick Chemical Library.  This library contain 1,280 that are all FDA approved and 

cover diverse areas of medicine including oncology.  The primary results for the drug 

screen are shown in a dot-plot diagram where each point signifies a single compound 

from the library in the presence or absence of CDK4/6 inhibitors (Figure 5.1A) . This 

screen showed antagonistic effects of CDK4/6 inhibition (ie. RB activation suppressed 

sensitivity) for a large number of compounds, yet there were very few cooperative 

combinations.  CDK4/6 inhibition exerted antagonism against a number of 
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chemotherapies (e.g. Docetaxel and Gemcitabine), and, intriguingly, several anti-

helminthic medications (e.g. Parbendazole, Oxibendazol, Mebendazole, Albendazole) 

which had not been previously reported (Figure 5.1B-C).  

Since activating RB by CDK4/6 inhibitors leads to resistance, we hypothesized 

that the loss of RB might lead to sensitivity. Thus, we utilized the same compound library 

to investigate if RB-deficient MDA-MB 468 might display differential responses to these 

compounds as compared to RB-proficient MDA-MB 231  (Data not shown).   Results 

indicated that some of the compounds that were antagonized by RB reactivation, also 

exerted greater potency in the RB-deficient model. For instance, Gemcitabine 

cytotoxicity was partly mitigated by CDK4/6 inhibition in MDA-MB 231 and also 

exerted greater potency in RB-deficient model MDA-MB 468 (Figure 5.1D).  These 

results were furthered validated by dose response curves using MDA-MB 231 and several 

RB-deficient models including two models that are derivatives of MDA-MB 231 (miRB 

and Crispr RB) but where RB expression was depleted by different approaches (Figure 

5.1E).  

 Not surprisingly, RB-deficient and proficient models differential responses to 

Gemcitabine were not exclusive to the in vitro screens as results were also recapitulated 

in vivo (Figure 5.1F).   Herein, MDA-MB 231 and Crispr RB, RB-deficient MDA-MB 

231 derivatives, were injected subcutaneously on opposite flanks of female NSG mice. 

When the tumor reached 200mm3, mice were treated with gemcitabine (10ug/kg) weekly 

for 4 weeks. Results indicated that RB loss did indeed sensitize RB-deficient cells to 

Gemcitabine as indicated by a reduction in tumor growth that consequently led to smaller 

tumors (Figure 5.1G-H). 
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RB1 Loss Sensitizes to PLK, CHK Inhibitors and Taxanes:   In recognition that 

targeted therapies will be important for the treatment of TNBC we investigated if loss of 

RB could potentially sensitize cells to targeted therapies.  A high throughput drug screen 

using a custom library of, array pharmacological agents that target multiple signaling 

pathways as well as some chemotherapies was employed. Similarly to what we observed 

with the Prestwick library, CDK4/6 inhibition led to antagonistic responses to several 

classes of inhibitors including those that targeted PLK1 and CHK1/2, as well as some 

chemotherapies such as taxanes (Figure 5.2A-C).   RB’s role was furthered confirmed 

when RB-deficient miRB cells were protected from these agents when transduced with 

constitutively active RB (Figure 5.2D).    Acknowledging that the antagonism effects 

elicited by CDK4/6 inhibitors may be coupled with augmented cytotoxicity to RB-

deficient models, we performed this same screen on MDA-MB 231 and a number of RB-

deficient models ( miRB, MDA-MB468, and BT 549).  Results from the screen 

confirmed that RB-deficient models were indeed hyper-sensitized to PLK, CHK 

inhibitors and taxanes (Figure 5.3A). These results were further corroborated by dose 

response curves, where RB-proficient model MDA-MB 231 and RB-deficient cell 

models (mIRB, MDA-MB468 and BT-549) were treated with decreasing concentrations 

of compounds (Figure 5.3B). These findings suggest that RB1 loss was actively involved 

in protecting RB-proficient cells from the cytotoxicity of these DNA damaging agents.  

  We further confirmed the previous findings by targeting PLK and CHK using 

siRNAs in both RB-deficient and proficient models.  First, we noted that RB-deficient 

cells did truly exhibit greater sensitivity to PLK and CHK depletion. Also, similar to what 
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was observed using therapeutic agents, RB reactivation via CDK4/6 inhibition protected 

from the cytotoxic effects of PLK and CHEK depletion in RB-proficient models and not 

in RB1-deficient models. Also, when RB was depleted concurrently with PLK or CHEK, 

the antagonistic effect of CDK4/6 inhibition was mitigated (Figure 5.3C-D).  Together, 

these results suggest that RB loss does sensitize cells to chemotherapies or chemo-like 

targeted therapies like PLK and CHEK inhibitors. 

Knowing that RB-deficient cells are sensitive to PLK inhibitors, we decided to 

test the effects of combination therapy with Gemcitabine, which we previously 

determined to be more effective in RB-deficient models. We found that combining PLK 

inhibitors and Gemcitabine led to an accumulative effect in cytotoxicity in RB-deficient 

cells, which was less obvious in RB-proficient cells in vitro (Figure 5.3E).  We 

speculated that the differential responses to these compounds were caused by RB-induced 

cell cycle arrest, which may protect cells from DNA damage elicited by these agents. 

This was supported by subsequent findings that showed that PLK inhibitors led to RB 

activation as evidenced by a decrease in its hyper-phosphorylated state, and also by the 

fact that RB-deficient cells displayed a significant decrease in proliferation compared to 

RB deficient cells following treatment with PLK and CHEK inhibitors (Figure 5.3F).  

Differential Dependencies in TNBC Based on RB-status:  Lastly, we decided to test if 

impinging on either MTOR or MEK pathways had differential effect on TNBC based on 

RB-status as these are major signaling pathways known to drive TNBC. First, we 

characterized MTOR and MEK signaling in both RB-proficient and RB-deficient cells. 

Results confirmed that RB loss led to differential signaling; RB-deficient cells displayed 

enhanced MTOR signaling and a reduction in MEK signaling based on pS6 and pERK 
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expression, respectively (Figure 5.4A). These results suggest a possible differential 

signaling dependency. In order to test if they possessed distinct dependencies, we 

impinged on either the MTOR or MEK pathways by pharmacological means. After 

treating cells with MTOR or MEK inhibitors, we found that not only did RB-proficient 

cells arrest more readily than their RB-deficient cells counterparts, but unexpectedly this 

occurred when both MTOR or MEK were inhibited (Figure 5.4B-C). We also observed 

that inhibition of both MTOR and/or MEK led to higher proportions of cell death in RB-

proficient cells (Figure 5.4D). Based on both of these results, we can conclude that RB-

status in TNBC could also dictate how TNBC may respond to therapies targeting signal 

transduction pathways due to differential dependencies exhibited by RB-deficient and 

proficient tumors.    

 
 
Materials and Methods: 
 

Cell lines: 

MDA-MB 231 and MDA-MB 468, BT549, MCF7 human breast carcinoma cell lines 

were growth in DMEM supplemented with 10 % FBS and antibiotics. 

High Throughput Screens: 

Prestwick and Selleckchem screens were performed by. All libraries were diluted in 

DMSO to 2.5 µM. Preceding drug screen breast cancer cells MDA-MB-231, miRB, 

MDA-MB 468, BT 549, AW23, MCF7 were seeded with their corresponding media in 

384 well plates at a density of 800 cells/well in a total volume of 60ul/well and incubated 

for 3 hours at 37°C and 5 % CO2.  Following incubation, plates were treated with drug 
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libraries to reach a final concentration of 2.5 µM and incubated for 72 hours at 37°C and 

5 % CO2. 

CTG viability and BRDU Cell Proliferation ELISA, BrdU (chemiluminescent): 

Cells were seeded in 96 well plates at a density of 5x103 cell/well and treated with 

indicated drug and concentration to a total volume of 100µl for 72 hours at 37°C and 5 % 

CO2. Following treatment, plates were incubated at RT for 15 min and then 15 µl of 

CellTiter-Glo® Luminescent Cell Viability Assay reagent was added to each well. After 

gently agitation to ensure even mixture of the dye, a 96-well microplate reader was used 

to determine the luminesent of each well. Cell	  Proliferation	  ELISA,	  BrdU	  

(chemiluminescent),	  was	  performed	  using	  manufactory	  protocol.	  

Transfections: 

First, 5 x103 cells were seeded in 96 well plates then they were s transfected with PLK1, 

CHK1 and RB siRNA using SIRNAMAX as indicated by manufacture protocol.  All 

pool siRNAs was obtain from Dharmacon. 

Immunoblotting: 

Breast cancer cells were lysed in RIPA buffer (10% NP-40 substitute, 1% SDS, 500mM 

Tris-HCI(pH 7.4), 1.5M NaCI, 5% sodium doxycholate, 10mM EDTA) containing both 

complete protease inhibitor cocktail tablets (Roche) and phosphatases inhibitors (Roche).  

Following lysis,  protein concentration was measured with the BCA protein assay DCtm 

Protein Assay(BIO-RAD) using manufacture's protocol.  These samples were then 

separated on on SDS polyacrylamide gels and electroblotted on PVDF membranes. 



	   	   	  108	  

Membranes were washed with wash buffer (0.1% Tween-20/1x saline), and subsequently 

blocked for 1 h in 5% nonfat dry milk in wash buffer and probed overnight with primary 

antibodies diluted in wash buffer/5% nonfat dry milk. Membranes were then washed with 

wash × 3 (5min) and incubated for 1 h with horseradish peroxidase-labeled secondary 

antibodies in in wash buffer/5% nonfat dry milk. Following an additional 3 washes, blots 

were visualized by chemiluminescence. 

Xenografts: 

NOD scid gamma(NSG) mice were purchased from. Six week old female mice were 

injected subcutaneously with 1.0x106 cells in 100µl in 50:50 Media/Matrigel. Tumor 

growth was monitored weekly using vernier calipers till they reached 200mm3. After 

tumors reached the aforementioned volume, mice were treated weekly with Gemcitabine 

at 10 mg/kg in PBS or PBS i.p. After 30 days, these mice were sacrificed and their 

tumors were extracted measured and weighted.  
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SWID Drug Untreated PD-0332991 
SW102861 Nocodazole -77.2666 -21.6085 
SW196847 Colchicine -75.3187 -12.3807 
SW197324 Parbendazole -73.3751 -31.1753 
SW199074 Oxibendazol -65.8477 -18.9115 
SW197493 Docetaxel -53.8238 -31.1174 
SW196606 Mebendazole -51.6073 -18.0764 
SW199649 Gemcitabine -43.2493 -15.1713 
SW196830 Albendazole -42.5959 -23.2638 
SW197228 Methiazole -35.1779 -17.4065 
SW199522 Trifluridine -34.953 -9.66761 
SW197039 Antimycin A -33.9177 -17.2974 
SW196680 Thioguanosine -30.9506 4.291153 
SW198560 Azathioprine -26.032 -0.24344 
SW199090 Mercaptopurine -25.3139 3.148936 
SW197081 Indoprofen 5.942555 -35.8057 
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Figure 5.1. Therapeutic antagonism by CDK4/6 inhibitors and RB-loss sensitization to 

Gemcitabine in TNBC.  (A) Overall responses to Prestwick screen in the presence or 

absence of CDK4/6 inhibitor in MDA-MB 231 TNBC model after 72 hour treatment. (B) 

Chart displaying top most antagonized Prestwick drugs by CDK4/6 inhibition. (C) 

Graphical representation of screen results showing top agents that were antagonized by 

CDK4/6 inhibitors. (D) Testing Gemcitabine (50nM) and Antimycin A (100nM) activity 

on RB-proficient MDA-MB 231 and MDA-MB 468 after 72 hour treatments. (E) 

Gemcitabine dose curves comparing RB-proficient and RB-deficient sensitivity. (F) 

Graphical representation of tumor growth over time using RB-proficient MDA-MB 231 

and RB-deficient derivative Crispr RB xenografts. (G) Tumor weights after finalization 

of treatment. (H) Images of tumor size following treatment with Gemcitabine. 
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Figure 5.2. Therapeutic antagonism by CDK4/6 inhibition to PLK1, CHK inhibitors and 

taxanes in TNBC.  (A) Dot-plot representation of overall responses to  targeted –

therapeutic screen in the presence or absence or CDK4/6 inhibitor 1µM using TNBC 

model MDA-MB 231. (B) Chart displaying top targeted therapies from Sellectchem 

screen antagonized by CDK4/6 inhibitor. (C) Overall graphical representation of results 

from PLK inhibitor, CHK ½ inhibitors and taxanes in the presence or absence of CDK4/6 

inhibitor PD-0332991. (D) Graphical representation of RB reactivation by 7LP in the 

presence of Bi 6727 or Chir-124 or Docetaxel. 
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Figure 5.3. RB-loss sensitizes cells to PLK, CHK inhibitors and Taxanes. (A) Screen 

results for PLK1, CHK inhibitors and taxanes against various TNBC models. (B) 

Graphical representation of  Bi-6727, Chir-124 and Docetaxel dose curves. (C-D) Effects 

of CDK4/6 inhibitor on PLK1 or CHK siRNA cytotoxicity in the presence or absence of 

RB using RB-proficient MDA-MB 231. (E) Graphical representation of relative BRDU 

incorporation or (F) cytotoxicity after treatment with Gemcitabine or BI-6727 or in 

combination, respectively.  
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Figure 5.4. RB-loss protects from MTOR and MEK inhibitors. (A) Immunioblots of 

PLK,  prs6 (Ser235/6) and pERK. (B) Dot-plot diagrams displaying BRDU incorporation 

following treatment with indicated therapies.  (C) Graphical representation of BRDU 

incorporation after treatment with indicated treatment. (D) Death	  was	  measured	  by	  flow	  

cytometry	  using	  PI	  staining	  after	  treating	  cells	  for	  72	  hours	  with	  indicated	  inhibitor. 
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