
i 
 

 

 

Genetic Deletion or Pharmacologic Inhibition of PIM1 Impairs 

Breast Cancer Growth and Metastasis 

 

 

 

Patrick Eugene Faughnan 

 

 

 

 

 

 

 

A Dissertation for the Degree of Doctor of Philosophy in Biochemistry and Molecular Genetics 

at the University of Virginia 

 

 

 

 

 

 

 



ii 
 

Dedication 

This dissertation is dedicated in loving memory to my grandfather John Hrustich for his 

unwavering encouragement, love, and support. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Acknowledgements 

My Ph.D. has been a long journey and I would not have been able to complete it without the help 

and support of so many along the way. 

First, I would like to thank my Ph.D. advisor, Dr. Golam Mohi.  Thank you for all of your help 

and support throughout my Ph.D.  We have had a long journey together that started in Syracuse, 

NY at SUNY Upstate Medical University.  I have learned a tremendous amount from you and 

know I am fully prepared for whatever comes next.  I am very grateful to have been able to work 

on such an interesting project.  I worked on a project that was not something our lab normally 

worked in, but Dr. Mohi was very supportive in building this new area of research in our lab.   

I would next like to thank my family.  Without their constant love, support and encouragement, 

I’m not sure I would have ever finished.  My parents have aways been supportive in all of my 

endeavors, not matter what they were.   The life lessons they instilled along the way have helped 

bring me to where I am today.  My brothers, Donnie and Greg have also been very encouraging 

and the two people I generally went to first when things weren’t going well.  I would also like to 

thank my several aunts, uncles, and cousins who have supported me along the way, especially 

Aunt Mary-Ellen, my fellow academic in the family, and Uncle Greg. 

Next, I would like to thank my committee members, Dr. Sanchita Bhatnagar, Dr. Dan Gioeli, Dr. 

Kevin Janes, and Dr. Marty Mayo for serving in my thesis committee.  I have appreciated the 

advice and guidance they have provided me.   

I would also like to thank the former and current members of the Mohi Lab.  Dr. Fatou Jobe, 

thank you for all your help and guidance, especially when I was new in the lab.  Dr. Dipmoy 

Nath, thank you for all of your help in anything lab related and being a great friend.  Dr. Avik 



iv 
 

Dutta, thank you for all of your help and encouragement over the years, and for teaching me a lot 

about working efficiently.  Matthew Stuver, thank you for being a great friend, our talks about 

football, and your ability to make me laugh, even if it was at your expense.  Dr. Yue Yang, thank 

you for all of your help in the lab over the years, especially with my flow experiments. Bao Le, 

thank you for not only being a great lab mate, and your help with anything R related, but also for 

being a great roommate. Dr. Ferdous Ur-Rahman, for always being able to make me laugh, your 

help running my flow experiments, and your guidance have all been greatly appreciated.  Dr. 

Chandrajeet Singh, thank you for all of your hard work and help with the breast cancer project. 

Dr. Abbas Salar and Dr. Mohammed Abu Sayem, thank you for all of your guidance over the 

years, and a special thank you for keeping me well fed.  

I would also like to thank the BMG department and the University of Virginia for providing me 

with the resources and a wonderful work environment needed to carry out my research.  After 

moving to UVA, everyone we encountered was very helpful and collaborative with my project.   

I would especially like to thank Nancy Rush, Carolyn Smith, Sonya Churchman, and Hellen 

Norfleet-Shiflett. On top of keeping the department running, thank you for all of your help and 

just being a friendly face when I was stressed. I would also like to thank our core research 

facilities, including the Pinn Hall animal care staff, the Flow Cytometry Core, Advanced 

Imaging Core, and Research Histology core.  They have been a great resource we utilized 

throughout my Ph.D.  

Lastly, I want to thank my friends for all of their help and support throughout my Ph.D. Getting a 

Ph.D. can be very stressful at times, and my friends really helped me stay levelheaded 

throughout my time here.  I would especially like to thank Kevin Cox, thank you for all of the 

dinners you invited me over for and for being my first friend in Charlottesville.  I would also like 



v 
 

to thank Kevin Heald, for always listening to me complain when things weren’t going well, and 

for always being there whenever I needed him to be. Our hours spent in a discord chat have 

really helped me stay positive.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Dissertation Abstract 

Genetic Deletion or Pharmacologic Inhibition of PIM1 Impairs Breast Cancer Growth and 

Metastasis 

Patrick Faughnan 

Sponsor: Golam Mohi, Ph.D. 

Metastatic breast cancers often do not respond to currently available therapies, highlighting a 

need for new drug targets.  Expression of PIM1 is upregulated in a significant percentage of 

breast cancers. PIM1 expression is also significantly increased in metastatic breast cancers 

compared to non-metastatic breast cancer patients.  We hypothesized that PIM1 plays an 

important role in progression and metastasis of breast cancer. Knockdown/deletion of PIM1 

significantly inhibited the proliferation, migration, and invasion of several breast cancer cell 

lines. To assess the in vivo role of PIM1 in breast cancer progression and metastasis, we crossed 

PIM1 knockout mice with MMTV-PyMT metastatic breast cancer mouse model. We found that 

deletion of PIM1 significantly inhibited tumor growth and reduced lung metastasis in these mice. 

Pharmacologic inhibition of PIM1 kinase using TP-3654 significantly inhibited cell proliferation, 

migration, and invasion in breast cancer cells, and reduced breast tumor growth and lung 

metastasis in MMTV-PyMT mice.  We also found that PIM1 deletion or inhibition decreased 

EMT markers SLUG and Vimentin and pro-metastatic marker c-MET.   RNA-seq analysis 

showed genes related to translation, proliferation, EMT and metastasis pathways were affected 

by PIM1 depletion or inhibition. Together, these results suggest that PIM1 plays an important 

role in the progression and metastasis of breast cancer. 
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Chapter 1 

Overview of Breast Cancer 

 

Breast cancer is the most frequently diagnosed cancer in women, with an estimated 287,850 new 

cases in 2022 (1).  It is also the second leading cause of cancer-related deaths in women with an 

estimated 43,250 deaths in 2022 (1).  Breast cancer is a very heterogeneous disease that has been 

extensively studied to characterize the distinct cellular, molecular, and tissue level changes that 

occur throughout the progression from normal breast tissue to invasive carcinoma.  Several 

different models have been proposed that attempt to characterize these changes.    Ductal and 

lobular carcinomas make up 80% and 10% of all carcinomas respectively (1-2).   

Ductal dysplasia can be broken into 5 distinct steps.  Starting with normal cells which progress to 

flat epithelial atypia (FEA), to atypical ductal hyperplasia (ADH), to ductal carcinoma in situ 

(DCIS) and then finally into luminal invasive ductal carcinoma (IDC) (3).  

Similarly, lobular dysplasia can be divided into normal lobular cells, atypical lobular hyperplasia 

(ALH), lobular carcinoma in situ (LCIS), and invasive lobular carcinoma (ILC) (3). Each of 

these histological grades have distinct morphological, cellular, and molecular characteristics that 

are used to assign what stage of dysplasia is present.  

Normal breast tissues are composed of two main structures: ducts and lobules.  A normal breast 

has between 10-12 branching ducts before forming into a terminal ductal lobular unit. (Figure 1) 

(4-5). These structures are made up by two different types of epithelial cells, luminal epithelial 

cells and myoepithelial cells (5).  Epithelial cells line the ducts and lobules, whereas 
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myoepithelial cells are contractile cells that function to move milk from the glands, through the 

ducts, and out of the breast through an opening at the nipple (5).  

  

 

Figure 1: Structure of a normal mammary gland.  Mammary glands consist of branched ducts 

that terminate at milk producing lobules.  The ducts and lobules are made up of two main cell 

types myoepithelial and luminal epithelial cells (4).  

 

Flat epithelial atypia is defined as a neoplastic alteration of the terminal duct or lobular units 

characterized by the replacement of native luminal epithelium by ductal cells containing low 

grade cytologic atypia (6).  The atypical cells maintain a flat pattern of growth without evidence 

of atypical cellular architecture (6).   The cells are frequently columnar in shape but can also be 

cuboidal.  The major identifying feature of FEA is an increase in the growth of epithelial cells 
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which pseudo stratify the duct or lobular structure, while maintaining a flat pattern of growth (6).   

FEA is most frequently identified by cytologic analysis; FEA is comprised of cells with enlarged 

hyperchromatic nuclei, increased cytoplasm which tend to be eosinophilic in color. Despite these 

cytologic changes, the nuclei remain evenly spaced, which gives an appearance of ordered 

proliferation.   

There are several genetic and molecular alterations that can lead to FEA.  The most common 

include expression of estrogen receptor (ER) and progesterone receptor (PR), increased 

expression of cyclin D1, a decrease in the tumor suppressor protein 14-3-3, loss of chromosome 

16q, positive immunohistochemical staining for keratin 19, and a lack of HER2 expression (3). 

Due to these genetic alterations, FEA is believed to be an early step in the evolution of low-grade 

ductal carcinomas.    

Atypical ductal hyperplasia (ADH) is defined as a clonal proliferation of ductal cells, that 

contains some, but not all the features of ductal carcinoma in situ (5).  The cells in ADH 

resemble those of DCIS, however, they only partially fill the ducts.  These cells tend to be 

regularly spaced, and still maintain a monomorphic pattern of proliferation.  Chromosomal 

abnormalities such as a loss of chromosome 16q and a gain of 17p are also observed in ADH 

subtype (3-5). 

Ductal carcinoma in situ (DCIS) is defined as a malignant proliferation of epithelial cells that 

occurs in the duct or lobules.  Its major distinguishing morphological feature from ADH is that 

the neoplasm has completely filled in the acinar structure of the duct (5).  It is important to note 

that the classification between DCIS and LCIS is not where the carcinoma occurs, but rather the 

appearance of the cells that make up the tumor.  An additional major hallmark of DCIS is that it 
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has yet to spread through the basement membrane (5).   At this stage there are often other 

receptors that are upregulated that will be discussed later in this paper.   

DCIS is thought to be a direct step in the evolution of IDC.  The major difference between DCIS 

and IDC is that in IDC there is a loss of myoepithelial cells and carcinoma has spread through 

the basement membrane (3-5).  A common feature of IDC is loss of E-cadherin (3). E-cadherin 

serves as a cell-cell adhesion molecule (7).  Loss of this adhesion allows the invasive carcinoma 

cells to spread through the basement membrane (5).  

IDCs can further be broken into either low-grade or high-grade IDCs.  Low grade IDCs tend to 

have fewer genetic alterations when compared to high-grade IDCs. (5) Some common alterations 

of low-grade IDC include loss of chromosome 16q, and gains of 1q, 8q, and 16p (3,5). High 

grade IDCs contain frequent gains of 8q, 16p, 17q, and 20q and frequent loss of 1p, 8p, 11q 13q, 

and 18q (3).  A third intermediate grade of IDCs is also commonly found, which contains a 

combination of the previously described chromosomal aberrations (3).  Previously it has been 

hypothesized that low-grade IDCs will eventually progress to high-grade IDCs (5).  However, 

because these chromosomal alterations are so frequently found in distinct groups, logically one 

can assume that low-grade IDCs do not progress into high-grade IDCs, rather, previous genetic 

alterations determine whether an IDC is high or low grade (6).  
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Figure 2: Graphical representation of the several different stages of ductal dysplasia. These 

include a normal biopsy, Hyperplasia, Atypical Ductal Hyperplasia (ADH), Ductal Carcinoma in 

situ (DCIS), and Invasive Ductal Carcinoma (IDC) (7). 

 

Lobular carcinomas follow a similar histological progression, however there are a few key 

differences. Lobular neoplasia is not as linear of an evolution as certain ductal carcinomas.  

While there are similar precursors to LCIS, they are more used to assess the risk of developing 

LCIS, rather than at what stage the disease is in.  This is largely supported by an equal chance of 

developing LCIS in either breast, not just the breast that contains lobular neoplasias.  

The earliest detectable dysplasia involving lobular cells is atypical lobular hyperplasia.  Atypical 

lobular hyperplasia can be identified by cells that are identical to those that make up LCIS; 

however, they have not filled more than 50% of the acini within a lobule (5).  Like ADH, loss of 



6 
 

chromosome 16q and gain of chromosome 17p are common in ALH (3,5). The major difference 

from ADH is that in ALH there has already been the loss of E-cadherin (5). 

Lobular carcinoma in situ is defined as a clonal proliferation of cells within lobules and that 

grow in a dis-cohesive fashion, usually due to loss of E-cadherin (5). The major identifying 

histologic feature of LCIS is that the lobular cells are greatly expanded; however, this expansion 

of cells does not distort the lobular architecture of effected areas (5).  The proliferation of these 

cells does fill these structures; however, the architecture itself is not disturbed and can still be 

recognized during histological analysis.   

Invasive lobular carcinoma is morphologically characterized by small round cells that have a 

smaller cytoplasm portion of the cell when compared to IDC (3,5).  Similarly, the architecture of 

the lobule tends to remain unchanged in ILC (8).  The major identifying histological feature that 

differentiates LCIS form ILC is the presence of infiltrating, discohesive cells which lack tubule 

formation (5). 

 

Figure 3: Schematic overview of the several different stages of lobular dysplasia. These 

include a normal biopsy, Atypical Lobular Hyperplasia (ALH), Lobular Carcinoma in situ 

(LCIS), and Invasive Lobular Carcinoma (ILC) (8). 
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Molecular subtypes of breast cancer 

There are two main ways that invasive breast cancers are classed, by PAM50 molecular subtype 

and by hormone/HER2 receptor status.  Both classifications are used as prognostic markers as 

well as guides as how to direct treatments for different types of breast cancer. Molecular subsets 

were proposed by Perou et al. through use of microarray analysis to identify clusters of tumors 

that have similar cellular and molecular patterns (9).  This analysis produced 4 distinct molecular 

subgroups: Luminal A, Luminal B, HER2+, and Basal-like.   

Approximately 30% to 40% of all invasive breast cancers are classified as luminal A.  Luminal 

A breast cancers are characterized as having high estrogen receptor expression, no expression of 

HER2, with low expression of Ki-67 (9). Ki-67 is a protein that is expressed in all stages of the 

cell cycle except G0.  Expression of Ki-67 is routinely used as a marker for cellular division 

(10).  The general principle being that tumors that have fewer Ki-67 positive cells are growing 

slower, and therefore have a better prognosis (10).   

The other luminal subtype, luminal B makes up approximately 20 to 30% of all invasive breast 

cancers (9).  This molecular subtype is characterized by moderate expression of estrogen and 

progesterone receptor, lack of HER2 expression, and high expression of Ki-67. (10)  Luminal B 

breast cancers have amplifications of genes associated with cell proliferation and thus tend to 

proliferate at a faster rate than luminal A (10). Luminal B breast cancers are usually responsive 

to endocrine therapies and are somewhat responsive to chemotherapy (10).  Additionally, some 

luminal B breast cancers also have amplification of HER2 (10).  An additional marker for both 

luminal A and luminal B subtypes are expression of cytokeratins 8 and 18 (5,9,10). 
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The HER2+ molecular subtype of breast carcinoma is classified by IHC staining that is negative 

for estrogen and progesterone receptor, but positive for HER2 (9).  These carcinomas are usually 

a high grade, more likely to have spread to the axillary lymph node and have a high rate of 

reoccurrence (10). The HER2 molecular subtype has high Ki-67 expression and tends to respond 

to chemotherapy, as well as the directed treatments for HER2 (10,13). 

Basal breast carcinomas are identified by their lack of expression of ER, PR, or HER2 (9). 

Additionally, Basal - like breast carcinomas express keratins 5, 6, and 17 (11).  Basal - like 

carcinomas tend to be higher tumor grade, have a strong association with BRCA1 mutations, and 

often have a high Ki-67 score (10,11).  Additionally, this molecular subtype is associated with 

higher risk of recurrence, and better response to chemotherapy when compared to the other 

subtypes (11).  It is important to note that not all TNBCs are basal-like, and not all basal-like 

breast carcinomas are triple negative, meaning that all carcinomas cannot be identified by only 

these sub-groups (10). 

 

 

Breast Cancer Receptor Subtypes 

Breast cancers have been classified based on over-expression of different receptors. The three 

main receptors used to classify breast cancer include estrogen receptor, progesterone receptor 

and human epidermal growth factor 2 receptors (HER2).  Based on the expression of these 

receptors breast carcinomas can be grouped into three different categories: ER/PR positive, 

HER2 positive, and triple negative. 
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Estrogen receptor is a nuclear protein that contains a DNA biding domain as well as multiple 

phosphorylation sites which regulate activity (12).  Estrogen receptor functions by binding to 

regions of DNA called estrogen response elements, located in the promoter region of the target 

genes (12-13). This binding activates transcription of target genes.  Estrogen receptors also 

indirectly regulate transcription through protein-protein interactions with additional transcription 

factors in the nucleus (12-13). Over 700 genes have been identified that are regulated either 

directly or indirectly by estrogen receptor (14).  Similarly, progesterone receptor also acts as a 

transcription factor (12-13).  Progesterone receptor expression is primarily regulated by ER, 

which is why the two are commonly co-expressed in breast cancers (14).   

The female sex hormones, estrogens are made up of 4 different hormones: 1) estrone, 2) 

estradiol, 3) estriol, and 4) estrerol (15).  Estrogens are primarily synthesized in the ovaries but 

are also produced in adipose tissue and the adrenal glands (15-16).  Estrogens are primarily 

synthesized from low-density lipoprotein-cholesterol (LDL) (15-16).  Estrogen signaling controls 

a broad variety of physiological functions such as regulation of the menstrual cycle, bone density 

brain function, reproduction, development of the breast tissue and sexual organs (15-16). 

Estrogen has also been shown to play an important role in inflammation (17).  Estrogens bind to 

estrogen receptors, which causes ER dimerization and translocation to the nucleus (18).  Once in 

the nucleus dimerized ER binds to DNA at specific promoters to activate transcription of 

different genes known as estrogen response elements (EREs) (18).  Over 700 genes have been 

identified as estrogen response elements, these genes promote breast cancer cell growth and 

metastasis (19).    

A cancer is classified as ER or PR positive if it has greater than 1% or more of tumor cells that 

have positive immunohistochemical nuclear staining for estrogen receptor (5). ER/PR positive 
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breast cancers are associated with the best prognosis. (20) This is in part due to directed 

treatments that can either inhibit hormone synthesis or receptor antagonists such as tamoxifen 

(21).  Approximately 70% of all breast cancers are ER/PR+ (22).  

HER2 is a transmembrane tyrosine kinase receptor that mediates cell proliferation and survival 

(23).  It is activated by extracellular signals such as epidermal growth factor (23).  After ligand 

binding, HER2 can either homo or heterodimerize with HER1, HER2, or HER3 receptors (24).  

Upon dimerization, the HER proteins trans phosphorylate tyrosine residues on the intracellular 

portion of the protein (24). This allows binding of its downstream targets which include PI3K 

and Ras (24).  These signal transducers are commonly misregulated in cancer (25-26). HER2+ 

cancers tend to be more aggressive than ER/PR+ cancers and are associated with a median 

prognosis (23). This is in part due to the advent of HER2 antagonists such as lapatinib or 

Herceptin (27).   HER2+ make up approximately 20% of breast cancers (28). 

Triple negative breast cancers are a subset of breast cancers that do not express ER, PR or HER2 

receptors (5).  These cancers are often the most aggressive and associated with the worst 

prognosis (20). TNBCs make up a very heterogenous subset of cancer which in part makes them 

more difficult to treat; no directed treatments are currently approved for TNBC (22). 

TNBC is a very heterogenous disease; because there are several different genetic alterations that 

can lead to TNBC. Lehman et al. attempted to further separate these cancers into six different 

molecular subtypes (29).  These subtypes include Basal-like one (BL1), Basal-like two (BL2), 

immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), and luminal 

androgen receptor.  These subtypes were generated through gene expression analysis of 21 

different data sets that include 587 TNBC samples (29). 
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The BL1 subtype contains alterations in DNA damage repair mechanisms such as BRCA1/2 and 

ATR as well as amplification of genes that activate cellular division such as MYC, NRAS, and 

PLK1 (29).  This subtype was also found to have a higher expression of Ki-67, indicating an 

increased proliferation rate of this subtype (29-30).  

BL2 TNBCs have amplifications in several different growth factors including EGF, MET, NGF, 

Wnt, and IGF1R. This subtype also contains genetic alterations that alter the metabolism of the 

cell, which tend to push the cell towards a more glycolysis-based metabolism (29).  Finally, this 

molecular subtype of TNBCs were found to have expression of myoepithelial markers TP63 and 

MME (29). 

The IM subtype of TNBCs were found to have enrichment of immune signal transduction 

pathways.  Such pathways include NK cell pathway, TH1/TH2, and the B-cell receptor signaling 

pathway.  Additionally, this subtype shows enhancement of the JAK/STAT signaling pathway.  

This subtype has been associated with a better prognosis than the others (29).  

Both the mesenchymal (M) and mesenchymal stem-like (MSL) subtypes express genes involved 

in motility, extracellular matrix (ECM), cell differentiation, and genes associated with the 

epithelial to mesenchymal transition.  The major difference between these two subtypes is that 

mesenchymal TNBCs have higher expression of genes associated with cellular proliferation.  

The major cell signaling pathways enriched in MSL and M TNBCs are Wnt, ALK, TGF-B, and 

ERK signaling (29). 

Lastly, the LAR subtype showed increased gene enrichment in steroid synthesis pathways and an 

increase in expression of androgen receptor (AR), as well as an increase of AR’s downstream 
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targets. This subtype also contains enrichment of genes related to steroid synthesis as well as 

estrogen metabolism, despite being estrogen receptor negative (29,31).  

 

Table 1: Potential directed treatments based on specific TNBC sub-group assignment (29).  

Subtype Molecular changes Potential drug regimen 

BL1 BRCA1/2 Mutations PARP inhibitors 

 

EGFR Amplification EGFR inhibitors 

 

High rate of proliferation Chemotherapy 

BL2 Wnt signaling Salinomycin 

 

Higher rate of proliferation Chemotherapy 

 

EGF signaling PI3K inhibitors 

IM 

JAK/STAT signaling 

enriched JAK2 inhibitors 

 

Cytokine signaling enriched PD-1 inhibitor 

 

Antigen presentation Chemotherapy 

M Motility signaling enriched Chemotherapy 

 

Cell differentiation pathways Salinomyacin 

 

WNT signaling enriched TGF-B inhibitors 

MSL Motility signaling enriched Salinomyacin 

 

Cell differentiation pathways TGF-B inhibitors 

 

WNT signaling enriched 

 

 

Slow Growing No Chemotherapy 
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LAR Enriched steroid synthesis Androgen Antagonists 

 

Increased AR Endocrine therapy 

  

Despite the great amount of tumor heterogeneity, the current standard treatment for all TNBCs is 

chemotherapy.  This has proven largely ineffective, with a median survival of only 13 months 

(32). Thus, there is an unmet need to identify additional new therapeutic targets in order to 

improve patient outcomes.  

 

Current Therapies 

There are several different factors that are used to determine the course of treatment for breast 

cancer patients.  Current criteria include what stage the cancer is at the time of diagnosis, 

overexpression of different receptors previously outlined, pre/post-menopausal status, mutation 

of particular genes, and how fast the cancer is growing (33). Depending on these factors the best 

course of treatment is determined.  Current therapies include surgery, radiation, chemotherapy, 

endocrine therapy, immunotherapy, and directed therapies; The most commonly used treatments 

are surgery and radiation therapy (34).  

Breast cancer stage at the time of diagnosis is a critical factor for deciding the best course of 

treatment.  Breast cancer stage can be classified into stages 0-IV depending on how far the 

cancer has progressed; each stage has different criteria that are used to identify an individual 

breast cancer’s stage (35).  Stage 0 breast cancers are classified as a malignant population of 

cells, which are localized to the lobule or duct, but have not spread through the basement 

membrane (33-34). Stage I breast cancers are defined as tumors that are smaller than 2 cm, 
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which have not spread to adjacent lymph nodes (33-34). The main therapies for stage I breast 

cancers are surgery and radiation (33-34). If stage I breast cancers are HR+ then following 

surgery and radiation, patients may also receive hormone therapy for at least 5 years.  In some 

cases, if tumors are larger than 0.5 cm chemotherapy can also be used (33-34).    Stage II breast 

cancers are defined as invasive carcinomas less than 5 cm, which have spread to 3 or less of the 

axillary lymph nodes (33-34).  Stage III breast cancers are defined as invasive carcinomas that 

are 5 cm or less, which have spread to 4 or more axillary lymph nodes, invasive carcinomas that 

are over 5 cm without spreading to lymph nodes, or any invasive carcinoma that has spread to 10 

or more lymph nodes (33-34).  Stage III breast cancers are classified as locally advanced (33-34). 

Stage IV breast cancers are classified as invasive carcinomas that have spread to distant 

metastatic sites (33-34).  Each stage has varying survival rates, which are summarized in Table 2. 

 

Table 2: 5-year Survival Rates of Breast Cancer by Stage at time of Diagnosis (33-34). 

Stage Classification 5-year survival rate 

0 In situ 100 

I Early invasive 99.1 

II Early invasive 83.6 

III Locally advanced 57 

IV Metastatic 23.4 
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Stage 0 cancers are generally DCIS or LCIS; aberrant growths of cells that have not yet become 

invasive. LCIS generally does not progress to an increased risk of invasive carcinomas, so 

treatment for these generally only includes tamoxifen for HR+ breast cancers (36).  In addition, it 

is also recommended that patients receive yearly mammography imaging to check for new 

tumors (36). Conversely, DCIS does progress to invasive cancers more frequently, so the 

treatments are much different (37).  Breast-conserving surgery coupled with radiation are 

generally recommended for the treatment of DCIS (34-35).  Full mastectomy without follow-up 

radiation, and tamoxifen for HR+ cancers are also used as treatment options (34-35). 

Stage I and Stage II breast cancers are considered early-stage invasive carcinomas. Treatment of 

stage I or stage II breast cancers generally starts with has mastectomy, however, in recent years 

breast-conserving surgery has become more common for patients (34-35).  For patients that 

receive breast-conserving surgery, radiation treatment is then recommended because it has been 

found to reduce recurrence and improved patient survival rates (34).  Patients with stage I/II 

breast cancers also receive adjuvant therapies after surgery and radiation (38).  Treatment options 

include systemic chemotherapy, endocrine therapy, or specific therapies depending on the 

receptor status of the individual cancer (34-35).   

Chemotherapy options for breast cancer include an anthracycline such as doxorubicin or 

epirubicin, and a taxane, including docetaxel or paclitaxel (34).  Anthracyclines are a drug 

derived from certain types of Streptomyces bacteria (39).  They work by causing DNA, resulting 

in cell death (39). Taxanes are a class of diterpenes identified from plants (40).  Taxanes bind to 

microtubule protein B-tubulin, preventing its polymerization, a necessary function for cell 

division to occur (40).  These chemotherapies can be used before or after surgery or radiation 

depending on the stage.  These differences are outlined further in this section.   
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Endocrine therapies include aromatase inhibitors, gonadotropin-releasing hormone agonist, or 

selective estrogen receptor modulators (SERMs) (34-35).    Both of these therapies are used for 

HR+ breast cancers and work by inhibiting estrogen and progesterone signaling.  Gonadotropin-

releasing hormone agonists, such as Goserelin, prevent the ovaries from producing estrogen and 

progesterone (41).  Similarly, aromatase inhibitors, such as anastrozole or letrozole reduce 

estrogen and progesterone in the body (42-44).  Aromatase converts androgens to estrogen, and 

blocking it lowers the conversion of these hormones into estrogen (45).  SERMs such as 

tamoxifen work by directly inhibiting the estrogen receptor in the cancer cells, preventing its 

downstream signaling cascade (46).  In addition to these drugs that target the estrogen receptor or 

estrogen production in the body, CDK4/6 inhibitors, such as palbociclib, ribociclib, and 

abemaciclib also have been approved recently to treat HR+ breast cancers (47-49).  These drugs 

are often used as a second line of treatment, if patients do not respond well to initial treatment 

(49).  These treatments are mainly used to treat HR+ breast cancers.   

A final directed therapy that has been developed is targeting ERBB2.  In patients with HER2+ 

breast cancers, after surgery and radiation treatment patients often receive adjuvant HER2+ 

inhibitor treatment (50).  Trastuzumab is a humanized monoclonal antibody that inhibits ERBB2 

and prevents its dimerization (50).  Small molecule ERBB2 inhibitors, such as lapatinib also 

have been developed (51).  Lapatinib reversibly binds to the cytoplasmic ATP-binding site of 

ERBB2, blocking receptor phosphorylation and activation (51).  These treatments are used for 

stage I and II breast cancers that are HER2+.   

For stage III locally advanced breast cancers many patients receive neo-adjuvant chemotherapy 

treatment in order to shrink tumors prior to surgery and radiation (34-35).  Chemotherapies 

typically given include an anthracycline and taxane (34-35).  Recent clinical trials have also 
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included neo-adjuvant treatment with tamoxifen for HR+ breast cancers or trastuzumab for 

HER2+ breast cancers but found little benefit to these (52-53).  Following surgery/radiation 

treatment, patients receive these drugs as adjuvant therapy and showed improved patient 

responses (34-35).   

Stage IV metastatic breast cancers are treated largely with palliative care in order to make 

patients more comfortable, but success rates remain low for treating the disease once it has 

metastasized (34-35).  Patients with HR+ breast cancers often receive radiation therapy followed 

with endocrine therapy or chemotherapy which can slow the progression of the disease (46).  

Many patients however, only elect for endocrine therapy because side effects from chemotherapy 

are much more severe (34).  Patients with HER2+ breast cancers often receive a combination of 

chemotherapy and trastuzumab (50).  Lastly, TNBC patients, where no directed treatments are 

available, receive a combination of chemotherapy including an anthracycline, a taxane, and an 

alkylating agent such as carboplatin or cisplatin (54).  Anthracyclines such as doxorubicin or 

epirubicin inhibit topoisomerase, resulting in DNA damage and ROS production (39).  

Carboplatin and cisplatin cause intra and inter strand cross linking of DNA molecules, which 

results in inhibited DNA synthesis, preventing cell division (55). Taxanes block beta tubulin de-

polymerization, locking the cell cytoskeleton (40).  The polymerization and depolymerization of 

beta tubulin are necessary for dividing cells to separate properly (40).   

 

Breast Cancer Metastasis 

A major clinical challenge in the treatment of breast cancer is metastasis.  Metastasis is defined 

as the spread of cancer cells from primary tumors to form new secondary tumors, which are like 
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those of the primary tumor (56).   Metastatic breast cancer does not respond to the same 

treatments as primary tumors, and care is often only palliative for these patients (56).  This 

identifies a great need for additional treatments that can prevent metastasis or that specifically 

target the metastatic cells themselves. Breast cancer itself is not often lethal, however, the 

lethality from breast cancer occurs when it metastasizes to other vital organs (56).  Metastasis is 

a multifaceted process that can be broken into the following steps: first, local tumor cells must 

infiltrate adjacent tissues, followed by intravasation, invasion through blood vessels and into the 

circulatory system (57).  Tumor cells must then survive in circulation, infiltrate back through 

blood vessels (extravasation), and finally proliferate in distant sites (57).   
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Figure 5.  Overview of the steps of breast cancer metastasis.  Breast cancer metastasis is 

made up of multiple steps starting with tumor growth.  Following primary tumor growth, breast 

cancers gain access to blood vessels from angiogenesis.  Invasive cells then move through the 

basement membrane through intravasation.  The cells must then survive in circulation until they 

arrive at a distant site where they leave the blood (extravasation) followed by growth at the 

distant site (57).   

 

One of the ways cancer cells survive this process is through a series of changes in gene 

expression known as the epithelial to mesenchymal transition (EMT), which causes cells to 

upregulate several mesenchymal genes (58).  EMT is characterized by loss of cell-to-cell 

adhesions, gain of mesenchymal properties, distinct changes in gene expression, and an increase 

in cell motility/invasiveness (59).  Several different markers of EMT have been identified 

including upregulation of transcription factors Snail/Slug, Twist, Zeb1/2, and E47, loss of E-
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cadherin, upregulation of N-cadherin, and upregulation of different MMPs (60).  The changes in 

expression of the EMT transcription factor signaling is driven by several different oncogenic 

signaling pathways including TGF-β/SMAD, PI3K, RAS/MAPK, Wnt, hypoxia, and TNF-α (61-

65).   

Transforming growth factor-β (TGF-β) is often identified as one of the primary activating 

pathways of EMT (66).  Early in cancer development, a tumor suppressor role of TGF-β has 

been identified, where TGF-β signaling promotes apoptosis and growth arrest, so TGF-β 

signaling is often decreased (66).  During tumor progression however, TGF-β signaling becomes 

upregulated or maintained (66).  TGF-β binds to serine/threonine receptors TGFBRI and 

TGFBRII (67).  Once bound to the receptor, TGFBRII trans-phosphorylates TGFBRI, TGFBRI 

then phosphorylates its downstream targets Smad2 and Smad3 (67).  Phosphorylated Smad2/3 

then forms a complex with Smad4 where it then translocates to the nucleus, and actives 

transcription of genes related to EMT such as Snail, Slug, and Twist (68).  In addition, TGF-β 

has been shown to act independent of Smad signaling to activate PI3K, Akt, and MAPK (67).   

Several different RTKs have been implicated as promoting EMT, including epidermal growth 

factor receptors (EGFRs), platelet-derived growth factor receptors (PDGFRs), and fibroblast 

growth factor receptors (FGFRs) (69).  RTKs are transmembrane proteins, which after ligand 

binding undergo conformational changes, resulting in activation and phosphorylation of 

downstream targets (70).  These downstream targets include Ras/MAPK, JAK/STAT, and PI3K, 

all of which have been identified as promoting EMT (70).   

The EGFR family of receptors consist of EGRF1, HER2, EGFR3, and EGFR4 (71).  As the 

name suggests, EGFRs primary ligand is epidermal growth factor (EGF) (71).  Several other 

ligands that bind to EGFRs have also been identified including transforming growth factor α 
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(TGFα), betacellulin (BTC), heparin-binding EGF-like growth factor (HB-EGF), amphiregulin 

(AREG), epiregulin (EREG), and epigen (EPI) (71).  After ligand binding EGFRs form either 

homo or heterodimers, then trans-auto-phosphorylate causing a conformational change, which 

results in recruitment of downstream signaling proteins or adapter proteins (71).  In the context 

of breast cancer EMT, EGFR downstream signaling has been shown to activate PI3K, Ras, and 

MAPK (72).  EGFR signaling has also been implicated in breast cancer metastasis specifically to 

the brain (73). 

PI3K has been shown to increase epithelial cell proliferation (74).  PI3K has also been found to 

promote EMT in conjunction with TGF-β (68).  PI3K also acts as a signaling intermediate of 

several different growth factor and integrin receptors (74).  Ras/MAPK signaling has been 

reported to promote EMT and metastasis by phosphorylating Twist1 at serine68, which stabilizes 

the protein, thus leading to increased expression and activity (75).   

Another major signaling pathway that has been reported to have a significant role in breast 

cancer metastasis is the CXCR4/CXCL12 signaling axis (76-77).  CXCR4 is a transmembrane 

chemokine receptor containing seven transmembrane helical regions connected by six extra 

cellular loops (78). CXCR4 binds the ligand CXCL12 (78).  CXCR4 is highly expressed on the 

surface of breast cancer cells (79). CXCL12 is a chemokine, that acts as a chemoattractant (78).  

Unlike CXCR4, CXCL12, is expressed at its highest levels in organs that breast cancers 

commonly metastasize, including the lungs, brain, and bone marrow (79).  CXCL12 is released 

by stromal cells, including fibroblasts and endothelial cells as well as macrophages (78). 

CXCL12 binding to CXCR4 activates PI3K/Akt, NF-kB, STAT3, and Src/ERK signaling (78).  

When CXCL12 binds to CXCR4 CXCL12 binding to CXCR4 causes actin polymerization 
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resulting pseudopodia formation, promoting migration/invasion, leading to metastasis to distant 

organs (78).   

The Wnt signaling pathway has also been identified as playing an important role in EMT and 

metastasis (80).  There have been 19 different Wnt genes identified in the human genome, all of 

which produce secreted lipoglycoproteins (81).  Wnt signaling couples to different receptors 

activating various downstream pathways, consisting of both canonical and non-canonical Wnt 

signaling (80).  Canonical Wnt signaling promotes breast cancer cellular proliferation and cancer 

cell stemness (80).  Non-canonical Wnt-PCP and Wnt-Ca2+ signaling however have been found 

to promote breast cancer metastasis (80).  

These different molecular mechanisms result in metastasis in an organotrophic manner; breast 

cancers tend to metastasize to specific organs, depending on which pathways are activated in an 

individual cancer (82).  These different pathways are not upregulated across all breast cancers 

but depending on which are activated determines which organ the primary tumors metastasize to.  

The different pathways described and the organs they promote metastasis to is summarized 

below in table 3. 

Table 3: Molecular Mediators as Breast Cancer Metastasis Activators (82). 

 

Metastasis 

activators 

Role Potential therapeutic strategy 

Growth factors 
  

TGF-β Bone metastasis TGF-β pan-neutralizing mAbs: 1D11, 2G7 along with 

doxorubicin treatment 

PDGF Bone and lung 

metastasis 

PDGF mAbs 

IL-1 Bone and lung 

metastasis 

Combinatorial therapy of mAbs - PDR001, CJM112, 

Ilaris and EGFR tyr kinase inhibitor EGF816 
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Metastasis 

activators 

Role Potential therapeutic strategy 

BMP Induce 

tumorigenesis, 

metastasis, and 

invasion 

Soluble decoy receptors of the ligand-binding domains 

of BMP receptors 

CXCL1 Lung metastasis CXCl1 mAbs 

Receptors 
  

PDGFRβ Lung metastasis PDGFRβ mAb: IMC-2C5 

EGFR Brain metastasis Panitumumab with 5-fluorouracil, epidoxorubicin, and 

cyclophosphamide followed by docetaxel 

CXCR4 Lung and liver 

metastasis 

AMD3100 or Plerixafor 

Integrins αvβ3 - lung 

metastasis αvβ5 - 

liver metastasis 

Integrin signaling specific antibodies, peptides, 

peptidomimetics, and other antagonists 

Notch Bone metastasis miR-34a along with Paclitaxel and Adriamycin 

Transcription 

factors 

  

TWIST1 Lung’s metastasis Harmine, inhibitor of TWIST1 

ID1 Lung’s metastasis Small molecule inhibitors against ID1 

ECM proteins 
  

VCAM-1 Lung & bone 

metastasis 

Targeting integrins - VLA-4/α4β1 with mAbs to inhibit 

interaction with VCAM-1 

VCAN Lung metastasis Knockdown of versican 

Other factors 
  

PDK1 Liver metastasis Small molecule inhibitors against PDK1 

COX-2 Brain metastasis Non-steroidal anti-inflammatory drugs (NSAIDs) 

miRNAs miR-19a and miR-

141 - brain 

metastasis 

Oligonucleotides targeting mature miRNA 

Wnt/β-catenin Lung metastasis PORCN inhibitors, WNT ligand antagonists, and FZD 

antagonists/mAbs 
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Most of these different pathways converge on activation of transcription factors Slug, Snail, and 

Twist (83).  They result in several changes in the cells which promote metastasis.  These changes 

are summarized in figure 4 below (83). Slug, Snail, and Twist have been shown to promote stem-

like behavior of cells, drug resistance, metastasis, and immunosuppression (83).   

One of the downstream targets of Slug, Snail, and Twist is Zeb1.  Zeb1 expression has been 

found to repress E-cadherin expression and induce a cancer-stem-cell differentiation state (84).  

These cells are identified by flow cytometry by CD44high/CD24low (85).  It has been suggested 

that this population of stem cells is induced by EMT and are necessary for dissemination as part 

of metastasis (85).  Additionally, CSCs play an important role in generation of secondary tumors 

due to their self-renewal ability (86).  These several changes resulting from EMT promote breast 

cancer metastasis. 
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Figure 6.  Overview of EMT signaling. Several different signaling pathways can be activated 

which result in an increase in expression of transcription factors Slug, Snail, and Twist.  These 

transcription factors activate expression of genes related to cell stemness, drug resistance, 

senescence, immunosuppression, and metastasis (83). 

 

The first step in metastasis is invasion of tumor cells into the local surrounding tissues.  First, the 

cells must breakdown local cell to cell adhesions; epithelial cells are anchored to neighboring 

cells through a variety of different interactions.  A predominant cell-cell adhesion of epithelial 

cells is E-Cadherin (87).  E-Cadherin consists of 5 extracellular domains, which form 

extracellular junctions from cell to cell using homophilic interactions (87).  The intracellular 

portion of E-cadherin bonds to catenin proteins alpha, beta and gamma, which link E-cadherin to 
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the actin cytoskeleton of cells (87).  In metastatic breast cancers, E-cadherin is commonly lost or 

mutated to lose its function, which breaks down cell to cell anchoring.  Additionally, with the 

loss of E-cadherin, cancer cells often upregulate N-cadherin (89).  N-cadherin has been shown to 

enhance the migratory and invasive capacity of tumor cells (90).   

Once cell to cell anchorage is lost, cells then invade into the local stromal cells after breaking 

down the local extra cellular matrix (ECM). The ECM is a network of proteins that surround, 

support and give structure to cells and tissues of the body.  Depending on the tissue, the 

composition of the ECM varies greatly.  In the mammary gland, the ECM is comprised of 

collagen fibers, laminin, fibronectin, and proteoglycans (91).  These molecules play an important 

role in regulating epithelial cell growth, embryonic branching and morphogenesis (92).  In order 

to invade into local tissues, the ECM must first be broken down.  In breast cancer this is often 

carried out by metalloproteinases (MMPs).  There are currently over 20 different MMPs that 

have been identified in humans (93).  MMPs are secreted from cells and remain inactive until 

being cleaved by extracellular proteases (93). Specifically, MMP-2, MMP-9, and MMP-11 have 

been identified as playing important roles in breast cancer progression and metastasis (94).  

MMP-2 and MMP-9 are collagenases, which primarily degrade collagen IV in the ECM (95).  

MMP-11 is a stromelysin, which breaks down the non-collagen connective tissues of the ECM, 

including fibronectin, laminin, and proteoglycans (95).  MMP-11 has been shown to play an 

important role in early tumor invasion, but also prevents apoptosis (95).   

After breaking free from neighboring cells, and invading into local tissues, tumor cells then 

invade into the circulatory system through a process known as intravasation (57).  ECM 

degradation forms small channels through the basement membrane through which invasive cells 

move through with ameboid like movement (57).  These invasive cells then push through the 
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pores in the ECM.  Some reports have suggested that mesenchymal cells gain additional motility 

and primarily make up the invasive cells (96).   

Once entering the blood stream, cancer cells must then survive in circulation (57).  Under normal 

conditions, if epithelial cells become detached, they undergo the process of anoikis (97).  Cells 

that have gone through EMT, gain many features of stem cells, one of which being anchorage 

independent growth (98).  After the cells enter the bloodstream, they travel around the body until 

they extravate, and establish new secondary tumors at distant sites (57).  Once tumors have 

metastasized, they do not respond to treatments as well, and patient mortality risk is greatly 

increased (34-35). 

An additional feature of tumor progression promoted by EMT is immune evasion.  Immune 

evasion is a balance of immune suppression and inflammation, both processes vital to tumor 

progression and metastasis.  EMT gene signatures are associated with increased expression of 

several different immune inhibitory receptors and ligands including PD-1 and PD-L1 (99-100).   

PD-1 is a 55-kDa transmembrane protein normally expressed on the surface of activated t cells, 

natural killer cells, macrophages, dendritic cells, and monocytes (102).  Notch signaling, a 

common pathway involved in the activation of EMT also results in increased expression of PD-1 

(103).  In addition, c-FOS has also been shown to increase PD-1 expression (104).  PD-1 binds to 

ligand PD-L1 resulting in impaired immune response (101). 

PD-L1 is a 33-kDa transmembrane glycoprotein normally expressed on the surface of 

macrophages, activated T cells, B cells, and dendritic cells (105).  PD-L1 can also be induced by 

inflammation in epithelial cells (106).     
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PD-L1 expression is frequently increased on the surface of cancer cells(106).  In TNBC 

Vimentin expression and loss of E-cadherin are correlated with upregulation of PD-L1 (107).  

There are multiple mechanisms which result in increased PDL1 expression on the surface of 

tumors including inflammation which results in increased production of INF-γ (108).  This 

increase in INF-γ leads to increased expression of PD-L1 on the surface of tumor cells (108).  In 

addition, loss of PTEN and PIK3CA mutations have been found to increase expression of PDL1 

(107).  Loss of PTEN is common in both HR+ and TNBCs, with as many as 35% of TNBCs 

having loss of PTEN (107).  PIK3CA mutations have also been identified in approximately 40% 

of all breast tumors (107).   

Binding of PD-L1 to PD-1 suppresses anti-tumor immune responses by inhibiting production of 

cytokines, promoting apoptosis in T cells, and inhibiting cytotoxic T cell activation (104).  

TNBCs have been reported to have a high number of tumor-infiltrating lymphocytes (TILs), 

suggesting immunotherapy may be beneficial for TNBC treatment (107).  Recently, 

atezolizumab has been FDA approved for the treatment of locally advanced and metastatic 

TNBCs expressing PD-L1 in combination with chemotherapy (109).  However, atezolizumab as 

a monotherapy provided little benefit to TNBC patients (109).  When used in combination with 

chemotherapy there has been some improvement in patient outcomes, but additional work must 

be done to further improve patient responses.   
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Drug-Resistance in Breast Cancer      

Another major clinical challenge persistent in breast cancer is drug-resistance.  Approximately 

45-50% of breast cancer patients will develop some form of drug resistance (110).  There are two 

main theories to explain how drug resistance arises in cancer, inherent resistance and acquired 

resistance (112).  Inherent resistance postulates that tumors are made up of a heterogenous 

population of cells, and only certain populations of cells will be affected by a particular drug 

regimen (112).  After treatment, the cells that remain are only the cells that are resistant to the 

treatment given (112).  This produces more aggressive tumors that will not respond to 

subsequent treatment.  Acquired resistance suggest that drug treatment causes changes in gene 

expression, which results in cancers that are resistant to the treatment they are receiving (112).  

More recently, with lineage tracing experiments, a newer model suggesting a mixture of both 

theories are true: tumors contain heterogenous populations of cells, some of which are 

genetically “primed” to become resistant (112-113).  After treatment these cells undergo changes 

in gene expression, which results in drug-resistant cancers.  There are several different 

mechanisms that cancers use to become drug resistant.  These include target modulation, drug 

efflux, reduced drug uptake, drug modification/inactivation, or pathway modification (112).  

Drug-resistance is a common problem in the treatment of breast cancers and finding new ways to 

overcome drug-resistance is a critical need in breast cancers (114-115). 

EMT also plays an important role in breast cancer drug resistance. Approximately 45-50% of all 

breast cancers will become resistant (110).  The mechanisms of EMT contributing to drug 

resistance are not well understood, however evidence has been reported that it does play a 

significant role.  Expression of Twist, Snail, or Slug have been reported to contribute to drug 

resistance (116).  Increased Twist expression has been reported to increase AKT-2 expression, 
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which leads to paclitaxel resistance in breast cancer cell lines (117).  Slug and Snail have been 

shown to inhibit apoptosis, and lead to resistance to doxorubicin (118).  The mesenchymal 

subtype of TNBCs described previously, which are enriched for cancer stemness, are highly 

resistant to chemotherapies and are associated with worse overall survival (29).  In MCF-7 cells, 

aberrant EGFR signaling has been identified as contributing to tamoxifen resistance (119).  

EMT’s contribution to drug-resistance is still not fully understood, however it does significantly 

contribute to drug-resistance (120).  
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Chapter 2: PIM Kinases 

PIM Kinase family members 

PIM kinases are a family of serine/threonine kinases consisting of 3 family members, PIM1, 

PIM2, and PIM3. (1) PIM1 is located on chromosome 17 and has 2 isoforms, a 33 kDa isoform 

and a 44 kDa isoform due to an alternative transcriptional start site (2).  Both isoforms contain 

the same kinase domain and are considered to functionally bind the same targets.  The short 

isoform exists primarily in the cytoplasm and in the nucleus, the long isoform of PIM1 however 

contains an additional PXXP domain at the N-terminal end which binds to the SRC homology 3 

(SH3) domain of BMX tyrosine kinase, causing it to localize to the plasma membrane (3).  At 

the membrane, the long isoform interacts with membrane associated proteins more frequently 

than the short isoform.  PIM2 is located on the X chromosome and has 3 isoforms, 34 kDa, 37 

kDa, and 40 kDa isoforms due to multiple alternative transcriptional start sites (3).  PIM3, 

located on chromosome 15, consists of a single 34 kDa isoform.  All three PIM family members 

have a highly conserved kinase domain.  PIM1 and PIM3 have a 71% homology in amino acid 

sequence, and PIM1 and PIM2 have a 61% homology (4). 
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Figure 1.  Schematic diagram of PIM kinases gene structure, mRNA, and protein isoforms 

(1). 

 

PIM kinases are expressed ubiquitously throughout the body; however, their expression varies in 

different tissues.  PIM1 is highly expressed in hematopoietic cells, gastric, and prostate cells, 

PIM2 is highly expressed in the brain and lymphoid tissues, and PIM3 is primarily expressed in 

the breast, kidney, and brain (5-9).  Interestingly, PIM kinases are different from other kinases 

because they lack regulatory domains and therefore, their catalytic activity is often correlated 

with expression (10).   

 

Regulation of PIM Kinases 

PIM kinases are primarily regulated at the transcriptional level.  Several different tyrosine kinase 

receptors have been identified that regulate the expression of the PIM genes.  These include 

Epidermal growth factor receptor (EGFR) and FMS-like tyrosine kinase 3 (FLT3) (11-12).  PIM 

kinases are downstream of the JAK/STAT pathway (13).  The JAK family of tyrosine kinases is 

made up of JAK1, JAK2, JAK3, and TYK2 (14).  Activation of JAKs following binding of 
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cytokines to their cognate receptors results in phosphorylation/activation of signal transducers 

and activator of transcription (STATs) (15). STATs can also be activated by EGFR and SRC 

kinase (16).  Specifically, STAT3 and STAT5 have been found to bind to the PIM1 promoter, 

increasing its transcription (17-18). Several different cytokines and cellular conditions have been 

found to regulate the transcription and translation of PIM kinases, including hypoxia, ROS, and 

DNA damage (19-21).   

 

PIM kinases are regulated at both the transcriptional and translational levels.  PIM kinases are 

also regulated by its mRNA stability.  PIM mRNA transcripts contain several unstable 

AUUU(A) sequences in their 3’UTR, which lead to them being unstable and having a relatively 

short half-life, allowing PIM kinases to be regulated by transcription effectively (22). These 

transcripts also require cap-dependent translation to be made into a protein, adding an additional 

level of regulation (23).   

 

PIM kinases are also regulated at the protein level.  Similar to the transcript, PIM kinases also 

have a short protein half-life, of only around 5 minutes (24). The proteins are rapidly targeted by 

ubiquitin E3 ligases, and rapidly degraded by ubiquitin meditated mechanisms (25).  HSP90 and 

HSP70 have also been suggested to regulate PIM kinase protein stability (26-27).  If a PIM 

protein is not ubiquitinated, it binds to HSP90, resulting in increased protein stability, and a 

longer protein half-life (26).  If PIM proteins are however ubiquitinated, they bind to HSP70, 

suggesting that HSP70 plays a role in PIM protein degradation (27). 
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Instead of being regulated by post-translational modifications, they are principally regulated at 

the transcriptional and translational level.  A post-translational modification that affects the 

stability of PIM1 has however been identified.  BMX phosphorylates PIM1 at tyrosine 218, 

which increases PIM1 activity and stability, however this phosphorylation is not required for 

PIM1 to be active, and thus is not considered the primary method of regulation (28).   

In summary, PIM kinases are regulated by several different regulatory pathways, at the 

transcriptional, translational, and protein levels.  These different pathways are summarized below 

(Fig 2).        

 

Figure 2: Regulation of PIM kinase expression.  PIM transcription is controlled by RTK, 

which after ligand binding activate several different signaling pathways including JAK/STAT, 

NF-kB, and Ets-1.  Hypoxia has also been shown to induce PIM expression through HIF-1 

signaling.  At the protein level, PIM kinases are regulated by ubiquitination.  HSP70 binds to 

ubiquitinated PIM, leading to rapid degradation by the proteosome.  Conversely, HSP90 binding 

stabilizes PIM kinases (29).   
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PIM Kinases Promote Cell Growth and Division  

PIM kinases play critical roles in promoting cell cycle, inhibiting apoptosis, promoting cap-

dependent translation and cell growth.  As a kinase, it does this by phosphorylating specific 

proteins at either a serine or threonine residue.  A PIM recognition sequence has been identified 

as: K/R-X-X-X-S/T-X (30).  This is very similar to the motif that is recognized by Akt, R-X-R-

X-X-S/T, and as a result there is an overlap between PIM and Akt signaling pathways (31).   

One pathway that PIM overlaps with Akt to regulate is mTORC1 signaling to control cell growth 

and division. Mammalian target of rapamycin (mTOR) is serine threonine kinase that functions 

in two complexes mTORC1 and mTORC2(32).  PIM kinases have been found to directly interact 

with mTORC1 as well as additional targets of it up and downstream (29).   mTORC1 is complex 

of comprised of mTOR, Raptor, PRAS40, and mLST8, that regulates translation, growth, 

proliferation, and metabolism (32).  Both PIM and Akt kinases directly phosphorylate PRAS40 

at Thr246, a negative regulator of mTOR signaling, leading to its dissociation from the complex, 

increasing mTOR signaling (33-35).   

Previous studies have provided evidence that PIM kinases regulate phosphorylation of 4EBP1 

and p70S6K via both direct and indirect mechanisms (36-37).  mTORC1 phosphorylates 4EBP1, 

which causes it to dissociate from eIF4E, resulting in increased dissociation cap dependent 

translation (32).  PIM kinases have also been found to directly phosphorylate 4EBP1 at Thr37, 

resulting in further activation of cap-dependent translation (38).  p70s6K has also been shown to 

be affected by PIM kinase inhibition.  p70s6K is activated by mTORC1, which results in its 

phosphorylation of the S6 ribosomal protein, causing increased protein synthesis and cell growth.  

PIM kinases also act upstream of mTORC1 (36).  Specifically, it has been found that PIM2 

phosphorylates TSC2 at SER1798(39).  TSC2 functions to inhibit mTORC1, but when in order 
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to do so it must first form a complex with TSC1 (40).  Phosphorylation of TSC2 prevents this 

association, resulting in activation of mTORC1 signaling (40).  TSC2 is also targeted by Akt at 

different residues, indicating an overlapping effect of Akt and PIM on mTORC1 upstream 

signaling (40).  These pathways make up the major signaling cascades of PIM kinases that 

promote cell growth.  

PIM kinases effect on the cell cycle 

PIM kinases also play a vital role in regulating the cell cycle.  The cell cycle is a very tightly 

controlled balance of signaling that can lead to cell proliferation, senescence or apoptosis.  Cells 

progress through the different stages of the cell cycle due to signals passed between cyclin and 

cyclin-dependent kinase (CDK) signals (41).  These signals direct the cell through specific 

events ending in mitosis, resulting in 2 daughter cells (41).  The stages of the cell cycle are G1, 

S, G2, and M phases (41).  In the G1 phase, the cell prepares to synthesize new DNA (41).  This 

is followed by S-phase where the cell synthesizes a copy of its DNA, resulting in a 2N DNA 

content (41).  After S-phase. The cell goes through another gap phase in G2, prior to progressing 

to M phase or mitosis (41).  Cells that are not undergoing the cell cycle are in the G0 phase (41). 

The cell cycle has several levels of regulation, two such negative cell cycle regulators are p21 

and p27 (44-45).  Before a cell divide there are several checkpoints that must be passed.  One 

such checkpoint is DNA damage.  DNA damage activates p53, which activates expression of p21 

(45).  Previous studies have also indicated that DNA damage has also been shown to induce 

expression of PIM kinases (*).    p27 on the other hand, has relatively stable mRNA expression 

and is primarily regulated at the protein level (45).  There are several different phosphorylation 

sites on p27 that can affect its protein expression.  These include Thr187 which can be 

phosphorylated by CyclinE-CDK2 complexes, which leads to ubiquitin mediated proteosomal 
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degradation (47).  Both p21 and p27 are potent CDK inhibitors, which prevent cells from 

progressing through the cell cycle (45).   

Previous studies have demonstrated that PIM kinases directly phosphorylate the negative cell 

cycle regulators p21 and p27 (48-50).  Under normal cellular conditions, p21 and p27 localize to 

the nucleus, where they function to prevent cyclin dependent kinase from phosphorylating their 

targets (45).  Phosphorylation of p21 and p27 causes them to be sequestered by the cytoplasm 

where they then bind to 14-3-3 protein and are targeted for ubiquitin mediated degradation 

(45,47).  With high PIM expression, can drive down the protein expression of both p21 and p27, 

resulting in the cell entering the cell cycle, even if all the normal checkpoints of the cell cycle 

have not been met (47-49).   

 

PIM Kinases Inhibit Apoptosis 

PIM kinases also play an important role in regulating apoptosis.  Apoptosis is defined as a 

controlled cell death that occurs as a normal part of an organism’s growth or development (51).  

Apoptosis results in cell shrinkage, nuclear fragmentation, chromatin condensation, and protease 

activation (51).  Apoptosis is a tightly regulated process controlled by multiple signaling 

pathways (52). 

One pathway involved in regulating apoptosis is BAD signaling.  BAD is a pro-apoptotic protein 

that normally binds to anti-apoptotic proteins BCL-2/XL (53).  This binding prevents BCL-2 and 

BCL-XL proteins from inhibiting BAX and BAK dimerization, resulting in mitochondrial outer 

membrane permeabilization (53).  BAD can be phosphorylated by Akt at Ser112 to inhibit 

apoptosis (54-55).  Phosphorylation of BAD prevents it from binding to BCL-2 family proteins, 
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and results in BAD being sequestered by in they cytoplasm where it is then bound to 14-3-3 

protein and degraded (59).  

It has also been reported that PIM kinases are able to phosphorylate BAD inhibiting apoptosis 

(53-55).  Previous reports have shown that hypoxia induced PIM expression resulted in reduced 

mitochondrial permeabilization and decreased activation of caspase 9 (55).   Under normal 

cellular conditions, PIM kinases are able to prevent apoptosis after a cellular stress, this likely 

evolved because it is energetically more efficient to fix a damaged cell rather than undergo 

apoptosis and make a new cell to replace the damaged cell.   

PIM kinases in cancer 

PIM kinases promote cell growth, lead progression through the cell cycle, inhibit apoptosis, and 

promote EMT/metastasis, which have made them of particular interest in cancer.  PIM kinases 

have been found to be overexpressed in a variety of different cancers (56-63).  Increased 

expression of PIM1 has been found in several different cancers including prostate cancer, and 

both lymphoid and myeloid leukemia and lymphomas (64-66).  PIM1 expression is also 

correlated with tumor aggressiveness and resistance to chemotherapy in these settings (67-72).  

PIM1 and PIM3 have also been implicated in lymphoproliferative diseases associated with 

Epstein-Barr virus or Kaposi sarcoma associated herpes virus (71-72).   

PIM2 is also overexpressed in a wide variety of leukemias and solid tumors.   PIM2 expression 

has been found to be increased in acute lymphoblastic leukemia and chronic lymphocytic 

leukemias (73-74).  In these settings, PIM2 plays an important role in neoplastic cell migration 

(73-74).  PIM2 has also been found to be increased in acute myeloid leukemia (AML), where 

PIM2 phosphorylation of 4E-BP1 has been shown to promote cancer progression and 
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tumorigenesis (75-77).  Multiple myeloma cells also overexpress PIM2 (78).  In multiple 

myeloma, PIM2 expression is increased in both the MM cells and the surrounding stromal cells 

(78).  PIM2 in MM promotes tumor progression and represses the DNA-damage response 

pathway by phosphorylation of ATR (78).  It has also been reported in MM cells that PIM2 

mediated phosphorylation of TSC2 at Ser1798, resulting in mTORC1 activation (79).  Lastly, 

PIM2 has also been found to be overexpressed in liver and ovarian solid tumors (80-81).  In 

these settings progression through the cell cycle and inhibition of apoptosis has been shown to 

play an important role in cancer progression.   

PIM3 has also been found to be overexpressed in cancers, but to a lesser extent than PIM1 or 

PIM2.  PIM3 expression is increased in ovarian cancer and significantly correlated with worse 

overall survival (81).  PIM3 is also highly expressed in hepato-cellular carcinomas when 

compared to normal hepatocytes (84).  Lastly, PIM3 expression has been found to be amplified 

in pancreatic and colon cancers when compared to normal cells (83, 85-86). 

 

PIM Kinases Promote EMT and Metastasis 

PIM kinases have been found to play a significant role in the metastasis of multiple different 

cancers.  The mechanisms by which PIM kinases promote metastasis is still being worked on, 

however there are multiple different reports stating that PIM kinases promote EMT and 

metastasis (87-89).  It has been reported that PIM1 phosphorylates CXCR4 at Ser339, which 

stabilizes the protein in the membrane, leading to increased CXCR4 activity (90-92).  This was 

sufficient to increase prostate cancer cells metastasis in PC3 cell xenografts (93).  Additionally, 

in prostate cancer cells when stroma cells were examined it was found that they had higher PIM1 
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expression in patients with metastatic cancer compared to non-metastatic prostate cancers (94).  

PIM kinases are also important in collagen deposition, which is important for metastasis of 

multiple different cancers, including breast and prostate cancers (95-96). 

It has been suggested that the primary way PIM kinases promote metastasis is by promoting 

EMT.  As mentioned previously, PIM kinases phosphorylate EiF4B at Ser-406 (97-98).  One of 

the downstream effects of this is upregulation of c-MET (97).  C-met is an important inducer of 

cancer metastasis and promotes EMT (97).  Additionally, it has been reported that PIM kinases 

phosphorylate Notch, leading to increased Notch signaling (99).  As outlined in chapter 1, Notch 

signaling is an important mediator of EMT, and activating Notch signaling will promote both 

EMT and metastasis.   

 

PIM Kinases Promote Drug Resistance 

Drug-resistance is a common problem in treating cancers.  PIM kinases have been suggested to 

contribute to drug resistance.  The mechanisms involving PIM kinases in drug-resistance include 

phosphorylation of P-glycoprotein (PgP), breast cancer resistant protein (BCRP), BMX, and fms-

like tyrosine kinase (FLT3) (100-103).  PIM kinases have also been reported to inhibit p53 

mediated apoptosis (104).  Additionally, it has also been reported that PIM kinases 

phosphorylate eIF4B which can also contribute to drug resistance (105).  Primarily, PIM1 has 

been identified as inducing drug-resistance, however there are also reports that PIM2 may also 

contribute to drug resistance (106-108).   

Both BCRP and Pgp are efflux channels that leads to multiple drug resistance from the drugs 

being pumped out of the cell (100-104).  The long isoform of PIM1 (44 kDa) has been found to 
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directly phosphorylate both BCRP Thr362 at and Pgp at Ser683 (101).  The long isoform 

localizes to the membrane, where it encounters these proteins (101).  BCRP phosphorylation 

promotes its multimerization and translocation to the membrane (100).  Phosphorylation of Pgp 

on the other hand prevents the 150 kDa isoform from proteasomal degradation, leading to 

increased surface expression (101).   

PIM kinases have also been found to found to phosphorylate BMX kinase which can also lead to 

drug resistance (102).  Specifically, in prostate cancer cells, the long isoform of PIM1 competes 

with p53 to bind BMX (102).  P53 normally inhibits BMX kinase, however when it is 

phosphorylated, this inhibition is no longer present, leading to BMX promoting cell survival 

ultimately leading to drug resistance (102).   

PIM1 also phosphorylates FLT3 (103).  FLT3 is a receptor tyrosine kinase, which in cancer, is 

commonly mutated by internal tandem duplication (ITD) (103). FLT3-ITD containing cancers 

are resistant to FLT3 inhibition (103).  FLT3-ITD mutations can often lead to over activation of 

STAT5, which in turn increases PIM1 expression (103).  PIM1 additionally phosphorylates 

FLT3-ITD at Ser935, which leads to increased FLT3-ITD stability (103).  This increased 

stability promotes aberrant FLT3-ITD signaling, leading to further resistance to resistance to 

kinase inhibitor drugs (103).   
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Figure 3: Outline of PIM1 signaling contributing to drug-resistance.  PIM1 phosphorylates 

BCRP and Pgp, stabilizing drug efflux and leading to multiple drug resistance.  PIM1 also 

phosphorylates eIF4B and FLT3-ITD, both of which contribute to kinase inhibitor drug-

resistance (109). 

 

 

 

 

 

 

 

 

 



53 
 

PIM Kinase Inhibitors 

Small molecule inhibitors targeting PIM kinases have been developed.  SGI-1776 is a first-

generation pan-PIM kinase inhibitor that showed promise in pre-clinical studies; however, it 

failed in clinical trials due to dose-limiting cardiotoxicity (110).  SGI-1776 can also inhibit the 

potassium channel hERG, leading to cardiac QT prolongation and cardio toxicity (111).  AZD-

1208 is another pan-PIM kinase inhibitor that showed promise in preclinical testing for treatment 

of multiple cancers, however it failed in clinical trials for AML and advanced solid tumors due to 

lack of efficacy and high frequency of adverse events (112).  TP-3654 is a second-generation pan 

PIM kinase inhibitor, which has greater specificity towards PIM1 than PIM2 and PIM3 (113).  

TP-3654 has shown efficacy in preclinical testing in multiple cancer types (114-117).  Clinical 

trials for TP3654 are currently being carried out in myeloproliferative neoplasms and advanced-

stage solid tumors (NCT04176198 and NCT03715504).  Preliminary data from Phase I dose 

escalation and safety studies showed TP3654 is well-tolerated in humans and exhibited 

promising response in patients with myelofibrosis. 
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  Chapter 3 

Genetic Deletion or Pharmacologic Inhibition of PIM1 Impairs Breast Cancer 

Growth and Metastasis 

 

Abstract 

Metastatic breast cancers often do not respond to currently available therapies, highlighting a 

need for new drug targets.  Expression of PIM1 is upregulated in a significant percentage of 

breast cancers. PIM1 expression is also significantly increased in metastatic breast cancers 

compared to non-metastatic breast cancer patients.  We hypothesized that PIM1 plays an 

important role in progression and metastasis of breast cancer. Knockdown/deletion of PIM1 

significantly inhibited the proliferation, migration, and invasion of several breast cancer cell 

lines. To assess the in vivo role of PIM1 in breast cancer progression and metastasis, we crossed 

PIM1 knockout mice with MMTV-PyMT metastatic breast cancer mouse model. We found that 

deletion of PIM1 significantly inhibited tumor growth and reduced lung metastasis in these mice. 

Pharmacologic inhibition of PIM1 kinase using TP-3654 significantly inhibited cell proliferation, 

migration, and invasion in breast cancer cells, and reduced breast tumor growth and lung 

metastasis in MMTV-PyMT mice.  We also found that PIM1 deletion or inhibition decreased 

EMT markers SLUG and Vimentin and pro-metastatic marker c-MET.   RNA-seq analysis 

showed genes related to translation, proliferation, EMT and metastasis pathways were affected 

by PIM1 depletion or inhibition. Together, these results suggest that PIM1 plays an important 

role in the progression and metastasis of breast cancer. 
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Introduction 

Breast cancer is the most frequently diagnosed cancer in women, with an estimated 287,850 new 

cases in 2022. (1)  Breast cancer is also the second leading cause of cancer related deaths in 

women with an estimated 43,250 deaths in 2022. (1)  Despite these numbers the overall 5-year 

survival rate for localized breast cancer is 99.1%. (1)  The 5-year overall survival however drops 

dramatically to 30% if the patient has distant metastasis detected at the time of diagnosis. (1)  

Metastatic breast cancer does not respond to the same treatments as primary tumors, and care is 

often only palliative for these patients.  This identifies a great need for additional treatments that 

can prevent metastasis or that specifically target the metastatic cells themselves.  

Metastasis is a multifaceted process that can be broken into the following steps: first, local tumor 

cells must infiltrate adjacent tissues, followed by intravasation, invasion through blood vessels 

and into the circulatory system. (2)  Tumor cells must then survive in circulation, infiltrate back 

through blood vessels (extravasation), and finally proliferate in distant sites. (3)  In order to 

survive this process, cancer cells must undergo epithelial to mesenchymal transition (EMT), 

which causes cells to upregulate several mesenchymal genes. (4)  EMT upregulates several 

different transcription factors including SNAIL and SLUG, which causes several other changes 

in gene expression. (5)  These include an upregulation of vimentin, as well as several different 

matrix metalloproteinases (MMPs). (6-7) These signaling pathways provide several different 

points which metastasis can be targeted.   

PIM kinases are a family of serine/threonine kinases consisting of 3 family members, PIM1, 

PIM2, and PIM3. (11)  These family members are expressed ubiquitously throughout the body; 

however, expression of each family member differs depending on the tissue. (12)  PIM kinases 

have been shown to increase cell division, growth, survival, and have also been implicated in 
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drug resistance. (13-16) More importantly, PIM kinases have also been shown to promote cell 

stemness, EMT, and metastasis in several other cancer settings. (8-9, 17-20) Recently, PIM1 has 

also been identified as a potential therapeutic target in TNBC. (21-22) However, the contribution 

of PIM1 in breast cancer metastasis has remained unknown. 

In this study, we investigated the role of PIM1 in breast cancer growth and metastasis.  We have 

found that PIM1 is amplified or overexpressed in a high percentage of breast cancers.  We also 

found that PIM1 expression is significantly higher in metastatic breast cancers compared to non-

metastatic breast cancers.  We found that genetic deletion of PIM1 or inhibition with TP3654 

significantly decreased cell growth, migration, and invasion in vitro, and decreased tumor growth 

as well as significantly reduced lung metastasis in a MMTV-PyMT mouse model of metastatic 

breast cancer.  Overall, these results suggest PIM1 plays a key role not only in breast cancer 

growth, but also metastasis.  Thus, inhibition of PIM1 might be useful for treatment of breast 

cancer.  
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Materials and Methods 

Cell culture 

Human MDA-mb-231, HCC-1806, HS578t, BT-20, MDA-MB-468, T47D, MCF-7, ZR-75-1, 

BT-474, SKBR3, MCF10A, and HMEC cells were purchased from ATCC.  MDA-231, MCF-7, 

BT-474, and SKBR3 cells were maintained in DMEM supplemented with 10% FBS, 

penicillin/streptomycin, and minimum essential ammino acids.  4T1, HCC-1806, and ZR-75-1 

cells were maintained in RPMI supplemented with 10% FBS, penicillin/streptomycin, and 

minimum essential ammino, acids. Cells were tested for mycoplasma every 6 months.  Cell 

culture conditions and seeding numbers are summarized below in table 1. 
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Table 1. Cell culture conditions and seeding densities. 

 

 

Transfection and viral infections 

Viruses were generated by transfecting HEK-293T cells with PEI using plasmids containing 

corresponding shRNA or sgRNA plasmids.  psPAX2 and pMDG.2 plasmids were used as 

packaging vectors. For infections, cells were seeded and allowed to adhere overnight, the 

following day cells were infected with lentivirus.  After 48 hours of infection cells were selected 

with 2ug/mL puromycin for 72 hours.  After puromycin selection cells were seeded and allowed 

Name Tissue MEDIA

Seeding 

Density 

(Cells/cm2) 6 Well 12 Well 24 Well 96 Well

4T1-Luc Breast RPMI + 10% FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

BT20 Breast MEM Earles + 10%FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

BT474 Breast DMEM + 10% FBS 3.0E+4 3.0E+5 1.2E+5 6.0E+4 9.0E+3

HCC1187 Breast RPMI + 10% FBS 5.0E+4 5.0E+5 2.0E+5 1.0E+5 1.5E+4

HCC1599 Breast RPMI + 10% FBS 2.0E+4 2.0E+5 8.0E+4 4.0E+4 6.0E+3

HCC1937 Breast RPMI + 10% FBS 2.0E+4 2.0E+5 8.0E+4 4.0E+4 6.0E+3

HCC38 Breast RPMI + 10% FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

HS578T Breast

DMEM + 10% FBS + 10 

μg/mL insulin 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

MCF-10A Breast

MEGM + BPE, 

Hydrocortisone, hEGF, 

and Insulin 5.0E+4 5.0E+5 2.0E+5 1.0E+5 1.5E+4

MCF-12A Breast

MEGM + BPE, 

Hydrocortisone, hEGF, 

and Insulin 5.0E+4 5.0E+5 2.0E+5 1.0E+5 1.5E+4

MCF-7 Breast DMEM + 10% FBS 4.0E+4 4.0E+5 1.6E+5 8.0E+4 1.2E+4

MDA-231 Breast DMEM + 10% FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

MDA-468 Breast DMEM + 10% FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3

SKBR3 Breast DMEM + 10% FBS 2.0E+4 2.0E+5 8.0E+4 4.0E+4 6.0E+3

ZR-75 Breast RPMI + 10% FBS 1.0E+4 1.0E+5 4.0E+4 2.0E+4 3.0E+3
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to grow for 3 days in base media +2% FBS.  After 72 hours viable cells were counted using 

trypan blue exclusion.   

 

Colony formation assay 

MDA-231 or HCC-1806 cells were seeded (1,000 cells/well (6-well plates)) and allowed to grow 

for 7-14 days, at which time cells were fixed with methanol stained with crystal violet.  To 

quantify, the number of colonies per well were counted.   

 

Mammosphere assay 

MDA-231 and HCC-18006 cells were plated at a density of 10,000 cells per well in 4 mL of 3D 

tumorsphere XF media on ultra-low-attachment plates.  Cells were allowed to grow for 7-10 

days.  Total number of Mamospheres were then quantified by allowing spheres to gather at the 

bottom of a 15 mL tube by gravity sedimentation, followed by resuspension in 200 μL of PBS.  

Mamospheres were quantified using OrganoSeg software (citation). 

 

Invasion/migration assays 

For wound healing assays cells were plated and allowed to grow into a confluent layer, a scratch 

was then created using a 10 μL pipette tip.  The cells were then imaged at 6-hour intervals until 

the gap was closed.  Migration was quantified using ImageJ.  

For migration assays, 1,000 cells were plated onto the top layer of corning transwell cell culture 

inserts.  The cells were then incubated for 13 hours.  Unmigrated cells were removed with a 
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cotton swab and cells that had migrated to the bottom of the insert were fixed with methanol and 

then stained with crystal violet.  To quantify 5 images were taken and the number of cells in each 

image were counted.  For invasion assays a similar protocol was used, but we utilized corning 

biocoat transwell inserts.   

 

Inhibitor Treatments 

TP3654 was dissolved in DMSO.  Cells were seeded and allowed to adhere overnight.  The 

following day TP3654 was added at indicated concentrations.  Drug and media were changed 

daily, and cells were allowed to grow for 72 hours.  Viable cells were then quantified using 

presto-blue HS.   

 

PyMT Mice 

MMTV-PyMT mice were purchased from Jackson labs.  PIM1 and PIM2 whole body knockout 

mice were kindly provided by Dr. Anton Burns.  PyMT were crossed with PIM1 KO mice to 

generate PIM1 KO PyMT mice.  Mice were analyzed at 2-week intervals from 8-14 weeks of 

age.  Tumor growth and mouse weight were monitored every 4 days.  2.0 mm tumor width and 

10% weight loss were used as humane endpoints.  Mice were euthanized and lung and tumors 

were fixed in formalin.  These tissues were then sectioned, and H&E staining was performed to 

evaluate tumor progression and lung metastasis.  Lung metastasis was quantified by counting the 

number of metastases per section.   
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For in vivo drug treatments TP3654 was dissolved in PBS+10% Tween 20.  Mice were given 

200 mg/kg TP3654 via oral gavage daily starting when mice were 6 weeks old.  The mice were 

treated for 6 weeks and then euthanized.  Tumor burden was monitored weekly by measuring 

tumor length and width.  Tumor volume was calculated using the equation 

volume=length*width*width/2.  The sum of tumor volumes for each mouse was used to 

calculate the total tumor burden.  Mouse lungs and tumors were fixed in formalin and evaluated 

for tumor progression and lung metastasis after H&E staining.      

NSG Xenografts 

8-week-old NSG mice were purchased from Charles River.  Mice were injected with 1x106 cells 

suspended in a 50:50 mixture of PBS and Matrigel.  Treatment was initiated after tumors reached 

0.5 cm in width.  Mice were grouped into four treatment groups: Vehicle (control), 200 mg/kg 

TP3654 given orally daily, 2mg/kg doxorubicin administered by ip. Injection once per week, and 

a combination of TP3654 and doxorubicin.  Tumor growth was monitored every 4 days using 

digital calipers.  Mice were weighed once per week.  After 5 weeks of treatment the tumor, 

lungs, brain, liver, kidney, and heart and spleen were fixed in formalin.  H&E staining of tissues 

was then performed to analyze metastasis.   

Flow Cytometry 

Mouse tumor cells were cut into small pieces using a razor blade.  The tumors were then 

transferred into DMEM/F12 +10% FBS + DNase I and Collagenase and incubated for 1 hour at 

37C.  Cells were then passed through a 70 μm filter.  Cells were then pelleted and resuspended in 

20 mL of RBC lysis buffer for 10 min on ice.  Following RBC lysis cells were resuspended in 
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base media ficol separation was performed.  The cells were then resuspended in FACS buffer 

and stained for 1 hour on ice.  After staining cells were run on the Cytek aurora cytometer.   

RT-qPCR 

Total RNA was extracted using the Qiagen RNA-easy kit.  500 ng or RNA was then converted to 

cDNA using the Qiagen QuantiTect Reverse Transcription Kit.  RT-qPCR was performed using 

SYBR Green and run on a quant studio 3.  Primers can be found in table 1.  18S, HPRT1, or 

GAPDH were used as endogenous controls.   

 

Western Blot 

Total cell lysates were obtained using RIPA lysis.  Protein concentration was determined using a 

Bradford assay.  50 ug of protein were loaded into each well.  Antibodies and conditions used for 

each blot can be found below in table 2.   

 

Patient Data 

TCGA Breast cancer data from Firehouse Legacy and Pan Cancer Atlas studies were analyzed 

using cbioportal.  Samples were checked for copy number gain and mRNA overexpression.  A 

cutoff of log fold change of 1.5 was used for mRNA overexpression.   

RNA-Seq 

MDA-231 cells were used for RNA-Seq analysis.  Control cells, PIM1 deleted cells, and cells 

treated for 48 hours with 2.0 μM TP3654 were used for sequencing.  Total RNA was extracted 

from cells using RNeasy Mini kit (Qiagen). RNA sequencing was performed using NextSeq 500 
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High Output Kit and NextSeq 500 sequencing instrument (Illumina). RNA-seq data alignment 

was performed using UCSC hg38 reference genome with Bowtie2. The read counts and 

differential analysis were done using GenomicAlignments and DESeq2. P-adjusted value of 

<0.05 with a fold change of 1.5 was considered as significant change in gene expression.  

 

Statistics 

Results are expressed as mean +/- SEM.  Statistical significance was determined using GraphPad 

prism 9. Student’s t test and one-way anova were primarily used, appropriate tests are provided 

in figure legends.  P < 0.05 was considered statistically significant. P values were marked with 

asterisks on figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001.). 
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Results 

PIM1 expression is increased in breast cancer patient samples 

Analysis of TCGA data revealed over-expression or gene amplification of PIM1 in ~10% of 

breast cancer patients (Figs 1A-B).  PIM2 and PIM3 were also misregulated but at a lower 

percentage (Figs 1A, B).  Additionally, PIM1 expression was also significantly increased in 

metastatic breast cancer patients compared to patients with only primary tumors (Fig 1C). PIM2 

and PIM3 expression was not significantly altered in metastatic breast cancer (Fig 1D, E).   
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Figure. 1. PIM1 Expression is increased in breast cancer patients.  Analysis of the gene 

expression data from (A) TCGA (Firehose legacy) and (B) TCGA (PanCancer Atlas) breast 

cancer data sets show PIM1 expression is increased in 10% of breast cancer patients. A Z-score 

of 1.5 was used for mRNA overexpression.  (C) Further analysis of TCGA data showed that 

patients with metastatic breast cancer had significantly higher PIM1 expression. D-E) PIM2 and 

PIM3 expression was not significantly different in metastatic breast cancer patients to non-

metastatic (*P<0.05, **P<0.01, ***P<0.001).     

 

We further evaluated PIM expression in breast cancers with different receptor status.  We 

evaluated both TCGA data and data from Yau et al. 2010.  TCGA analysis reveled that both 

PIM1 and PIM2 expression was significantly higher in TNBC tumors compared to HR+ or 

HER2+ breast cancers.  (Fig 2 A-B).  Data was also analyzed from Yau’s 2010 breast cancer 

research publication.  Similar to TCGA data, TNBC patients had significantly higher PIM1 

expression when compared to HR+ or HER2+ breast cancers (Fig 2 C).  Unlike TCGA data 

however, TNBC patients in this study only had significantly higher PIM2 expression when 
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compared to HR+ patients (Fig 2 D).  Our data analysis also reveled that HER2+ breast cancer 

patients from this data set also had significantly higher expression of PIM2 when compared to 

HR+ breast cancer patients.  We did not find any significant alterations of PIM3 expression by 

receptor status. 
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Figure. 2. PIM1 and PIM2 expression is significantly upregulated in triple-negative breast 

cancer (TNBC).  Analysis of the gene expression data from TCGA breast cancer data set (A-B) 

and Yau et al. Breast Cancer Res. 2010 data set (C-D) show significantly increased expression of 

PIM1 and PIM2 in triple-negative breast cancers (TNBC) compared to ER/PR+ and Her2+ 

breast cancers.  *P<0.05, **P<0.01, ***P<0.001.     

 

Next, we evaluated if PIM expression level had any correlation with the survival of breast cancer 

patients.  We found that patients with a high level of PIM1 expression had significantly shorter 

survival rates in patients with triple negative breast cancer (Fig 3A).  In contrast, PIM2 and PIM3 

expression level did not show significant association with shortened survival in TNBC (Fig 3B-

C).  PIM1 expression, however, was not correlated with survival in HER2+ or HR+ breast 
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cancers (Figs 3D, G). PIM2 and PIM3 expression were not associated with significantly 

shortened survival of HR+ breast cancer patients (Figs 3E, F), however high expression of either 

PIM2 or PIM3 in HER2+ breast cancer patients were significantly correlated with longer patient 

survival (Figs 3 H-I).  Overall, these results suggest that PIM1 expression may have prognostic 

value in breast cancer, particularly in TNBC. 
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Figure 3.  Kaplan-Meier survival analysis of breast cancer patients.  We performed survival 

analysis on patient data from TCGA. Kaplan-Meier plots of A-C) TNBC patients, D-F) HR+ 

patients, and G-I) HER2+ patients.  The high expressing group is shown in red, top 33% of 

patients were used for the high expressing group, the bottom 33% of patients were used for the 

low expressing group. (*P<0.05, **P<0.01, ***P<0.001).    
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Next, we evaluated PIM expression levels in breast cancer cell lines.  We analyzed gene 

expression data from the cancer cell line encyclopedia data set.  Breast cancer cell lines were 

grouped by receptor status, and PIM1, PIM2, and PIM3 expression was examined in these cells. 

We found that PIM1 expression was significantly higher in TNBC cell lines when compared to 

HR+ or HER2+ cell lines (Fig. 4A).  PIM2 expression was not significantly altered between the 

different groups (Fig. 4B), however, PIM3 expression was significantly lower in TNBC cell lines 

compared to HER2+ cell lines (Fig. 4C).  These results indicate that the cell lines available show 

similar expression patterns to breast cancer patients.  From this data we selected several cell lines 

for further experiments.  
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Figure 4. PIM kinase expression in breast cancer cell lines. 
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We performed RT-qPCR and immunoblot analysis to examine PIM1 and PIM2 expression in a 

panel of breast cancer cell lines.  Similar to patient data, we found that PIM1 expression was 

increased at both the RNA and protein levels in breast cancer cell lines compared to control cell 

line HMEC (Fig. 5A).  MDA-231, MDA-468, HS578T, BT-20, and MCF-7 cells had 

significantly higher PIM1 expression compared to control HMEC cells, with the highest 

expression in TNBC cell lines (Fig. 5A, C).  PIM2 mRNA expression was also significantly 

higher in MDA-231 and MDA-468 cells compared to HMEC cells (Fig. 5B).    
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Figure 5: PIM expression in breast cancer cell lines.  A) PIM1 and B) PIM2 mRNA 

expression was determined using RT-qPCR.  GAPDH was used as an exogenous control. C) 

PIM1 and PIM2 expression was then examined by immunoblot.  Beta-actin was used as a 

loading control.  We found that TNBC cell lines had the highest expression of both PIM1 and 

PIM2.     

 

 

PIM1 knockdown significantly reduces breast cancer cell growth 

To study the role of PIM1 in breast cancer growth, we first knocked down PIM1 using two 

different shRNAs in a panel of breast cancer cell lines.  Following PIM1 knockdown, cells were 

seeded and allowed to grow for 72 hours.  PIM1 knockdown significantly reduced proliferation 
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of MDA-231, MDA-231-2B, MDA-468, BT-20, HCC-1806, HS578T, and MCF-7 cells (Figs. 

6A-G).  We also assessed the effects of PIM1 knockdown in non-tumorigenic MCF-10A breast 

epithelial cells and found that PIM1 knockdown modestly inhibited the MCF-10A cells (Fig 6 

H), suggesting breast cancer cells are more dependent of PIM1. 
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Figure 6. Knockdown of PIM1 significantly decreases breast cancer cell growth.  A) MDA-

231, B) MDA-468, C) BT-20, D) HCC-1806, E) HS578T, F) MCF-7, G) BT474 and H) MCF-

10A cells were infected with two different PIM1 specific shRNAs.  Cells were plated and 

allowed to grow for 72 hours.  Viable cells were counted using trypan blue-exclusion and 
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quantified.  Immunoblot analysis verifying knockdown of PIM1 are located below proliferation 

quantifications.  Actin was used as a loading control. Colony formation assay showing PIM1 

knockdown significantly impaired the colony forming ability of both I) MDA-231 and J) HCC-

1806 cells.  K) Immunoblot analysis showing a reduction in phosphorylation of p70-s6k and 

4EBP1, and an increase in total p21 expression.   (*P<0.05, **P<0.01, ***P<0.001) 

 

We further examined the effects of PIM1 depletion on clonogenic outgrowth of breast cancer 

cells by performing colony-forming assays.  MDA-231 and HCC-1806 cells were depleted of 

PIM1 using CRISPR/Cas9, and the cells were plated at a low density and allowed to grow for 7 

days.  We found that PIM1 deletion significantly reduced the colony forming ability of both 

MDA-231 (Fig 6I) and HCC-1806 cells (Fig 6J).   

To get an insight into how PIM1 knockdown/depletion inhibits the growth of breast cancer cells, 

we performed immunoblot analysis.  We observed that depletion of PIM1 reduced 

phosphorylation of p70S6K and 4EBP1 in MDA-231, HS578T, and MCF-7 cells (Fig. 6K). 

Additionally, we found that PIM1 knockdown increased the expression of cell cycle regulator 

p21 (Fig. 6K).   

Interestingly, we found that PIM1 depletion resulted in increased expression of PIM2 (Fig. 7), 

suggesting the existence of a compensatory mechanism.  This compensation effect was only seen 

in PIM1 depleted cells; PIM2 depletion, however, did not produce any changes in PIM1 

expression.   
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Figure 7. PIM2 expression is increased following PIM1 

deletion. Immunoblot analysis of MDA-231 cells showed an 

increase in PIM2 expression following CRISPR mediated 

deletion of PIM1.   

    

 

 

PIM2 knockdown reduces proliferation of breast cancer cells.   

We found that PIM2 expression was also significantly altered in breast cancer patients.  To 

evaluate the effect of PIM2 knockdown on the proliferation of breast cancer cells we performed 

similar experiments with PIM2 that we did with PIM1.  We knocked down PIM2 using lentiviral 

shRNA in a panel of breast cancer cells and assessed the effect if PIM2 knockdown on cell 

growth.  We found that knockdown of PIM2 only significantly reduced proliferation of MDA-

468 and Hs578T cells (Fig 8).  However, PIM2 knockdown did not show a significant reduction 

in proliferation of MDA-231 or MCF-10A cells (Fig. 8). Notably, PIM2 knockdown exhibited 

less inhibition of breast cancer cell proliferation compared to PIM1 knockdown (Fig. 7 and 8).     

This result suggests that PIM1 plays a greater role than PIM2 in breast cancer growth.       
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Figure 8: Knockdown of PIM2 significantly decreases breast cancer cells MDA-468 and 

HS578T growth.  A) MDA-231, B) MDA-468, C) HS578T, D) BT-20, or E) MCF-10A cells 

were infected with two different PIM2 specific shRNAs.  Cells were plated and allowed to grow 

for 72 hours.  Viable cells were counted using trypan blue-exclusion and quantified.  

Immunoblot analysis verifying knockdown of PIM2.  Beta-actin was used as a loading control. 

 

Deletion of PIM1 significantly inhibited breast cancer cell migration, invasion, and 

anchorage-independent growth 

Since we observed that PIM1 expression was significantly upregulated in metastatic breast 

cancer patients, we next examined the role of PIM1 in breast cancer cell migration and invasion.  

We first performed in vitro wound healing assays in MDA-231 (Fig 9A) and HCC-1806 (Fig 9B) 

cells.  Following CRISPR/Cas9 mediated deletion of PIM1, cells were seeded and allowed to 

grow into a confluent layer.  A scratch was then made using a pipette tip.  The rate of scratch 

closing was then tracked for 18-36 hours by imaging the plate every 6 hours.  PIM1 deletion 

significantly reduced cell migration/wound healing of both MDA-231 and HCC-1806 cell lines 
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(Figs. 9A-B). Next, we performed transwell migration (uncoated) and invasion (Matrigel coated) 

assays using highly invasive MDA-231 and HCC-1806 cells.  Fourteen hours after seeding cells 

we stained the cells on the bottom of the transwell inserts using crystal violet.   PIM1 depletion 

not only significantly reduced the number of migrating MDA-231 and HCC-1806 cells (Figs 9C, 

D), but also significantly reduced the number of invading cells through the Matrigel layer (Figs 9 

E-F) suggesting PIM1 promotes breast cancer cell migration and invasion.  To further examine 

the role of PIM1 in anchorage-independent growth (as a proxy measure of metastatic ability), we 

performed mammosphere assays using MDA-231 and HCC-1806 cells. The cells were seeded on 

ultra-low attachment plates and allowed to grow for 7-10 days, at which point they were imaged 

and quantified using Organoseg software (23). Mammosphere formation was significantly 

reduced upon PIM1 depletion in both MDA-231 and HCC-1806 cell lines (Figs. 9G-H), 

suggesting that PIM1 promotes anchorage independent growth and possibly metastatic ability in 

breast cancer cells.   
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Figure 9. Knockdown of PIM1 significantly decreases breast cancer cell migration and 

invasion and anchorage independent growth.   A) Wound-healing assay after CRISPR 

mediated deletion of PIM1 in A) MDA-231 and B) HCC-1806 cells showed significantly 

impaired cell migration.  Plates were imaged every 12 hours for 36 hours. Quantification of 

wound closure was performed using ImageJ.  Transwell assays were performed to evaluate the 

effects PIM1 deletion on the migration (C-D) and invasion (E-F) of MDA-231 and HCC-1806 

cells.  PIM1 deletion significantly reduced the migration and invasion of both cell lines.   After 

cells were seeded on top of transwell inserts, they were fixed with cold methanol and stained 
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with crystal violet then counted.  Mammosphere formation assays were then performed in G) 

MDA-231 and H) HCC-1806 cells to evaluate the effect of PIM1 deletion on anchorage-

independent growth.  PIM1 deletion significantly inhibited mammosphere formation and growth.  

I) Immunoblot analysis of EMT markers and pro-metastatic proteins following deletion of PIM1 

showed a reduction in C-Met, vimentin and Slug.  (* p<0.05; ** p<0.005; *** p<0.001).   

 

In order to understand the mechanism of decreased cell migration and anchorage-independent 

growth in PIM1 depleted breast cancer cells, we performed immunoblot analysis following PIM1 

deletion in MDA-231 cells.  Immunoblot analysis revealed EMT markers Vimentin and SLUG, 

in PIM1-depleted MDA-231 cells (Fig. 9I).  Additionally, deletion of PIM1 significantly reduced 

c-MET expression in MDA-231 cells (Fig. 9I). c-Met has been suggested to play an important 

role in breast cancer metastasis.  Together, these results suggest that PIM1 promotes cell 

migration, invasion, anchorage independent growth, and EMT in breast cancer.  

 

 

PIM kinase inhibition significantly reduces breast cancer cell growth 

Next, we investigated the effects of PIM kinase inhibition on breast cancer cell growth. We used 

TP-3654, a novel second-generation PIM kinase inhibitor (39), which is more potent but less 

toxic than the first-generation PIM inhibitor SGI-1776 (40). TP-3654 also has a greater 

selectivity for PIM1 than PIM2 or PIM3 (39).  We observed that treatment of TP-3654 

significantly inhibited proliferation of MDA-231, MDA-468, 4T1, HCC-1806, HS578T, MCF-7, 

and BT474 breast cancer cells in a dose-dependent manner (Figs 10A-G).  Interestingly, TNBC 

cell lines, which generally had higher PIM1 expression, were more sensitive to PIM kinase 

inhibition by TP-3654 treatment.    
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Figure 10. PIM1 inhibition with TP-3654 significantly reduces breast cancer cell growth 

and colony forming ability. (A-H) MDA-231(TNBC), MDA-468 (TNBC), 4T1 (Murine 

TNBC), BT-20 (TNBC), HD578T (TNBC), MCF7 (ER/PR+) and BT474 (HER2+), and MCF-

10A (non-tumorigenic), cells were treated with varying concentrations of TP-3654 for 3 days and 

cell proliferation was assessed by viable cell counts. Note that treatment of TP-3654 (0.5-1 μM) 

significantly inhibited proliferation of MDA-231, MDA-468, 4T1, HCC-1806, HS578T, MCF-7, 

and BT474 cells. Non-tumorigenic MCF-10A cells were only modestly inhibited at higher 

concentrations.   Clonogenic assays of I) MDA-231 and J) HCC-1806 cells treated with varying 

concentrations of TP3654 for 7 days.  Assays were quantified, shown as mean +/- SD, n=3, with 

representative images are shown on the left.    (* p<0.05; ** p<0.005; *** p<0.001). 
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We next investigated the effect of PIM kinase inhibition on clonogenic outgrowth of breast 

cancer cells. We plated MDA-231 and HCC-1806 cells at a low density (1,000 cells) and 

allowed them to grow for 7 days under varying concentrations of TP-36554.  Treatment of TP-

3654 significantly inhibited clonogenic outgrowth in both MDA-231 and HCC-1806 cells (Fig. 

10 I-J).   

We also tested the effects of TP-3654 on apoptosis of breast cancer cells using annexin V and PI 

staining followed by flow cytometry.  We observed that TP-3654 treatment caused significant 

induction of apoptosis in 4T1, MDA-231, and HCC-1806 cells (Fig. 11). 
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Figure 11.  PIM kinase inhibition with TP3654 induces apoptosis in breast cancer cell lines.  

Apoptosis assays were performed in A) 4T1, B) MDA-231, and C) HCC-1806 cells.  Cells were 

plated and treated with varying concentrations of TP3654 for 48 hours.  Apoptosis was measured 

by PI/Annexin V staining.  Values are reported as mean +/- SD, n=3.  (*P<0.05, ***P<0.001) 
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Effects of PIM Kinase inhibition on cell cycle 

We also assessed the effects of TP-3654 on cell cycle since inhibition of PIM kinase reduced 

breast cancer cell growth. Cell cycle analysis was performed in MDA-231 and HS578T TNBC 

cells by PI staining and flow cytometry following treatment of cells with TP-3654 for 48 hours.  

We found that treatment of MDA-231 and HS578T cells with TP-3654 resulted in a significantly 

higher percentage of cells in G0/G1 when compared to vehicle (DMSO) treatment (Fig. 12 A-B).  

We also found that HS578T cells had a significantly higher percentage of cells in G2 compared 

to vehicle treatment (Fig 12 B).   
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Figure 12. Effects of PIM kinase inhibition with TP3654 on cell cycle progression.  PI 

staining was performed to evaluate cell cycle progression in A) MDA-231 and B) HS578T cells.   
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Inhibition of PIM kinase by TP-3654 significantly reduces breast cancer cell migration 

We next investigated the effects of TP-3654 treatment on breast cancer cell migration.  After 

seeding MDA-231 and HCC-1806 breast cancer cells and wound formation, cells were treated 

with vehicle (DMSO) or TP-3654 for 24 hours, and the cells were imaged every 12 hours.  TP-

3654 treatment significantly reduced cell migration/wound healing in both MDA-231 and HCC-

1806 cells (Fig. 13 A-B).   

We then examined the effect of PIM kinase inhibition by TP-3654 on mammosphere forming 

ability of breast cancer cells.  Cells were plated in ultra-low attachment plates and allowed to 

grow for 7-10 days in the presence of vehicle (DMSO) or varying concentrations of TP3654.  

Similar to PIM1 depletion, inhibition of PIM kinase with TP-3654 significantly reduced 

mammosphere formation in both MDA-231 and HCC-1806 cells (Fig. 13 C-D).    

To further understand the mechanism of inhibition of breast cancer cells by PIM kinase inhibitor 

TP-3654, we performed immunoblot analysis on MDA-231 cells after treatment with vehicle 

(DMSO) or TP-3654.  We observed reduced phosphorylation of p70S6K and 4E-BP1, and 

increased expression of p21 in MDA-231 cells upon TP-3654 treatment (Fig. 13E). We also 

observed reduced expression of c-MET, Vimentin, and SLUG in MDA-231 cells upon TP-3654 

treatment (Fig. 13 E), similar to that observed with PIM1 depletion.  Therefore, it is plausible 

that PIM1 may contribute to breast cancer cell growth, migration, invasion, anchorage-

independent growth and tumor sphere formation through modulation of these signaling 

molecules or pathways.  
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Figure 13. PIM1 inhibition with TP-3654 significantly reduces breast cancer cell migration 

and anchorage independent growth.  Wound healing assays were performed in A) MDA-231 

and B) HCC-1806 treated with varying concentrations of TP3654 to evaluate the effects of PIM 

kinase inhibition on the migration of breast cancer cells.  Representative images are shown to the 

left.  Wound healing assays were quantified using ImageJ, shown on the right.  Mammosphere 
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assays were performed in C) MDA-231 and D) HCC-1806 cells treated with varying 

concentrations of TP3654 for 7 days to evaluate the effects of PIM kinase inhibition on 

anchorage independent growth.  PIM kinase inhibition significantly inhibited mammosphere 

formation.  Representative images and quantification (mean +/- SD, n=3) E) Immunoblot 

analysis showing a reduction in phosphorylation of p70-s6k and 4EBP1, and an increase in total 

p21 expression, and a decrease of EMT markers and pro-metastatic proteins C-Met, vimentin 

and Slug in MDA-231 cells treated with TP3654 for 48 hours.  (* p<0.05; ** p<0.005; *** 

p<0.001).   

 

PIM1/2 deletion decreases tumor growth and lung metastasis in MMTV-PyMT mouse 

breast cancer model 

To examine the roles of PIM1 and PIM2 on breast tumor growth and metastasis in vivo, we 

crossed MMTV-PyMT mice with Pim1 or Pim2 knockout mice to generate Pim1 KO- MMTV-

PyMT, Pim2 KO- MMTV-PyMT and Pim1/2 dKO- MMTV-PyMT mice. The MMTV-PyMT 

mouse model is an aggressive metastatic breast cancer model, with an intact immune system, in 

which mammary tumors develop at approximately 6 weeks of age, which readily metastasize to 

the lungs between 12 to 14 weeks of age (27). While MMTV-PyMT mice exhibited rapid 

increase in breast tumor growth, deletion of Pim1 significantly reduced tumor growth of MMTV-

PyMT mice (Fig 14A).  We also studied the effect of Pim2 deletion as well as Pim1/2 double 

deletion on breast tumor growth.  We observed that Pim2 deletion also significantly reduced 

mammary tumor growth in MMTV-PyMT mice (Fig 14 A); However, Pim1 alone or Pim1/2 

double deletion exhibited significantly greater reduction of breast tumor growth compared to 

Pim2 deletion alone in MMTV-PyMT mice (Fig 14A).  H&E staining of the mammary gland 

tissues from Pim1 KO- MMTV-PyMT and Pim1/2 dKO- MMTV-PyMT mice also showed a 

significant decrease in tumor growth (Fig. 14B). Pim1/2 double knockout mice had much more 

adipose tissue present in addition to reduced tumor growth.        
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A major characteristic of MMTV-PyMT mice is that the tumors readily metastasize to the lungs 

(28).  To evaluate the amount of lung metastases in these mice we sacrificed mice between 12 

and 14 weeks of age and quantified the number of lung metastases per H&E-stained section.  We 

found that deletion of Pim1 significantly reduced lung metastasis in MMTV-PyMT mice at 12 

and 13 weeks of age (Fig. 14C).  We also found that Pim2 deletion alone did not significantly 

alter lung metastasis, however Pim1/2 double deletion markedly inhibited lung metastasis in 

MMTV-PyMT mice at 13 weeks of age (Fig 14C).  Overall, these results suggest that Pim1 plays 

an important role in breast cancer progression and metastasis.   
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Figure 14. Deletion of PIM1 impairs tumor growth and metastasis in the MMTV-PyMT 

model of breast cancer.  (A) Growth of PyMT and PIM1 KO PyMT tumors.  Tumor growth 

was significantly decreased in PIM1 KO PyMT mice compared to PyMT control mice.  (B) H&E 
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staining of mouse mammary glands and lungs at 12 weeks. (C) Representative Lung images of 

H&E-stained lung sections. (D) Quantification of lung metastasis.  The number of lungs mets per 

section were counted.  Pim1/2 KO PyMT mice had significantly reduced lung metastasis. Pim1 

KO had significantly improved survival over PyMT mice. Significance was calculated using 

anova.  (* p<0.05; ** p<0.005; *** p<0.001). 

Figure 15. Effect of PIM1/2 deletion on immune invasion of MMTV-PyMT Tumors. A-B) 

Flow cytometry analysis of tumor immune cells reveled a significant decrease in tumor 

associated macrophages (TAMs) and a significant increase in both cytotoxic and helper T 

cells(C-D).   
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Tumor-associated macrophages (TAMs) are associated with poor prognosis in breast cancer due 

to their role in promoting immune suppression, inflammation, and metastasis (33-35).  So, we 

assessed the effects of Pim1 deletion on TAMs in MMTV-PyMT mice.  We found that Pim1 

deletion significantly reduced the Tams in mammary tumors of MMTV-PyMT mice (Fig 15A).  

We also found that Pim2 deletion, and Pim1/2 double deletion also resulted in a significant 

decrease of TAMs in MMTV-PyMT mice (Fig 15A). 

Conversely, T-cell infiltration of tumors is associated with a better prognosis in breast cancer, 

due to their ability to promote anti-tumor immune responses.  We found that Pim1 and Pim2 

deletion in MMTV-PyMT mice did not significantly alter T-cell infiltration of breast tumors.  

However, we did find that Pim1/2 double deletion resulted in a significant increase in the 

percentage of both CD8+ cytotoxic and CD4+ helper T cells in MMTV-PyMT mice.   

Next, we examined the effects of Pim1 deletion on tumor cell signaling.  Immunoblot analyses 

on mammary tumors showed reduced phosphorylation of p70S6K and 4E-BP1, and increased 

expression of p21 and p27 cell cycle regulators in Pim1 KO-MMTV-PyMT mice compared to 

MMTV-PyMT mice (Fig 16B).  We also observed reduced expression of c-MET, Vimentin and 

Slug in mammary tumors of Pim1 KO-MMTV-PyMT mice compared to MMTV-PyMT mice 

(Fig. 16B). RT-qPCR analysis also showed significantly reduced mRNA expression of EMT 

markers, Snail, Vimentin and c-MET, in Pim1 KO-MMTV-PyMT mice compared to MMTV-

PyMT mice (Fig. 16A).  Taken together, these results suggest that PIM1 plays an important role 

in breast tumor growth and metastasis. 
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Figure 16. Effect of PIM1 KO on PyMT Tumor signaling.  A) RT-qPCR analysis of PyMT 

tumors revealed PIM1 KO significantly decreased mRNA expression of SNAIL, Vimentin, and 

Met.   B) Immunoblot analysis of PyMT tumors revealed decreased phosphorylation of p70s6K 

and 4EBP1.  Total expression of p21 and p27 was increased.  Total expression of Met, Vim, 

Snail, and Slug were decreased.  Actin was used as a loading control.   

 

PIM kinases have previously been shown to phosphorylate CXCR4, which stabilizes the protein 

in the membrane, increasing its overall expression and activity.  CXCR4 has been suggested to 

promote metastasis. Since Pim1/2 deletion decreased lung metastasis in MMTV-PyMT mice, we 

also examined CXCR4 expression by immunoblotting. We found that PyMT mice had 
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significantly higher surface expression than both Pim1 KO PyMT mice and Pim2 KO PyMT 

mice.  We also found that Pim1/Pim2 double knockout PyMT mice had greater reduction of 

CXCR4 expression (Fig. 17). 

 

 

 

 

 

 

Figure 17. CXCR4 expression in MMTV-PyMT mouse mammary gland tumors.  12 week 

old PyMT mice were sacrificed and mouse mammary gland tumors were dissociated into single 

cell suspension and CXCR4 expression was evaluated by A) flow cytometry and B) western blot 

analysis. 
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Figure 18. Effect of PIM1/PIM2 deletion BAD Phosphorylation at Ser112 in PyMT Mouse 

Tumors.  10-week-old MMTV-PyMT mouse tumor sections were stained using a primary 

antibody for pBAD (Ser112) and a goat-anti-rabbit secondary antibody conjugated to 

TRITC(Green).  The nucleus was stained using DAPI (Blue).  Images were obtained using an 

Olympus BX-51 epi-fluorescent microscope at 1000X magnification.  Upon PIM1/2 deletion 

pBAD (Ser112) is dramatically decreased in PyMT tumors 
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We additionally examined the effects of PIM1/2 deletion on BAD phosphorylation by 

immunofluorescence.  Tumors were cryosectioned and stained using a Ser112 phospho-BAD 

specific antibody and DAPI.  We found that Pim1 deletion, Pim2 deletion, and Pim1/2 double 

deletion all decreased the levels of BAD phosphorylation in PyMT tumors.  BAD is an important 

positive regulator of apoptosis, and a reduction in phosphorylation of Ser112 suggests Pim1/2 

kinases play an role in preventing apoptosis of breast tumors. 

 

 

Inhibition of PIM kinase by TP-3654 significantly reduces tumor growth and metastasis  

To evaluate the effect of PIM kinase inhibition on breast cancer progression and metastasis we 

treated MMTV-PyMT mice with TP-3654.  MMTV-PyMT mice at 6 weeks were treated with 

TP-3654 (200 mg/kg) daily via oral gavage for 6 weeks.  Tumor size and mouse weight were 

monitored during the treatment.  At 12 weeks of age the mice were euthanized, tumors and vital 

organs were then harvested to evaluate tumor progression and metastasis. 
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Figure 19. Inhibition of PIM1 with TP-3654 decreases tumor growth and lung metastasis of 

MMTV-PyMT mice.  Mice were treated for 6 weeks with the PIM kinase inhibitor TP3654 

(200mg/kg orally).  A) Representative images of MMTV-PyMT and TP3654 treated mice at the 

end of treatment.  B) Tumor growth of MMTV-PyMT and TP3654 treated mice (n=5 for each 

group).  Tumor burden was calculated by measuring the length and width of the tumors each 

week C) Mouse weight over the course of treatment.  D) H&E staining of tumor and lung 

sections. E) Representative images of mouse lungs following 6 weeks of treatment.  F) 

Quantification of lung metastases. G) RT-qPCR analysis of tumors following treatment reveled 

SNAIL, VIM, and Met were significantly decreased.  H) Immunoblot analysis of tumors 

following TP3654 treatment.    Significance was calculated using Student’s T-test.  (* p<0.05; ** 

p<0.005; *** p<0.001). 

 

We found that treatment of TP-3654 significantly inhibited tumor growth, without causing any 

significant decrease in the mouse weight (Fig 19A-C).  Histological analysis of tumors also 
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showed that treatment of TP3654 significantly reduced tumor progression in MMTV-PyMT 

mice (Fig 19D).  We also monitored the blood parameters of the mice and collected other vital 

organs and observed no significant side effects from the drug (data not shown).  Treatment of 

TP-3654 significantly reduced mammary tumor growth and lung metastasis was markedly 

decreased in TP-3654 treated MMTV-PyMT mice (Fig. 19 E-F).  RT-qPCR analysis showed 

significantly reduced mRNA expression of Snail, Vimentin and c-Met in TP-3654 treated 

MMTV-PyMT mice (Fig. 19G).  We also performed immunoblot analysis on these mice and 

found a reduction in p70-S6K and 4EBP1 phosphorylation, increase in p21 expression, and a 

decrease in c-MET, SLUG, and Vimentin expression (Fig 19H) similar to that observed in Pim1 

KO-MMTV-PyMT mice.  Thus, the PIM kinase inhibitor TP-3654 reduces tumor growth and 

metastasis by inhibiting mTORC1 signaling, negatively regulating the cell cycle, and preventing 

EMT, a necessary step in breast cancer metastasis.  Taken together, these results suggest that 

inhibition of PIM kinase by TP-3654 could be useful for the treatment of breast cancer. 

 

Effects of combining TP3654 with Chemotherapies 

We also evaluated if TP-3654 could be combined with currently available treatments to produce 

an even greater effect.  TNBC patients receive a combination of a taxane, including paclitaxel or 

docetaxel, an anthracycline, such as doxorubicin, and a platinum agent, including cisplatin or 

carboplatin. We treated TNBC cell lines with TP-3654 in combination with these chemotherapy 

drugs.   

First, we evaluated the single chemotherapy agents against TNBC cell growth.  We tested 

cisplatin, doxorubicin, and docetaxel in MDA-231 cells.  100,000 cells were seeded in 6 well 
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plates in DMEM +2% FBS and allowed to grow in the presence of drug for 3 days.  Viable cells 

were counted using trypan blue exclusion.  We found that individual treatment resulted in a 

significant inhibition of growth, with IC50 values of 2.2 μM, 100.3 nM, and 1.9 nM for cisplatin, 

doxorubicin, and docetaxel respectively (Fig 20 A-C). 

   

 

Figure 20. Effects of chemotherapy drugs in MDA-231 TNBC cells.  Cells were plated and 

allowed to adhere overnight.  The cells were then maintained in DMEM + 2%FBS and 

corresponding drug concentrations.  Viable cells were harvested and counted by trypan blue 

exclusion.  A) Cisplatin, B) Doxorubicin, and C) Docetaxel all significantly inhibited MDA-231 

cell growth. 

 

We then examined the effects of combined treatment of TP-3654 with these various 

chemotherapy drugs.  We utilized TNBC cell lines MDA-231 and their highly metastatic 

subclone MDA-231-2B cells.  Cells were treated with TP-3654 alone or in combination with 

doxorubicin or cisplatin for 72 hours and cell viability was measured using presto-blue HS.  

We observed that treatment of TP-3654 alone significantly reduced proliferation of MDA-231 

and MDA-231-2B cells in a dose-dependent manner (Fig. 21 A, B). Notably, highly metastatic 

MDA-231-2B cells were more pronouncedly inhibited by TP-3654 treatment than parent MDA-
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231 cells with an IC50 value of 0.71 μM for MDA-231-2B cells and 1.3 μM for parent MDA-

231 cells (Fig. 21A, B).  Combined treatment of TP-3654 with doxorubicin or cisplatin resulted 

in significantly greater reduction of proliferation in MDA-231 and MDA-231-2B cells when 

compared to single drug treatment (Fig 21 C-F).   

 

Figure 21. Combination treatment of TP3654 and chemotherapies in MDA-231 and MDA-

231-2B cells.  Cells were plated and allowed to adhere overnight.  The cells were then 

maintained in DMEM + 2%FBS and corresponding drug concentrations.  Viable cells were 

quantified using PrestoBlue-HS.  TP3654 treatment in MDA-231 and MDA-231-2B cells 

resulted in significant decreases in proliferation.  Combination treatment of 1.0 μM TP3654 and 

varying concentrations of C-D) Doxorubicin, and E-F) Cisplatin further significantly inhibited 

MDA-231 and MDA-231-2B cell growth when compared to single treatment alone. 
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Combination of TP3654 and doxorubicin or cisplatin resulted in further decreases in proliferation 

than single drug alone.  This suggests that combination of these drugs may improve patient 

responses.  To further evaluate these drug combinations, we then tested for synergy using 

COMPUSYN software, which utilizes the CI method for calculating synergy.  If a CI is less than 

1, the combination is considered synergistic, where if it is greater than 1 it is considered 

antagonistic.  CI values equal to 1 indicate an additive effect.   

We found that combination of TP3654 with both doxorubicin and cisplatin in MDA-231 cells 

produced a synergistic effect (Fig 22 A-B).  We also found that in MDA-231-2B cells 

combination of TP3654 with doxorubicin produced a synergistic effect (Fig 22 C).  

Unexpectedly, we found that cisplatin and TP3654 combined treatment did not produce a 

synergistic effect, and instead it produced an antagonistic effect (Fig 22 D).   These results 

suggest that TP3654 may work in combination with current therapies, however, further work 

must be done to further evaluate which drugs can be combined. 
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Figure 22. Formal synergy assay of TP3654 and doxorubicin/cisplatin combination.  CI 

values were calculated from cell line proliferation data using CompuSyn software.  MDA-231 

cells treated with a combination of TP3654 and A) doxorubicin or B) cisplatin produced a 

synergistic effect.  Combination of TP3654 with doxorubicin also produced a synergistic effect 

in MDA-231-2B cells (C), however combination with cisplatin resulted in an antagonistic effect 

(D).   
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In order to further study the in vivo effects of drug combination on breast tumor growth and 

metastasis we performed MDA-231-2B xenograft experiments.  NSG mice were injected with 

1x107 cells, and tumors were allowed to reach 0.5 cm in width.  After primary tumors were 

established in NSG mice, we treated these mice with placebo (vehicle), TP-3654, doxorubicin 

and TP-3654 plus doxorubicin for 5 weeks.  TP-3654 was given at a dose of 200 mg/kg via oral 

gavage daily.  Doxorubicin was administered at a dose of 2.5 mg/kg once per week via i.p. 

injection.  Tumor growth and mice weight were monitored twice per week during the course of 

the treatment.   

We found that treatment of TP-3654 or doxorubicin alone significantly reduced tumor growth in 

MDA-231-2B xenograft mice (Fig 23A).  Combined treatment of TP-3654 plus doxorubicin 

resulted in greater reduction of tumor growth compared to vehicle treatment or doxorubicin 

treatment alone (Fig. 23A). The combination, however, was not significantly reduced when 

compared to TP-3654 treatment (Fig. 23A). 
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Figure 23.  TP3654 and doxorubicin treatment in MDA-231-2B NSG mouse xenografts. 

NSG mice were injected with MDA-231-2B cells.  Treatment started after tumors reached 0.5 

cm in width.  Treatment groups include vehicle, doxorubicin (2.5 mg/kg, weekly), TP3654 (200 

mg/kg, daily), and combination.  A) Tumor growth was monitored as well as B) mouse weight.  

C) Representative image of tumor size.   
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We also monitored the mouse weight during the course of the treatment as an indication of 

potential side effects.  We found that mice treated with doxorubicin or combination lost a 

significant amount of weight (Fig 23B).  TP3654 treated mice also exhibited significant weight 

loss, but it was to a much lesser extent than the mice receiving doxorubicin.  These results 

indicate that doxorubicin has severe side effects, and a lower dosage may be needed in future 

experiments.   

 

RNA-seq analysis revealed multiple pathways contributing to growth and metastasis 

To gain further insights into the mechanisms by which PIM1 reduces breast cancer cell growth 

and metastasis, we performed RNA-seq analysis on MDA-231 cells that were PIM1 deleted or 

treated with TP-3654 for 48 hours.  PCA analysis revealed separate clustering for each treatment 

group (Fig. 24 A).  Volcano plots for each group were produced using DESeq2 (Fig 24 B-C).  

Gene set enrichment (GSEA) analysis revealed significant enrichment of genes related to 

translation elongation, mammary stemness, proliferation, metastasis, and EMT in control MDA-

231 cells compared with PIM1 deleted or TP-3654 treated MDA-231 cells (Fig. 24 D-E).  
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Figure 24. RNA-seq analysis identified proliferation, EMT, and metastasis pathways were 

significantly altered by PIM1 deletion or inhibition with TP-3654 in MDA-231 cells. 

Volcano plots for genes differentially expressed in A) MDA-231 PIM1 KO cells and B) TP3654 

treated MDA-231 cells.  GSEA analysis showed a significant negative enrichment of genes 

related to proliferation, EMT, and metastasis in C) PIM1 KO MDA-231 cells and D) TP3654 

treated MDA-231 cells. GSEA analysis also found several Hallmark pathways were enriched 

following E) PIM1 deletion or F) TP3654 treatment. G) Venn diagram showing the overlap of 

upregulated (red) and downregulated (blue) genes in PIM1 deleted and TP3654 treated MDA-

231 cells.  Further RT-qPCR validation confirmed H) PIM1 deletion or I) inhibition in MDA-

231 cells significantly reduced expression of FOS, DUSP1, FOXC1, CXCR4 and IL-18.  J) 

PIM1 correlation analysis of breast cancer patient expression data.  Pearson correlations were 

performed and found FOS, DUSP1, CXCR4, FOXC1, and IL-18 were significantly positively 

correlated with PIM1.   (*P<0.05, **P<0.01, ***P<0.001). 

 

We also found several hallmark pathways were negatively regulated including oxidative 

phosphorylation, notch signaling, hypoxia, and estrogen response (Fig. 24 F-G).  RNA-seq 

analysis also revealed 66 genes that were significantly reduced and 122 genes that were 

significantly increased in both PIM1 CRISPR and TP3654 treated cells (Fig. 24 H).  We further 

validated FOS, DUSP1, FOXC1, CXCR4, IL18, and SMAD7 from these overlapping genes by 

RT-qPCR.  Both PIM1 deletion and treatment with TP-3654 for 48 hours resulted in significant 

decreases in the mRNA expression of these selected targets (Fig. 24 I-J).  These targets were 

chosen because previous studies have shown they are important for breast cancer progression 

and metastasis (36-47).  Analysis of TCGA data also revealed that PIM1 expression was 

positively correlated with these targets (Fig. 24 K).  We observed that PIM1 deletion or 

inhibition significantly reduced expression of FOS, DUSP1, FOXC1, CXCR4, and IL18 (Fig 24 

I-J).   

We also examined the effects of Pim1/2 deletion on the overall gene expression landscape.  To 

do this, we purified RNA from 12-week-old PyMT mice and Pim1/2 double knockout mice and 

performed RNA-seq analysis.   
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PCA analysis revealed that the PyMT tumor samples clustered well together, and they were 

separated well from the Pim1/2 double knockout samples, although, the two double knockout 

samples did not cluster together (Fig 25A).  Similar to MDA-231 PIM1 CRISPR and MDA-231 

TP3654 treated samples, both Fos and DUSP1 expression was significantly reduced in Pim1/2 

double knockout PyMT tumors, suggesting that PIM kinase signaling regulates expression of 

these targets.  

Our analysis also found that S100a8 was significantly decreased in Pim1/2 double knockout 

PyMT mice.  Both HR+ breast cancers and TNBCs have previously been found to have 

significantly higher expression of S100a8 and is highly correlated with significantly shorter 

overall survival.  S100A8 is an inflammatory mediator and is associated with several different 

cancers.  S100A8 promotes breast cancer progression by activating several different 

inflammatory signaling pathways including IL-6, TNF-α, TGF-β, NFKB, and MAPK.   
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Figure 25. RNA-Seq Analysis of Pim1 Pim2 double knockout PyMT tumors. A) Principal 

Component Analysis of PyMT and Pim1 Pim2 KO PyMT samples.  B) Volcano Plot of 
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significantly altered genes.  C) Gene-set-Enrichment analysis (GSEA) of RNA-sequencing data 

with normalized enrichment score (NES) False discovery rate (FDR) are shown. 

 

Additionally, we performed GSEA analysis to assess which pathways are being affected by Pim1 

and Pim2 deletion in PyMT tumors (Fig 25C).  Our analysis revealed that multiple pathways 

involving collagen and the extra cellular matrix were significantly enriched in PyMT tumors 

compared to Pim1/2 double knockout mice.  Collagen and the extracellular matrix play an 

important role in breast cancer metastasis.  We also found that pathways related to cell stemness, 

EMT, and metastasis were significantly enriched in PyMT tumors compared to Pim1/2 knockout 

PyMT mice (Fig. 25C).  Finally, we also found that pathways related to inflammation and 

immune regulation were also affected by Pim1/2 knockout in PyMT tumors (Fig. 25C).   

PIM1 deletion or inhibition significantly decreased breast cancer cell growth, invasion and 

metastasis.  PIM1 deletion or inhibition in MMTV-PyMT mice significantly decreased tumor 

growth and metastasis in these mice.  RNA-seq and immunoblot analysis revealed several EMT 

markers were also decreased with PIM1 deletion or inhibition.  These results suggest that PIM1 

plays an important role in breast cancer growth, EMT, and metastasis.   
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Chapter 4  

Discussion 

Breast cancer remains one of the most frequently diagnosed cancer in women.  Despite recent 

advances in imaging, early detection, and new treatments, approximately 42,000 women die each 

year in the United States (1).  Breast cancers are a very heterogenous disease, with a wide array 

of mutations and genetic alterations driving the underlying disease progression.  Several genes 

have been identified as frequently altered including overexpression of estrogen receptor, 

progesterone receptor, or HER2 (2).  While inhibition of these receptors coupled with surgery 

and radiation has improved patient responses, there is still a great need to identify new targets in 

order to produce more effective treatments.   

We found that PIM1 and PIM2 kinases are frequently amplified and overexpressed in breast 

cancers.  We also found that TNBC patients had significantly higher expression of PIM1 and 

PIM2.  PIM kinases have been linked to cell growth, survival, and drug-resistance in various 

hematologic and solid tumors.   So, we assessed the role of PIM1/PIM2 in breast cancer growth, 

progression, and metastasis.   

To evaluate our hypothesis, we started by knocking down PIM1 and PIM2 in a panel of breast 

cancer cell lines.  We found that PIM1 knockdown significantly inhibited growth of the breast 

cancer cell lines MDA-231, MDA-468, BT-20, HCC-1806, HS578T, MCF-7, and BT474.  

MDA-231, MDA-468, BT-20, HCC-1806, and HS578T cells are all TNBC cell lines.  Of the cell 

lines we tested, PIM1 knockdown was most effective in TNBC.  This is possible due to the 

higher levels of PIM1 expression in TNBC cell lines.  However, we did observe a significant 

decrease of proliferation by PIM1 depletion in HR+ cell line MCF-7 and HER2+ cell line 



127 
 

BT474.  This suggests that PIM1 may also play a significant role in HR+ and HER2+ breast 

cancer, however due to a lack of directed therapies, we focused on TNBC.  

We additionally knocked down PIM2 in a panel of breast cancer cell lines and found that PIM2 

knockdown only significantly reduced proliferation of MDA-468 and HS578T cells.  This could 

be due to redundancy in PIM signaling, and in most of the cell lines we examined, PIM1 

expression is higher than PIM2.  Because we observed greater effect on cells with PIM1 

knockdown compared to PIM2 knockdown, our follow up experiments focused mostly on PIM1.   

There are several different mechanisms that could explain why PIM1/2 are upregulated in breast 

cancers.  PIM kinases are induced by several different cytokines (3).  In breast cancer, several 

different cytokines have been fond to be misregulated in the local tumor environment including 

IL-1, IL-6, IL-11, and TGF-β (4).  IL-6 has been shown to induce PIM1 expression in MCF-7 

cells, so it is possible that this is one mechanism to explain the overexpression of PIM1 in breast 

cancers (5).  We also found that PIM1 and PIM2 expression was significantly higher in TNBCs 

than the other receptor types.  PIM expression can also be induced by aberrant JAK/STAT 

signaling (6).  In TNBCs, amplifications of 9p24, the region containing JAK2 are common (7).  

Patients with this amplification were found to have significantly shorter survival than those 

without and it is possible that these genetic alterations can lead to the increased expression of 

PIM1/2 in TNBCs (7).  PIM expression can also be induced under hypoxic conditions, which are 

commonly present in breast tumors due to their rapid growth (8).   

Breast cancers are often inherently non-lethal, but associated mortalities with breast cancers 

occur when the primary tumor metastasizes to vital organs (9).  So, we assessed the effects of 

PIM1 depletion on cell migration, invasion, and tumor sphere formation in TNBC cells.  We 

showed that deletion of PIM1 diminishes MDA-231 and HCC-1806 cells’ ability to migrate and 
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invade.  We also showed that deletion of PIM1 significantly reduced anchorage independent 

growth and colony forming ability in these TNBC cells.  These results indicate that PIM1 plays 

an important role in breast cancer metastasis.   

One of the major questions we were investigating was what step of metastasis does PIM1 play an 

important role in.  Metastasis requires cells to first locally invade into surround tissues.  We 

found that several EMT markers were downregulated following PIM1 deletion or inhibition.  We 

also found that in Matrigel invasion assays that MDA-231 cells were less invasive following 

PIM1 deletion.  This suggests PIM1 plays an important role in the initial steps of metastasis.   

During metastasis, after invading into local tissues, cancer cells then enter the bloodstream and 

must survive in circulation.  EMT also plays a role in this process, and we evaluated cancer cell’s 

ability to survive and proliferate in suspension, using tumorsphere formation assays, where cells 

were grown on ultra-low attachment plates.  We found that deletion or inhibition of PIM1 

significantly decreased tumorsphere formation ability.  These results suggest that PIM1 may also 

promote anchorage independent growth in breast cancer, which is also contributing to the overall 

decrease in metastasis we saw in our MMTV-PyMT mouse experiments.   

Data from our PIM1 knockdown/deletion studies prompted us to investigate the effects of PIM1 

inhibition on breast cancer cells.  We found that inhibition of PIM kinase by TP-3654 

significantly reduced proliferation in several different breast cancer cell lines.  Similar to our 

knockdown experiments TNBC cell lines tended to be the most sensitive to TP3654.  However, 

we did also observe a significant reduction of proliferation in HR+ MCF-7 cells and HER2+ 

BT474 cells.  Additionally, we showed that treatment of TP-3654 significantly reduced cell 

migration, anchorage independent growth, and colony forming ability.   
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We also provided some mechanistic insights into inhibition of breast cancer cells by PIM1 

deletion or inhibition.  We found that knockdown or inhibition of PIM1 resulted in a decrease in 

phosphorylation of p70S6K and 4E-BP1 and an increase in p21 expression.  Phosphorylation of 

p70S6K and 4E-BP1 results in increased protein synthesis and cellular growth (10-11).  p21 is a 

negative regulator of cell cycle, and its increase could also explain some of the decreased cell 

proliferation observed in breast cancer cells upon PIM1 deletion or inhibition (12). 

PIM1 signaling overlaps significantly with PI3K/Akt/mTOR.  The PI3K/Akt/mTOR pathway 

has been found to be altered in more than 70% of all breast tumors (53). This pathway has also 

been shown to have a significant role in breast cancer cell survival, proliferation, migration, and 

apoptosis (53).  Because of these frequent alterations and their role in cancer, several clinical 

trials have focused on inhibitors of this pathway.  Despite showing promise and being approved 

for treatment of HR+ breast cancers, a high number of adverse events during trials with 

everolimus have led limited success of targeting this pathway (54).  It is important to note, while 

there is significant overlap between the pathways, it has also been reported that while treating 

cells with rapamycin, PIM kinase signaling was still able to activate downstream target 4EBP1, 

indicating an independent mechanism that is not dependent on mTOR (55).  Additionally, it has 

also been reported that Akt and PIM kinases regulate eIF-4B through phosphorylation of 

separate sites; PIM1 phosphorylated eIF-4B at Ser406, where Akt phosphorylates eIF-4B at 

Ser422 (56).  These independent mechanisms indicate that while there is significant overlap with 

Akt signaling, PIM signaling not only activates downstream mTOR signaling, but it does so 

independently of Akt.  This may explain why targeting PIM kinases alone may be sufficient to 

affect these signaling pathways without targeting Akt.  Further, the high number of adverse 
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events may from drugs targeting the PI3K/Akt/mTOR pathway may be circumvented by 

targeting PIM kinase to affect the same pathway.  In addition, PIM kinase inhibition may also 

work synergistically with mTOR inhibitors such as everolimus.   

EMT has been found to promote the metastatic propensity of several different cancers including 

breast cancer. Vimentin and SLUG have been implicated in cancer metastasis (13-14).  We 

found that knockdown or inhibition of PIM1 resulted in decreased expression of EMT markers 

SLUG and Vimentin.   Taken together, these results suggest that PIM1 plays an important role in 

promoting EMT and targeting PIM kinase may reduce breast cancer metastasis due to impaired 

migratory and invasive ability acquired through EMT. 

We then went on to examine the in vivo effects of Pim1/2 deletion on tumor growth and 

metastasis using the MMTV-PyMT mouse model of breast cancer.  We chose this model for 

multiple different reasons.  This model most closely follows the normal progression of breast 

cancer development, where primary tumors first form, before becoming invasive and 

metastasizing to the lungs (15).  In addition, the immune system is intact in this mouse model 

(15).   

We found that deletion of Pim1 or Pim2 alone significantly decreased both tumor growth and 

metastasis in PyMT mice.  Pim1 and Pim2 double deletion in MMTV-PyMT mice also resulted 

in a significant decrease in tumor growth that was significantly less than both control PyMT 

tumors and Pim2 KO PyMT tumors, however, was not significantly different from Pim1 deletion 

alone.  We did, however, find that deletion of both Pim1 and Pim2 in PyMT mice resulted in the 

greatest decrease in metastasis to the lungs.   
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We also tested the in vivo efficacy of PIM kinase inhibitor TP-3654 in MMTV-PyMT mice.  

Similar to genetic deletion of Pim1in MMTV-PyMT mice, PIM kinase inhibition resulted in a 

significant decrease in tumor growth and lung metastasis.  We also found that the mice tolerated 

the TP-3654 treatment very well as we did not see any significant changes in mouse weight 

throughout the course of the treatment, and endpoint analysis of organs showed no gross changes 

in organ function.  

A major question is which step of metastasis does PIM1 play a role in.  PIM1 knockdown 

resulted in decreases in EMT, which may explain some of the decreases in cellular migration and 

invasion, but we also saw anchorage independent growth, and colony formation ability impaired.  

This suggests that PIM1 may play an important role in several stages of metastasis, from the 

tumors initial invasive capabilities that are gained during EMT, to cell stemness that is needed to 

support anchorage independent growth and colony formation at distant sites.  It has been 

reported that PIM1 promotes expression of c-Met through phosphorylation of eIF4B (16).  We 

found that total c-Met expression was decreased with PIM1 deletion or inhibition but were 

unable to consistently show a decrease in eIF4B phosphorylation.  This mechanism needs to be 

investigated further, but a decrease in c-Met also suggests a possible mechanism for the decrease 

in cell invasion/migration and metastasis.    

We would also like to further evaluate how PIM1 is inhibiting EMT.  Our study identified that 

we see a significant decrease in EMT marker expression upon knockdown or inhibition of PIM1, 

however we have not yet fully worked out how this is happening.  We did find that PIM1 

deletion or inhibition significantly reduced expression of c-Met both in vitro and in vivo.  c-Met 

has been shown to promote EMT, however we expect there are additional signaling pathways 

related to EMT that are affected by PIM1/2.  Previous studies have identified multiple different 



132 
 

pathways including TGF-β signaling, MAPK signaling, and NF-KB signaling contribute to EMT 

(17-20).   

TGF-β activates phosphorylation of SMAD2 and SMAD3 (21).  It has also been reported that 

PIM1 can phosphorylate these proteins (22).  In addition, our RNA-seq analysis revealed a 

significant increase in SMAD7 expression.  SMAD7 negatively regulates SMAD2/3 signaling, 

and an increase may result in impaired TGF-β/SMAD induced EMT (23).  In preliminary 

experiments we have seen that SMAD2 phosphorylation is reduced with treatment of TP3654 

(data not shown), but we were not able to show this result consistently with PIM1 or PIM2 

knockdown.   

Breast cancers are very heterogeneous diseases, and no single drug is sufficient to completely 

cure the disease.  We saw the greatest effectiveness of PIM kinase inhibition with TP3654 in 

TNBC cells.  TNBCs are treated with a combination of chemotherapy drugs including a taxane, 

an anthracycline, and a platinum salt.  We showed that combined treatment of TP-3654 with 

doxorubicin or cisplatin resulted in greater inhibition of TNBC cells.  Furthermore, combined 

treatment of TP-3654 and doxorubicin resulted in significantly greater reduction of tumor growth 

compared with vehicle or doxorubicin treatment in MDA-231-2B xenograft NSG mouse 

experiments.  These results are still preliminary.  We need to repeat these experiments to ensure 

reproducibility.  In future experiments, we would also like to evaluate the combination of 

additional drugs used to treat breast cancer, including docetaxel and cisplatin. 

Our studies also found that PIM1 and PIM2 play an important role in regulation of immune 

evasion of tumors.  We found that deletion of Pim1 and deletion of both Pim1 and Pim2 resulted 

in a significant decrease in tumor associated macrophages (TAMs).  Macrophages have been 

shown to release pro-inflammatory cytokines which promote EMT and metastasis in breast 
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cancer (24).  In TNBC, TAMs are also a negative prognostic marker (25).  We also found that 

PIM1 and PIM2 double knockout resulted in a significant increase in number of both CD4+ 

helper T cells and CD8+ cytotoxic t cells when compared to PyMT control tumors.  T cell 

infiltration is associated with better patient survival and considered a positive prognostic marker 

(26-27).  Our RNA-seq analysis found that PD-L1 was significantly decreased with PIM1 

deletion or inhibition.  PD-L1 promotes tumor immune evasion, and this decrease may explain 

why we see more T-cells in tumors where PIM1 or PIM2 is deleted.  At this time, we do not 

know the exact mechanism of how PIM1/2 deletion leads to a decrease in PD-L1 but our RNA-

seq analysis revealed some possible pathways.  Overall, we see a decrease in multiple different 

EMT markers, and EMT has been found to play an important role in regulation of PD-L1 (44).    

The PD-1/PDL1 interaction has been a major target identified in immunotherapy drugs (28).  

Pembrolizumab, an antibody that blocks PD-1 on lymphocytes has shown great promise as a new 

treatment option for cancer patients (29-31).  It has shown great promise as a drug in melanoma, 

lung cancer, head and neck cancer, stomach and cervical cancers (29-30).  Recent clinical trials 

(KEYNOTE-522) of pembrolizumab have examined it's potential as a neoadjuvant treatment for 

patients with stage III or higher TNBC.   This study found a 7.5% improvement in pathologic 

complete response (pCR) in patients receiving pembrolizumab in combination to traditional 

chemotherapy treatment compared to those receiving chemotherapy alone.  This clinical trial 

also reveled a significant improvement in patient event-free survival in patients receiving 

Keytruda.  Despite these promising results, approximately 45% of TNBC patients in the study 

still did not respond to treatment with pembrolizumab. This suggests that additional drugs may 

be necessary to further improve patient responses.  Because we see PD-L1 decreased by PIM1 
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deletion or inhibition, we hypothesize that combining TP-3654 with currently immunotherapy 

drugs targeting PD-1/PD-L1 may work synergistically together.  

 

Our RNA-seq analysis revealed several pathways are altered by PIM1 deletion or inhibition.  We 

observed significant enrichment of genes related to translation elongation, mammary stemness, 

proliferation, metastasis and EMT in control MDA-231 cells compared with PIM1 deleted or 

TP3654-treated MDA-231 cells. We observed that PIM1 deletion or inhibition significantly 

reduced expression of FOS, DUSP1, FOXC1, CXCR4, and IL18. RT-qPCR further validated the 

expression of these target genes are affected by PIM1 deletion or inhibition. 

Our RNA-seq results revealed that c-FOS was significantly reduced in all 3 groups of samples 

we examined.  c-FOS has previously been shown to induce PD-1 (32).  Additionally, we found 

that IL-18 was significantly decreased with PIM1 deletion and PIM kinase inhibition. Tumor 

derived IL-18 has also been reported to induce PD-1 expression (33).  In addition, our GSEA 

analysis revealed Notch signaling was significantly negatively enriched in PIM1 PIM2 double 

knockout tumors.  Notch signaling has also been shown to increase PDL1 expression (34).  

Furthermore, in non-small cell lung cancer, notch mutations have been found to be a prognostic 

marker for response to immunotherapy, suggesting it plays an important role in patient response 

to immunotherapy (35).  Combined treatment with TP-3654 and pembrolizumab should also be 

examined in future experiments.   

PIM kinase deficient mice are viable, develop normally, and reproduce indicating that PIM 

kinase is an excellent drug target with minimal side effects (36).  Several different PIM kinase 

inhibitors have been developed including SGI-1776, AZD-1208, and TP3654.  In previous 
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clinical trials SGI-1776 failed due to cardiotoxicity and AZD-1208 also exhibited high rates of 

adverse events (37-38). TP-3654 is a novel second-generation PIM kinase inhibitor, which has 

already entered phase I/II clinical trials and shown great promise as a potential therapeutic for 

multiple different cancers including myelofibrosis and various solid tumors (NCT03715504, 

NCT04176198). 
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Future Directions 

We have shown that PIM1 plays a key role in breast cancer growth, EMT, and metastasis.  In 

future experiments we would like to further investigate the mechanisms by which PIM1 is 

contributing to these processes.  We performed RNA-seq analysis on MDA-231 cells that had 

PIM1 deletion or were treated with the PIM inhibitor TP-3654.  This analysis revealed several 

pathways related to breast cancer progression and metastasis that require additional validation.  

Our pathway analysis revealed significant enrichment in genes related to translation, 

proliferation, EMT, and metastasis.  In future experiments we would like to further understand 

exactly how PIM1 is impacting these different targets, to do this we plan on first identifying 

which proteins are direct targets of PIM1 and which effects are downstream of those targets. 

First, we would like to perform a non-biased screen of the phospho-proteome in MDA-231 cells.  

We plan on deleting PIM1 in these cells and comparing the protein phosphorylation to control 

cells.  This will allow us to identify potential targets that are phosphorylated by PIM1.  It is 

important to note these targets will then need to be narrowed down further to direct effects vs 

indirect effects of PIM1.  A phospho-proteome experiment will however allow us to identify 

targets that are no longer phosphorylated when PIM1 is deleted, these targets can then be 

validated in future experiments.   

To evaluate which proteins are direct targets of PIM1 we plan on overexpressing FLAG-tagged 

PIM1 in MDA-231 cells followed by immunoprecipitation experiments.  We will use a flag 

specific antibody to pulldown PIM1, along with any interacting proteins.  Several targets of 

PIM1 have already been identified in other settings, but our non-biased screen followed by 

immunoprecipitation will allow us to assess what additional targets may be having a significant 



137 
 

impact on our observed phenotype.  This will also allow us to identify which interactions are 

directly the result of PIM1, rather than an indirect downstream effect. 

Our results showed a reduction in phosphorylation of both p70-s6K and 4EBP1 when PIM1 was 

deleted or inhibited.  These have previously been identified as targets of PIM1, and help explain 

some of the phenotype we observed, but further validation is needed to show that the changes in 

phosphorylation are what is driving our observed phenotype.  To further evaluate these targets, 

we plan on deleting PIM1 and overexpressing these proteins.  PIM1 mediated phosphorylation of 

4EBP1 and p70-S6K may be due to downstream activation of mTORC1.  PIM1 has been found 

to directly phosphorylate PRAS40 at Thr246 (45-46).  PRAS40 is normally a negative regulator 

of mTORC1, and phosphorylation at Thr246 prevents this negative regulation, resulting in 

downstream phosphorylation of 4EBP1 and p70-S6K (45-46).  It has also been shown that PIM1 

overexpression in the presence of mTOR inhibitors is sufficient to increase the phosphorylation 

of 4EBP1, indicating a direct interaction exists (47).  We plan on evaluating this interaction first 

with our immunoprecipitation experiments to show if a direct interaction exists, followed by 

downstream rescue experiments to determine its effects on our observed phenotype.    

Phosphorylation of 4EBP1 at Thr37/46 prevents its association and subsequent inhibition of 

eIF4E (48).  To study the effects of phosphorylation on cell growth, invasion, and EMT, we plan 

on deleting PIM1, while overexpressing 4EBP1 that has been mutated to prevent 

phosphorylation, or simply deleting the protein itself.  It has previously been reported that cap-

dependent translation is important for the regulation of EMT marker Snail as well as pro-

metastatic c-Met (49).  In cells that have both PIM1 and 4EPB1 deleted we will assess the effects 

on cell proliferation, invasion/migration, and EMT marker expression.  We expect that deletion 

of PIM1 and 4EBP1 will result in little to no change in expression of downstream proteins c-Met 
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and Snail, suggesting that 4EBP1’s negative regulation of cap-dependent translation is vital for 

the regulation of these proteins.    

Conversely, several different activating mutations in p70-S6K have been identified, which can be 

overexpressed in rescue experiments to see if the changes in proliferation, migration/invasion, 

EMT, and metastasis are due to changes in the phosphorylation of these proteins. Thr412 

mutations resulting in a single amino acid substitution to Glu in p70-s6K have been found to 

increase its activity 20-30-fold (50). So, to evaluate the role of p70-S6K, we plan on deleting 

PIM1 while overexpressing p70-S6K-T412G to see if activated p70-s6K is sufficient to rescue 

cells.  We plan on first evaluating any effects on proliferation and migration/invasion in cells.  

We would additionally like to assess any changes in gene expression.  We think that over-

expression of p70-S6K-T412G will result in reactivation of protein synthesis, and we will not 

only see an effect on cell growth, but also on expression of EMT markers such as Snail/Slug.  

These experiments will allow us to further elucidate the mechanisms by which PIM1 is 

contributing to these processes. 

Our RNA-Seq data revealed that FOS and DUSP1 were both significantly decreased with PIM1 

deletion or inhibition.    We started with these genes in common to validate by RT-qPCR.  We 

selected these genes for their known roles in cancer, however we still need to determine how 

exactly PIM kinases are regulating these several different downstream targets.  In future 

experiments, we plan on examining these targets further.  Our current model suggests that 

deletion or inhibition of PIM1 results in decreased phosphorylation of 4EBP1, resulting in 

decreased cap-dependent translation, which ultimately results in a decrease of c-Met.  C-Met is a 

receptor for hepatic growth factor (HGF) (51).  HGF binding has been shown to activate the 

MAPK signaling cascade.  This signaling has been shown to activate transcription of the c-Fos 
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gene as well as activate a negative feedback loop by increasing transcription of DUSP1.  To 

evaluate if the changes we see in c-Fos and DUSP1 result from decreased expression of c-Met 

we first plan on knocking down c-Met in MDA-231 cells to see if this also results in decreased c-

Fos and DUSP1 expression.  In follow up experiments we also plan on deleting PIM1 while 

overexpressing c-Met to ensure the changes in FOS and DUSP1 are due to changes in c-Met 

expression, and not a different PIM1 dependent mechanism.   

Several previous studies have found that PIM signaling from the different family members is 

redundant; however, we see very different results on tumor growth and metastasis in our PyMT 

mice when PIM1 or PIM2 is deleted.  Additionally, we also expected that if this is true to see 

more of an effect on tumor growth and metastasis when we deleted both PIM1 and PIM2 in these 

mice.  Instead, we found that there were no significant changes in tumor growth between Pim1 

KO PyMT mice and Pim1 Pim2 KO PyMT mice.  We also found that deletion of PIM1 in MDA-

231 cells resulted in a compensatory effect, where PIM2 expression is upregulated, however 

despite this upregulation, we still see significant effects on cell proliferation, migration/invasion, 

and metastasis.  We think that this may be because Pim1 is expressed at a higher level in PyMT 

tumors, so deletion of Pim1 has more of an effect, but this needs to be examined further. In 

future experiments we plan to further evaluate any differences between Pim1 and Pim2 by 

performing additional RNA-seq analysis on PyMT tumors.  We plan to evaluate the effects of the 

single deletions on tumor signaling individually, as well as the double deletion together.  This 

will allow us to assess if the same genes are being affected by deletion, or if there are different 

genes affected by Pim1 and Pim2.  If PIM signaling is truly redundant, we expect that similar 

genes/pathways will be significantly altered by deletion of Pim1 or Pim2.  If deletion of Pim1 or 
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Pim2 however results in several different genes and pathways being affected, this would suggest 

that different roles for Pim1 and Pim2 may exist that need to be evaluated further.   

This project has focused on PIM1; We chose to focus on PIM1 and PIM2 initially because they 

were misregulated in breast cancer at higher rates than PIM3.  While performing our initial 

knockdowns on a panel of breast cancer cells we found that PIM1 had a larger effect than PIM2, 

so we subsequent work focused on PIM1.  PIM3 however, is highly expressed in the mammary 

tissue of both mice and humans, so we hypothesize that PIM3 may also play an important role in 

breast cancer growth and metastasis.  In future experiments we would also like to delete PIM3 in 

a panel of breast cancer cell lines and perform similar experiments to evaluate the effects on cell 

growth, migration/invasion, and cell signaling.  It has been reported that PIM signaling is largely 

redundant, so we expect that deletion of PIM3 may also produce similar effects.  It may also be 

that PIM1 and PIM2 are induced in a cancer setting, and PIM3 is not, so deletion of PIM3 may 

also have less of an effect on these processes, but that must first be determined experimentally.   

Another major question we would like to answer is what about breast cancer is leading to an 

increase in PIM1/2.  We found that PIM1 and PIM2 were overexpressed or amplified in a large 

percentage of breast cancers, and that TNBCs had significantly higher PIM1 and PIM2 

expression than the other subtypes of breast cancer.  In the future, we would like to further 

analyze patient data to try and provide possible mechanisms of how PIM1 and PIM2 are being 

induced in breast cancer.  To do this we plan on examining TCGA data to look for any possible 

mutations or other genetic changes that may explain why PIM kinases are being upregulated.  

There are several different ways PIM kinases are regulated, and we predict that it may not just be 

one thing.  One possible explanation for TNBCs having higher PIM1/2 expression is that JAK2 

amplifications are common in TNBCs, and the JAK/STAT pathway can induce PIM expression 
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(52).  In future experiments we would like to evaluate the patient data, to provide possible 

explanations which could later be verified experimentally.  For example, if we find that patients 

with amplification of PIM1 also have amplification of EGFR, we could overexpress EGFR in 

cells and see if it affects PIM expression.  Additionally, we would also like to verify our results 

by performing immunohistochemistry staining of patient samples.   

It is also worth noting that our PIM knockout mice are whole body knockouts, that are not 

inducible.  In early studies we ensured that deletion of PIM1 or PIM2 did not significantly 

impact mammary gland development by performing whole mount analysis and found no 

significant impairments on mammary gland development (data not shown).  This suggests that 

any changes we see in tumor growth and metastasis we see are not due to impaired mammary 

gland development in these mice.  This, however, does not allow us to assess if the changes we 

see in tumor growth and metastasis are tumor intrinsic, or a result of additional changes outside 

the tumor itself.  To assess if the effects we see resulting from PIM deletion are due to intrinsic 

changes in the tumor itself, we plan on performing allograft experiments where we transplant 

tumor cells from control or Pim1 deleted PyMT tumors into wild-type control mice.  We plan on 

evaluating any changes in tumor growth as well as any changes in metastasis that may occur.    

In preliminary studies, we found that tumor growth was still significantly reduced with PIM1/2 

deletion however, we did not see significant changes in metastasis.  This indicates that the effects 

on tumor growth are intrinsic to the tumors themselves, however, metastasis may require PIM 

signaling outside of the tumor, but this needs to be evaluated further in future experiments.   

One potential reason we see differences in our whole-body knockouts compared to transplanted 

tumors are in differences in immune cell function.  Our data suggests that deletion of PIM1 has a 

significant impact on the immune milieu present in the tumor.  We found that deletion of PIM1 
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resulted in a significant decrease in the number of tumor associated macrophages found in the 

tumor.  TAMs are associated with a worse prognosis in breast cancer due to their release of pro-

inflammatory cytokines which drive growth and metastasis.  In future studies we would like to 

evaluate the effects of PIM1/2 deletion on macrophage growth and invasion.  To do this, we plan 

on culturing macrophages from both control FVB mice as well as PIM1/2 deleted mice to first 

evaluate any changes in growth.  After establishing the role PIM1/2 play in the growth of 

macrophages, we would also like to evaluate how deletion of PIM1/2 affects cell invasion.    

We also found that PIM1 and PIM2 double knockout resulted in a significant increase in number 

of both CD4+ helper T cells and CD8+ cytotoxic t cells when compared to PyMT control 

tumors.  T cell infiltration is associated with better patient survival and considered a positive 

prognostic marker (26-27).  In future studies we would also like to further increase the number of 

animals for each these experiments.  We also found no significant differences in the CD45+ 

CD3+ T-cells overall, so we would also like to examine Treg cells to see if any significant 

differences exist there.  Treg cells play an important role in immune evasion in tumor 

progression, and because we see differences in CD4+ and CD8+ T cells in our PIM1/2 knockout 

mice we hypothesize there may also be differences in Treg cells as well. 

We found significant differences between T cells and macrophages at the tumors after PIM1/2 

knockout.  We started looking at these cells because of previous reports suggesting that PIM1/2 

play important roles in these cells.  In future experiments we would like to examine any other 

changes that may be occurring in the regulation of any other immune cells such as natural killer 

cells or neutrophils.  Our RNA-seq data showed that inflammation was significantly affected by 

PIM deletion, so we think these other cells may be affected as well.  Along these lines we would 

also like to evaluate serum cytokine levels to see if PIM1/2 deletion affect these as well.  We 
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have already collected serum from previously analyzed mice and plan to check cytokines such as 

TGF-β by ELISA.     

Breast cancers are very heterogeneous diseases, and no single drug is sufficient to completely 

cure the disease.  We saw the greatest effectiveness of PIM kinase inhibition with TP3654 in 

TNBC cells.  TNBCs are treated with a combination of chemotherapy drugs including a taxane, 

an anthracycline, and a platinum salt.  We showed that combined treatment of TP-3654 with 

doxorubicin or cisplatin resulted in greater inhibition of TNBC cells.  Furthermore, combined 

treatment of TP-3654 and doxorubicin resulted in significantly greater reduction of tumor growth 

compared with vehicle or doxorubicin treatment in MDA-231-2B xenograft NSG mouse 

experiments.  These results are still preliminary, and we need to repeat these experiments to 

ensure reproducibility.  In future experiments, we would also like to evaluate the combination of 

additional drugs used to treat breast cancer, including docetaxel and cisplatin.  In addition to 

evaluating the combination, we would also like to test if treatment with chemotherapy drugs 

induces PIM expression.  DNA damage has been reported to induce PIM expression, and both 

cisplatin and doxorubicin cause DNA damage, so we hypothesize that treatment with these 

chemotherapies may induce PIM expression, so the combination may provide synergistic effects. 

One of the issues we have had with combination treatments is trying to figure out the correct 

concentrations of each drug to use in order to achieve a synergistic effect.  In future experiments, 

we would like to screen cells in a 96 well plate with varying concentrations of TP-3654 and the 

other drug.  For TP-3654 we plan on screening 0.125 μM, 0.25 μM, 0.5 μM, 1.0 μM, and 2.0 

μM.  For the additional drug being screen we will set the concentrations used based on single 

treatments.  Previously, we have been picking one concentration of TP-3654 and combining with 

multiple concentrations of additional drug.  In future experiments, we plan on testing all of the 
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different concentrations for each drug in combination, using presto-blue HS to measure cell 

viability.  This high throughput approach will allow us to test several different combinations at 

one time, without having to predict what concentration of drugs are needed.  Based on this screen 

we can then perform additional drug treatments as needed.   

In addition to chemotherapies in future experiments we would also like to evaluate the 

combination of directed therapies that are available for HR+ and HER2+ breast cancers.  In 

preliminary experiments we have started testing tamoxifen in combination with TP-3654 in 

MCF-7 cells.  We have seen at least an additive effect when combining TP-3654 with tamoxifen 

but would like to test additional concentrations of these drugs to further evaluate if the drugs can 

be combined to achieve a synergistic effect.  If a synergistic effect is achieved, in future 

experiments we would also like to test the combination in animal models.  The PyMT model of 

breast cancer has amplified estrogen receptor signaling, so we think this would be a good model 

to start evaluating this combination but would also like to test in NSG xenograft experiments as 

well.   

In addition to tamoxifen, HR+ breast cancer patients can also receive a CDK4/6 inhibitor such as 

palbociclib.  In preliminary experiments we have tested this combination in MDA-231 cells but 

would like to further evaluate the effect on HR+ breast cancer cell lines.  Our studies have shown 

that p21/p27 expression is increased with TP-3654 treatment.  Both p21 and p27 are potent cell 

cycle inhibitors, so we hypothesize that targeting the cell cycle at multiple points may produce a 

synergistic effect.  We plan on testing this combination in MCF-7 cells to start, and also would 

like to evaluate the effects of combined treatments in animal models of HR+ breast cancer as 

well.   
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In addition to directed therapies for HR+ breast cancers, we would also like to assess the 

combination of TP-3654 with lapatinib.  Our results showed that HER2+ breast cancer cells were 

less sensitive to PIM kinase inhibition, however we did see a significant reduction in cell growth.  

To further evaluate the potential of PIM kinase inhibition in HER2+ breast cancers we would 

also like to test the combination of lapatinib with TP-3654.  We plan on first testing TP-3654 

alone on a larger panel of HER2+ breast cancer cell lines, as well as the combination of TP-3654 

and lapatinib in these cells.  If the treatment proves effective in cells, we would also like to then 

test the combination in mouse models of breast cancer.   

Our RNA-seq analysis revealed several pathways are altered by PIM1 deletion or inhibition.  We 

observed significant enrichment of genes related to translation elongation, mammary stemness, 

proliferation, metastasis and EMT in control MDA-231 cells compared with PIM1 deleted or 

TP3654-treated MDA-231 cells. We observed that PIM1 deletion or inhibition significantly 

reduced expression of FOS, DUSP1, FOXC1, CXCR4, and IL18. RT-qPCR further validated the 

expression of these target genes are affected by PIM1 deletion or inhibition. 

Our RNA-seq results revealed that c-FOS was significantly reduced in all 3 groups of samples 

we examined.  c-FOS has previously been shown to induce PD-1 (32).  Additionally, we found 

that IL-18 was significantly decreased with PIM1 deletion and PIM kinase inhibition. Tumor 

derived IL-18 has also been reported to induce PD-1 expression (33).  In addition, our GSEA 

analysis revealed Notch signaling was significantly negatively enriched in PIM1 PIM2 double 

knockout tumors.  Notch signaling has also been shown to increase PDL1 expression (34).  

Furthermore, in non-small cell lung cancer, notch mutations have been found to be a prognostic 

marker for response to immunotherapy, suggesting it plays an important role in patient response 
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to immunotherapy (35).  Combined treatment with TP-3654 and pembrolizumab should also be 

examined in future experiments. 

In addition to combining with current chemotherapy drugs, in future experiments we would also 

like to evaluate the combination of PIM kinase inhibition with radiation treatment.  Radiation is 

commonly used to treat breast cancers of all receptor types prior to surgery to shrink tumors (39-

40).  Radiation causes damage to DNA, which could lead to an increase in PIM kinases (41).    

PIM1 has been identified as a biomarker for radiation response in other cancers including head 

and neck cancer and non-small cell lung cancer cells, and we hypothesize that PIM1/2 may also 

play an important role in radiosensitization of breast cancer cells (42-43).    We first want to 

study if PIM kinases are induced in breast cancer cells in response to radiation.  Next, we would 

like to pre-treat cells prior to irradiation with varying concentrations of TP-3654 to evaluate if 

the combination may be beneficial.  We plan to use both cell lines and PyMT mice for these 

experiments. 

Lastly, we would also like to test TP-3654 treatment in patient derived xenograft (PDX) models 

of breast cancer.  We have tested TP-3654 in NSG xenograft experiments using MDA-231-2B 

cells and PyMT mice.  MDA-231-2B xenograft experiments showed that TP-3654 was effective, 

but we would like to test TP-3654 in additional TNBC models.  PyMT mice are not a true triple-

negative model and there is no genetic TNBC model.  PDX mice containing TNBC tumors are 

commercially available, and we would like to perform TP-3654 in these mice.  This will allow us 

to further assess the effectiveness of TP-3654 in vivo, and in a patient derived TNBC setting.  In 

future experiments we would like to treat mice with TP-3654 and assess the effect on tumor 

growth as well as metastasis.  These experiments will provide additional evidence that TP-3654 

may be a good candidate drug for clinical trials.   
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In conclusion, we demonstrate that PIM1 knockdown or inhibition significantly reduces both 

breast cancer cell growth, migration, invasion, and tumor sphere formation.  Genetic deletion of 

Pim1 or pharmacologic inhibition resulted in significantly impaired breast tumor growth and 

lung metastasis. We also identified several downstream targets of PIM1 that are affected by 

PIM1 deletion or inhibition in breast cancer cell lines and MMTV-PyMT mice. In addition, we 

showed that PIM1 contributes to EMT and metastasis by regulating the expression of Vimentin, 

Slug and c-Met in breast cancer cells. Lastly, we show that combined treatment of TP-3654 and 

doxorubicin may result in greater inhibition of breast cancer cell growth.  Taken together, these 

results suggest that PIM1, and to a lesser extent PIM2 play important roles in breast cancer 

growth and metastasis.   Results from our study support the clinical investigation of PIM kinase 

inhibitor TP-3654 alone or in combination with chemotherapies in patients with TNBC. 
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