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Breast cancer is a heterogeneous disease with vastly different tumor progression kinetics 

and survival outcomes depending upon the differentiation state and gene expression 

patterns of the tumor.  Effective treatments exist for patients with endocrine therapy 

sensitive or HER2 overexpressing tumors, but targeted treatments are not available for 

other tumor types. The mechanisms governing mammary tumor phenotype generation 

could prove critical to finding treatments.  The c-Jun N-terminal kinase (JNK) pathway 

has recently been implicated in the inhibition of breast tumor luminal differentiation (1, 

2) and JNK2, in particular, is important in mammary tumorigenesis and tumor 

progression (3-8).  Therefore, the involvement of JNK2 in inhibition of mammary 

luminal cell differentiation was investigated in normal glands and tumors.  Studies found 

that JNK2 inhibits luminal cell populations in normal mammary ducts. Additionally, 

JNK2 suppresses Notch activity in stem cell niche of the developing mammary gland.  In 

vitro assays show that control over differentiation by JNK2 is due to suppression of p53-

dependent Notch1 expression.  Inhibition of luminal cell populations by JNK2 is also 
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apparent in tumor cell models regardless of p53 expression.  In the p53-competent 

Polyoma Middle T-antigen model, Notch1 expression is suppressed by JNK2.  In the 

absence of p53, JNK2 suppresses luminal populations independent of Notch1.  In this 

model, decreased luminal marker expression is accompanied by increased epithelial to 

mesenchymal transition.  It was also found that JNK2-dependent epithelial to 

mesenchymal transition inhibits luminal populations and is driven by JNK2-dependent 

suppression of Brca1. JNK2 also confers resistance to estrogen signaling inhibition, and 

increases the metastatic ability of tumor cells in vivo.  These data establish the 

importance of JNK2 in mammary epithelial cell differentiation in normal glands and 

tumors.  They also suggest that JNK2 may be an effective prognostic marker or treatment 

target. 
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Chapter 1 – Introduction 

 

 

1.1. NORMAL MAMMARY DIFFERENTIATION 

 The mammary gland is the principle organ for the classification of mammals 

(Figure 1.1).  It has evolved for the nutrition of offspring that are essentially helpless at 

birth.  Human and mouse mammary glands carry out the same function and have 

remarkably similar structures.  The key difference is that female mice possess ten 

mammary glands while humans have only two (Figure 1.2).  This is presumably due to 

relative litter size.  Lactating mammary glands release nutrients to young, in the form of 

milk, from external orifices called nipples. These nipples lead to a network of 

interconnected, epithelial, tube-like ducts that lie in a large adipose fat pad stroma.  The 

functional portion of the gland is the duct, which undergoes periodic changes under the 

influence of sex hormones to prepare for potential pregnancy.  Human mammary glands 

also possess a structure called the lobule that is present at all times and is the site of 

differentiation into milk-producing alveolar units during pregnancy. 

 Mammary ducts are bi-layered, ovular structures.  Ductal layers are segregated 

into two distinct lineages that have similar gene expression patterns and functions in mice 

and humans (Figure 1.3).  The inner layer confines cells of the luminal lineage and the 

outer layer consists of the basal/myoepithelial lineage.  As the names suggest, luminal 

cells are directly associated with the hollow lumen while basal cells are in direct contact 
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with the basal lamina. Each cell type has its own specific function in the mammary gland.  

Cells of the luminal lineage are able to differentiate into secretory cells of the alveolar 

buds and produce milk proteins, while basal/myoepithelial cells provide the physical 

force necessary to expel milk through ducts toward the nipple.  The basal compartment is 

less differentiated and contains stem cells, which give rise to cells of both lineages (9-11).   

Luminal and basal lineages of the mammary gland can be distinguished from each 

other by their expression of immunohistochemical or flow cytometric markers.  The 

markers for mammary lineages are quite similar for mice and humans.  For reference, cell 

type markers can be found on Table 1.1.  By immunohistochemistry, luminal cells can be 

discriminated from basal cells by their expression Cytokeratins 8 and 18, MUC1, ER, and 

PR, while basal cells express Cytokeratin 14, smooth muscle actin, and p63 (12).  By 

flow cytometry, mammary lineages can be easily separated on the basis of Heat Stable 

Antigen (CD24) and either Integrin α6 (CD49f), or Integrin β1 (CD29) expression (10, 

11, 13-16).  Luminal lineages are CD24
hi

 CD49f
lo/med

 CD29
hi

 and basal/myoepithelial cell 

lineages are CD24
lo 

CD49f
hi

 CD29
hi

.  Mammary stem cell populations possess an 

expression signature similar to the highest CD49f/CD29 expressing basal cells (9-11).  It 

is important to note that the same markers that discriminate lineages in the normal 

mammary gland also define tumors that arise from a particular lineage. 

In the mammary epithelial cell hierarchy, mammary stem cells divide and 

daughter cells either retain stem cell characteristics, through symmetric divisions, or 

divide asymmetrically generating a single stem cell and a daughter cell that is committed 
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to differentiation (Figure 1.4). One key protein that promotes mammary stem cell 

maintenance is Bmi-1 (17).  Expression of Bmi-1 in stem cells is promoted by the process 

of epithelial to mesenchymal transition (EMT) (18, 19), which is, itself, a defining 

characteristic of adult stem cells (20).  Stem cell maintenance is inhibited by p53 in a 

poorly understood mechanism, which involves inhibition of symmetric cell divisions 

(21).  This mechanism may involve p53-dependent transcription of miR200c, as this 

function suppresses EMT and stem cell characteristics in mammary cells (22).  Once 

stem cells asymmetrically divide, a bipotent progenitor is generated with the potential to 

maintain basal fate or adopt a luminal one (23).  

Notch signaling is important for commitment of cells to the luminal lineage and 

inhibition of commitment to the basal lineage (24-26).  Notch signaling does not promote 

terminal differentiation of luminal cells, however, as overexpression of Notch1 results in 

build-up of luminal progenitor cells (24, 25, 27).  Although Notch1-3 are all expressed in 

the developing and adult mammary gland, Notch1 mRNA is expressed the most 

differentially between luminal and basal lineages, with highest expression in luminal 

cells, and is considered the most important for mammary cell differentiation (25). A key 

function of Notch1 in luminal cell differentiation is suppression of Trp63 (the gene 

encoding p63) transcription, which itself inhibits Notch1 transcription and promotes basal 

lineage commitment (28-30). 

Terminal differentiation along the luminal lineage depends upon the GATA3 

transcription factor and Breast Cancer-associated-1 (BRCA1).  Expression of both genes 

is stratified by cell populations, with highest expression in luminal progenitor cells (31-
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33).  This compartmentalization serves a functional role in allowing them to drive 

differentiation of luminal progenitors into mature, ER
+
 luminal cells (33-35).  In the 

absence of expression of either gene, luminal progenitor cells predominate the mammary 

ductal architecture. 

1.2.BREAST CANCER DIFFERENTIATION 

 

Despite the relatively simple structure of the mammary gland, with only two cell 

lineages, breast cancer is a remarkably heterogeneous disease.  Historically, human breast 

tumors have been categorized by expression of three biomarkers in histology: ER, PR, 

and HER2 (36).  The expression level of each marker has been used to determine 

treatment regimens for chemo- radiation- and endocrine therapies.  While this approach 

has been successful in treatment of localized disease, patients with metastatic breast 

cancer only see 5-year survival rates of 27% (37).  This demonstrates a need for better 

understanding of breast cancer development and gene expression.  

Many other immunohistochemical biomarkers have been proposed as 

prognostic/predictive indicators of treatment outcome, but the heterogeneity of breast 

cancer has necessitated a transcriptome-wide approach to classification.  Microarray-

based methods have yielded several distinct subtypes with unique tumor characteristics 

and predictive patient outcomes (38-40).  The most widely accepted subtypes of human 

breast tumors are luminal A, luminal B, basal-like, and HER2
+ 

(HER2-overexpressing), 

each named according to similarity with normal mammary lineages.  A very important 

feature of these subtypes is that primary tumors and metastases from those tumors 
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possess similar gene expression patterns, a fact that suggests subtype-specific treatments 

may target both sites (38). 

Just like the normal luminal lineage, luminal subtypes express high levels of ER, 

ER-target genes, luminal Cytokeratins, and luminal transcription factors such as Gata-3. 

By contrast, basal-like and HER2
+
 tumors are characterized by their low or absent 

expression of ER and its associated transcripts (39).  Luminal tumors are by far the most 

common subtypes and they are the most differentiated breast tumors (41).  Luminal A 

and B differ in that Luminal A tumors proliferate and progress more slowly (41, 42).  

Luminal A tumors are effectively treated with endocrine therapy, whereas luminal B 

tumors are not responsive (43).  Basal tumors progress quickly and express high levels of 

proliferation-related genes, EMT markers, and basal Cytokeratins (41, 44-46).  There is 

no effective, targeted therapy currently available to patients with basal tumors.  HER2 

over-expressing tumors are also highly proliferative and progress quickly to metastasis 

(47). However, this phenotype is well-known to be dependent on the HER2 receptor—a 

fact that is effectively exploited by treatment of patients with the transtuzumab 

(Herceptin
TM

) monoclonal antibody (48-52).   

Recently, another group of tumors has been discovered with characteristics of 

cancer stem cells, called claudin-low.  This group has been described as an “emerging” 

subtype and is named for it’s low expression of Claudins 7 and -9, as compared to other 

tumor subtypes (41).  Claudin-low tumors have histology characteristic of cells 

undergoing EMT (53).  As evidence for enrichment in cancer stem cells, claudin-low 

tumors also express the highest levels of tumor initiating cell-related genes among all 
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tumor subtypes (41).   Claudin-low tumors are also the least differentiated subtype, with 

basal, HER2, and Luminal tumors following in increasing order (33, 41). 

Each subtype is hypothesiszed to be generated from aberrant expression of 

charcteristic gene products (41).  Few mechanisms of subtype generation, however, are 

known.  One that is well-studied is the mechanism of HER2+ subtype generation, which 

results from a relatively common, spontaneous, gene amplification at the erbb2 (the gene 

encoding HER2) locus (54).  Basal tumors are not generated from a single specific 

mutation, as in HER2 tumors, but several potential genes that are involved in mammary 

cell differentiation.  For example, inherited mutations in Brca1 pre-dispose individuals to 

the development of basal-like breast cancers (55-57).  Tumors in Brca1 mutation carriers 

are generated from a build-up of luminal progenitor cells, not basal cells as the subtype 

name would suggest (33).  This is, presumably, due to the active role of BRCA1 in 

terminal differentiation.  Similarly, high expression of Notch1, which is involved in 

production of luminal progenitors, results in the generation of basal tumors in mice and 

humans (25, 27, 58, 59).   

The generation of luminal and other tumor subtypes is more speculative.  For 

example, GATA-3 is a master regulator of luminal cell fate and it is also one of the core 

genes that define luminal tumors.  Thus, it is believed that GATA-3 may also be 

necessary for generation of luminal subtype or ER
+
 tumors (60).  However, additional 

studies must be done to better define the role of GATA-3 in luminal tumorigenesis.   

EMT is an important factor in maintenance of stem cell populations and as a defining 

characteristic of the claudin-low subtype of tumors may very well be a determinant in 



 7 

their generation (33, 60).  This is a question of great importance because cancer stem cell 

populations are hypothesized to be responsible for tumor generation and information 

regarding claudin-low tumors may provide insight for all tumor subtypes. 

Although some of the important molecules and effectors that are involved in 

subtype generation are known, many remain to be discovered and the upstream elements 

that mediate subtype generation are even less well-described.  Knowledge of these 

upstream effectors could prove useful in the design of targeted therapies for treating 

patients with metastatic disease. 

1.3.  C-JUN N-TERMINAL KINASES (JNKS) 

 

One potential upstream regulator of mammary cell differentiation and tumor 

subtype generation is the C-Jun N-Terminal Kinase (JNK) pathway.  There is evidence 

that the JNK pathway inhibits commitment luminal populations in breast cancer.  Recent 

studies show that inactivating mutations in the upstream JNK activating kinases 

MAP3K1, MAP2K4, and MAP3K13 are prevalent in luminal breast tumors, occurring 

most frequently in ER
+
 tumors (1, 2).  Because JNKs are effectors of this pathway, these 

data may indicate a role for them in normal mammary lineage commitment also.  

Activation of JNKs has been reported in response to a wide variety of signaling 

pathways and ligands including EGF (61), canonical and non-canonical Wnt signaling 

(62-64), FGF (65), TGFβ (66-68), TNFα (69-71), and integrins (72).  These signals 

induce phosphorylation of JNKs, triggering their subsequent activation of nuclear and 

cytoplasmic substrates, including c-Jun.  JNKs have been shown to possess near 
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ubiquitous cellular functions including apoptosis (66, 67, 73-79), cell cycle progression 

(71, 80-88), differentiation (64, 89-92), EMT (85, 93-96), and others.   

There are three JNK genes encoding JNKs 1-3, which alternatively splice into 

several isoforms.  Expression of Jnk1 and Jnk2 is widely recognized to encompass all 

tissues whereas Jnk3 is thought to have a more limited expression pattern, mostly in the 

brain, heart and testis (97).  JNKs are proline-directed serine/threonine mitogen-activated 

protein kinases (MAPKs) that phosphorylate substrates at (Pro)-X-Ser/Thr-Pro sequences 

(98)—a similar motif to the substrate of other members of the MAPK family, including 

ERK (99).  Structures of each of the JNK proteins contain binding sites for ATP, an 

activation loop, and a MAPK insert domain (100-102).  JNKs are phosphorylated on their 

respective activation loops, which require dual phosphorylation of a tyrosine and a 

threonine to potentiate functionality.  Phosphorylation is catalyzed by MAPK kinase 

(MAP2K) 4 and -7 and although both kinases have dual specificity (ability to 

phosphorylate Ser/Thr or Tyr), MAP2K4 preferentially interacts with tyrosine residues 

and MAP2K7 interacts with threonine residues of JNKs (103).  

Although JNKs do possess overlapping function, recent studies in JNK knockout 

mouse models and other specific gene targeting strategies have demonstrated that JNK 

proteins also possess individual, unique, substrates and cellular activities.  Activator 

Protein 1 (AP-1) transcription factor complex proteins, including c-Jun, are bound and 

phosphorylated by JNK family members with varied affinity (104-106).  JNK2 has the 

highest affinity for c-Jun and ATF2, while JNK3 binds to Elk-1 with the greatest 

efficiency.  (106).  JNK1 and JNK3 isoforms preferentially bind to c-Jun, but the affinity 
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of JNK2 is dependent upon isoform.  JNK2α1 and -α2 preferentially bind to c-Jun while 

JNK2β1 and –β2 preferentially bind to ATF2.  These studies and others have defined 

characteristic functions of each individual JNK gene.  Whereas JNK1 is associated with 

promotion of apoptosis, JNK2 promotes the converse process of cell survival (81).  JNK3 

is primarily involved in apoptosis in neural tissues (76, 107). 

 The roles of individual JNK genes in mammary biology are not well understood.   

Although Jnk1 and Jnk2 do not seem to affect adult mammary morphology in vivo, 

double-null mammary cells display an increased branching phenotype in culture (4, 5).  

Additionally, inhibition of JNKs prevents AP1- and Bim-dependent acinar apoptosis and 

lumen clearing in 3-dimensional mammary epithelial cell cultures (108).  While these 

studies support a role for JNKs in mammary biology, their methods prevent assignment 

of individual JNK gene function—further research in this area is warranted.  Given that 

JNK isoforms perform unique functions, it is probable that the ubiquitously expressed 

Jnk1 and Jnk2 affect mammary development in different ways. 

1.4.DISSERTATION AIMS 

Breast cancer is the most commonly diagnosed cancer in women of the United 

States (109). Early detection methods have improved overall survival, but the dismal 

survivorship for metastatic disease only serves to illustrate that deeper understanding is 

required to design reliable treatment regimens for all that are affected with breast cancer.  

The most effective treatments may be rationally designed by analyzing molecules and 
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cellular signaling pathways that are important for the development and progression of the 

disease. 

 Recent publications have shown that C-Jun N-terminal Kinase 2 (JNK2) is 

responsible for a range of processes in the mammary gland from normal development to 

tumorigenesis and tumor progression.  The Van Den Berg lab and others have shown 

that, in breast cancer models, JNK2 promotes accumulation of replicative stress (3), 

tumorigenesis (4), cell motility (6, 7), and metastasis (8).  These activities may be due to 

the promotion of EMT by JNKs (93).  If this is so, the necessity for EMT in development 

and differentiation, points to a potential role of JNK2 in these processes, as well.  This is 

further supported by the potential for the JNK pathway to inhibit differentiation along the 

luminal lineage in breast tumors (1, 2).  These data led to development of the hypothesis 

that JNK2 inhibits luminal lineage commitment in mammary tumors.  Because 

mechanisms governing differentiation in mammary tumors are related to those in the 

normal mammary gland, it was also hypothesized that JNK2 inhibits luminal lineage 

commitment in the normal mammary gland. 

 The studies documented herein address the role of JNK2 in mammary gland 

development and differentiation in normal and tumor tissues.  They provide unique 

insight into the importance of mammary epithelial cell differentiation in tumor phenotype 

as tested through the following experimental aims: 
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Aim 1:  Determine the specific alterations in luminal cell marker or lineage-specific 

gene expression that result from null mutation of Jnk2 (jnk2ko) in normal mammary 

glands and tumors. 

Aim 2:  Define the mechanisms of luminal cell commitment that are altered by 

jnk2ko. 

Aim 3:  Establish a connection between alterations of luminal cell commitment to 

mechanisms of commitment that are altered by jnk2ko. 

 

 These aims were tested by the methods presented in Chapter 2.  Data gained 

through experimentation is presented and discussed in Chapters 3, 4, and 5. A summary 

of results and future directions is included in Chapter 6. 
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Chapter 2 – Materials and Methods 

 

 

 

Mice 

All mouse experiments were performed in accordance with institutional and national 

guidelines and regulations. Animal procedures and experiment are pre-approved by the 

IACUC at the University of Texas, Austin.  Trp53-null (p53ko) (110) and jnk2ko (111) 

mice were obtained from Jackson Labs and backcrossed to Balb/C strain (Jackson Labs). 

Reagents  

Unless otherwise stated, chemical reagents were purchased from Sigma. Antibodies used: 

1:500 CK8/18 (Santa Cruz Biotechnology, Inc. #sc-52325), 1:500 p63 (Millipore 

#MAB4135), 1:500 Ki67 (Neomarkers, Fischer Scientific #RM-9106), 1:500 Cleaved 

Caspase-3 (Cell Signaling #9664) 1:500 SMA (DakoCytomation #M0851), 1:500 Notch1 

(Millipore #491010), 1:500 Notch1
ICD

 (Cell Signaling #2421), 0.5uL/0.5M cells CD24-

PECy7 (Ebioscience #25-0242), 0.5uL/0.5M cells CD49f-PE (Ebioscience #12-0495), 

1:500 Six1 (Origene #TA504057), 1:500 MMP9 (Cell Signaling #3852), 1:500 E-

cadherin (Cell Signaling #3195), 1:500 Vimentin (Cell Signaling #3932), 1:500 Lef-1 

(Cell Signaling #2230), 1:500 ER (Santa Cruz #sc-542), 1:500 PR (Santa Cruz #sc-539), 

1:1000 GAPDH (Cell Signaling #2118), 1:500 Zeb1 (Cell Signaling #3396), Mouse 

HRP-conjugated secondary antibody (Santa Cruz #sc-2031), Rabbit HRP-conjugated 

secondary antibody (Santa Cruz #sc-2030), 1:500 Mouse lineage panel kit including 
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CD3e, CD11b, CD45R, Ly6G & C, Terr-119 used per manufacturer’s instructions (BD 

Pharmingen #559971). BrdU-FITC kit was used per manufacturer’s instructions, as 

explained below (BD Pharmingen #559619).  Adenoviral MAM51 was a kind gift from 

Karine LeFort and G. Paolo Dotto (112).  Notch1 promoter constructs were a kind gift 

from Takashi Yugawa (113).  BRCA1 promoter constructs were a kind gift from David 

Rodenhiser (114). 

Tissue processing and histology 

Number four glands from five 3-, 4-, 5-, 6-, and 7 week-old virgin female mice were 

fixed with 4% paraformaldehyde and paraffin (Fisher Scientific # 23-021-401) embedded 

using a Leica TP1020 Tissue Processor and a Leica EG1150H/C Tissue Embedding 

Station. Eight unique tumors were used for each assay in tumor models.  5um sections 

were cut using a Leica RM2255 Microtome and placed onto slides.  Tissue was treated 

with Citrisolv (Fisher Scientific #670209), rehydrated and boiled in 10mM Na Citrate. 

Tissue was permeabilized with 0.02% Triton X-100.  Immunohistochemistry samples 

were treated with 0.3% H2O2 before incubation with primary antibodies and then treated 

according to ABC kit (Vector Labs, Mouse-#AK-5002, Rabbit #AK-5001) instructions.  

Samples were developed with the DAB substrate kit (Abcam #ab64238) and then 

mounted with VectaMount (Vector Labs #H-5000). Immunofluorescence samples were 

incubated with primary antibodies at concentrations listed above, overnight at 4 C.  

Samples were then washed with PBS (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 

1.8mM KH2PO4) and incubated with fluorescently-labeled secondary antibodies at room 

temperature for one hour, washed again, and mounted with VectaShield with DAPI 
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(Vector Labs #H-1200). Immunohistochemistry images were obtained using an Olympus 

CKX41 bright-field microscope with QCapture Pro software (Media Cybernetics). 

Immunofluorescence images were obtained on an Eclipse TE200 microscope (Nikon) 

using Image Pro Plus Software.  Photographs were taken of 10 60X fields 

(immunofluorescence) or 10-40X fields (immunohistochemistry) from each gland/tumor 

involved in the study. 

Western blot 

Cell pellets were lysed in Protein Extraction Buffer (20mM Tris pH 7.6, 50mM NaCl, 

3mM EDTA, 0.05% NP-40 in dH2O) or RIPA buffer (50mM Tris p  7.4, 1  m  NaCl, 

1m   DTA,  .1   D , 1  N -4 ,  .    odium Deoxycholate) with protease inhibitor 

cocktail ( ug m   eupeptin, 1m  DTT, 1m     F, 1  Aprotinin,  6 ug m  Na-

 rthovanadate).   amples were fro en at -2  C and thawed on ice to allow lysis.  

Following lysis, samples were centrifuged in a micrcentrifuge at full speed for 1  minutes 

at 4 C.  Concentrations were calculated based off of a B A standard curve, using DC 

Protein Assay System (Bio-Rad #500-0111).  Protein samples were prepared in 4X SDS 

loading buffer (40% glycerol, 50mM Tris pH 6.8, 8% SDS, 0.4% Bromophenol blue).  

Gels were cast at 8-12% polyacrylamide, using the Protean III system (Bio-Rad).  Gels 

were run at 200V in Tris-Glycine (25mM Tris, 0.2M Glycine, 0.1% SDS, pH 8.3) and 

then transferred to 0.2um pore nitrocellulose (Bio-Rad #162-0112) in Tris-Glycine with 

20% Methanol.  Blots were then blocked with 4% powdered milk in TBS-T (50mM Tris, 

150mM NaCl, 0.05% Tween-20, pH 7.6), washed in 1X TBS-T and then probed with 

primary antibodies overnight at 4 C.  After washing with three times in TB -T, blots were 
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incubated with HRP-conjugated secondary antibodies for 1 hour at room temperature.  

Blots were developed using ECL-Plus Reagent (Amersham #PRPN2132) on a STORM 

860 Molecular Imager (Amersham). 

Primary Mammary Epithelial Cell Culture and Imaging 

Mammary Glands from three adult (8-10 week-old) virgin female mice were extracted 

and minced and treated with 5 mg/mL collagenase for 1.  hours at  7 C with rocking, 

until well-digested. Mammary organoids were isolated by four rounds of differential 

centrifugation at 500xg for 30 seconds.  Organoids were disaggregated with 0.025% 

trypsin/EDTA (Invitrogen #R-001-100). Cells were filtered through 40um cell strainers 

(Fisher Scientific #08-771-1).  3-dimensional cultures were seeded on Matrigel (BD 

Biosciences #356234) according to established protocols (115, 116). 50 Acinar diameters 

for each treatment were measured at 24-hour intervals from bright field images with 

QCapture Pro Software. Immunofluorescence images were obtained using an SP2 AOBS 

Confocal Microscope (Leica) from a minimum of 15 acini per treatment.  Differentiation 

assays were performed on isolated mammary epithelial cells after sorting for colony 

forming units (CD24
hi

 CD49f
lo

) or mammary repopulating units (CD24
lo

 CD49f
hi

) with 

flow cytometer.  4000 mammary epithelial cells were then plated in 60mm dishes in 

triplicate with 4 ,    NI  T  cells that had previously been cell cycle arrested by γ-

irradiation at 50 Gy.  Cells were plated in Epicult B Medium (Stem Cell Technologies 

#  61 ) according to the manufacturer’s protocol.  After eleven days, cell media was 

removed and cells were fixed in 4% paraformaldehyde, washed with 1X PBS, then cells 

were stained with Geimsa and cells were imaged by brightfield microscopy as above. 
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qPCR 

RNA was isolated from cells or tissue as described in text using Trizol Reagent 

(Invitrogen #15596). Primers were designed using PerlPrimer with at least one primer of 

each pair spanning an intron. RNA was reverse-transcribed using MMLV High 

Performance Reverse Transcriptase (Epicentre #RT80110K).  0.005ug of cDNA for each 

well, in triplicate, was amplified using specific primers and SYBR Green SuperMix-

UDG (Invitrogen 11733-038) at 1/8X concentration in 96-well plates. Fluorescence was 

measured in a Stratagene Mx3005p qPCR Thermal Cycler (Agilent Technologies). 

Relative expression was calculated against standard curves with glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as normalizer, using MxPro Software (Agilent 

Technologies). All primers can be found in Appendix D.  Normal mammary assays 

examined organoid preparations from three glands of each genotype.  Tumor assays 

examined RNA from eight tumors of each genotype. 

Flow Cytometry 

Single cell suspensions were isolated from mammary glands as above or from culture and 

incubated with fluorescently tagged antibodies, listed in reagents.  Antibody incubations 

were carried out on single cell suspensions for one hour at 4 C in cell staining buffer (2  

Bovine Serum Albumin, 2mM EDTA, in 1X PBS). Cells were then washed in cell 

staining buffer, centrifuged at 300xg for 5 minutes and resuspended in cell staining 

buffer.  Labeled experimental cells, unlabeled control, and singly labeled compensation 

controls were then run in triplicate on Millipore Guava Easy Cyte 8HT or BD 

Biosciences FACSAria II and analyzed using FloJo 9.3.1 software (Treestar Inc).  For 
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normal mammary assays, lineage panel-negative cells were gated to analyze CD24 and 

CD49f populations.  For BrdU assay, cells were gated against CD24 to analyze CD24
+
 

and CD24
-
 populations. 

p53ko Mammary Gland Transplants 

Mammary glands from sexually mature p53ko;jnk2wt or p53ko;jnk2ko female (five of 

each genotype) mice were transplanted as 5mm
2
 pieces into cleared fat pads of 25 3 

week-old wildtype females per genotype, with an average of five transplants per donor. 

Transplant surgeries were carried out under anesthesia with 500uL of 0.2% Avertin 

Tribromoethanol solution for recipients and 750uL for donors.  Two weeks after 

transplantation, pituitary glands were extracted from sexually mature female mice (one 

whole pituitary gland per mammary transplant recipient) and placed within the kidney 

capsule of each mammary transplant recipient, under anesthesia, as described (117). 

Mammary transplants were palpated three times weekly until tumors were palpated and 

tumors were measured with caliper until they reached a target size of 1.5cm diameter.  

Tumors were then harvested and cut into pieces and flash frozen for RNA, fixed in 4% 

paraformaldehyde for histology, or minced for cell line generation. 

Cell lines  

MT
+
jnk2ko cell lines were previously generated from MT tumors and GFP and GFP-

JNK2 genes were stably integrated (3). Cell lines from p53ko tumors were generated 

after harvest from transplant recipient mice at target size. Whole tumors were minced and 

treated with 5 mg/mL collagenase, then rocked at  7 C for four hours or until suitably 

digested—prior to single cell suspension. Tumor organoids were then enriched by four 
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rounds of differential centrifugation at 500xg with PBS washes. Cells were plated in eight 

10cm diameter dishes in DMEM/F12 with 1% FBS.  Cells were treated with 2.5mg/mL 

Dispase to remove fibroblasts and cultures were combined after crisis to generate 

immortalized cell lines.  MT cells and p53ko cells were maintained in DMEM/F12 

medium (Mediatech Inc.#10-090) supplemented with 10% Benchmark FBS (Gemini 

#100-106), 1 μg ml  umulin® R U-100 (Lilly #0002-8215-01), 5ng/ml EGF (Peprotech 

AF-100-15), penicillin/streptomycin (Life Technologies #15070-063). GFP and GFP-

JNK2 constructs were stably expressed p53ko cells by using the GP2-293 cell retroviral 

packaging system (Clontech).  GP2-293 cells were plated on 10cm dishes at a density of 

800,000 cells.  After attaching, cells were transfected with 10ug total DNA (5ug construct 

plus 5ug VSV-G) using 20 uL of Lipofectamine 2000 Reagent (Life Technologies 

#11668) in DMEM without serum or antibiotics.  Media was replaced, after four hours of 

incubation, with target cell media and viral media was placed onto target cells at 48 hours 

and 72 hours post-transfection.  Cells were selected with 5ug/mL Puromycin and 

populations were assessed for construct expression.   

Luciferase assay 

MT+jnk2ko GFP and GFP-JNK2 cells were plated at 400,000 cells per 10cm dish and 

allowed to attach overnight.  Cells were transfected with 5ug total DNA of both 

luciferase constructs and CMV-Beta-galactosidase or CMV-Luciferase as positive 

control, using 10uL Lipofectamine 2000 Reagent. Cells were harvested using Reporter 

Lysis Buffer (Promega #E3971). Lysates, in quadruplicate, were exposed to Luciferase 
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Assay Reagent (Promega #E1483) or w-nitrophenyl-β-D-galactopyranoside (Fisher 

Scientific PI-34055) and read on a Synergy 4 Plate reader (BioTek). 

Chromatin Immunoprecipitation Assay 

20 million cells of each genotype, in 10cm cell culture dishes, were fixed at room 

temperature in 1% formaldehyde to facilitate cross-linking of protein-DNA complexes.  

Cross-linking reactions were stopped after 10 minutes with 125mM glycine (added 

directly to media) then cells were washed with ice cold 1X PBS three times before 

scraping into 1mL 1X PBS with protease inhibitor cocktail.  Cells were then centrifuged 

at 400xg for 5 minutes and supernate removed.  Cells were then lysed for 10min on ice in 

600uL 5mM Pipes (pH  . ),   m  KCl,  .   N -4  with protease inhibitor cocktail 

minus DTT.  Then cells were pelleted at      R   in microcentrifuge at 4 C.   upernate 

was removed and DC Protein Assay was performed on this liquid to normalize sample 

concentrations.  Then nuclei were lysed on ice in 200uL of 50mM Tris (pH 8.1), 10 mM 

EDTA, 1% SDS with protease inhibitor cocktail, while vortexing every 30 seconds at full 

speed for 10 minutes.  Then chromatin was sheared by bath sonication in an Episonic 

Bioprocessor (Epigentek), at Amplitude  6,   times for 2  seconds with 2  second rests 

on ice.   amples were then centrifuged in a microcentrifuge at 4 C and full speed for 1  

minutes.  Supernate containing chromatin fragments was removed diluted by adding 

450uL of 0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris (pH 8.1), 167 

mM NaCl with protease inhibitor cocktail. Samples were divided approximately into 

thirds (~200uL) in microcentrifuge tubes. One tube was frozen for use as input and 30uL 

of 50% protein A sepharose beads (Fisher Scientific #26159) that had been pre-cleared 
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with sonicated salmon sperm DNA (Amresco 309-566-6) was then added to the sonicated 

chromatin samples along with either 1:500 anti-mouse p53 antibody (Cell Signaling 

#2524) or 1:50,000 IgG (Calbiochem NI  ) were added.   amples were then rocked on a 

rotary nutator overnight at 4 C.   amples were then centrifuged at     R   in 

centrifuged for one minute, then washed with the following solutions plus protease 

inhibitor cocktail: 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris (pH 8.1), 

150mM NaCl, then 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris (pH 8.1), 

500mM NaCl then 0.25M LiCl, 1% NP-40, 1% deoxycholate, 1mM EDTA, 10mM Tris 

(pH 8.1) then twice with 1X TE Buffer (10mM Trist pH 8.1, 1mM EDTA pH 8.0).  

Samples were then eluted from beads by adding 2  u  1   D ,  .1 Na C   and 

incubating samples at 6  C for 4  minutes, with shaking.   amples were flicked every 1  

minutes during this incubation to resuspend bead/chromatin complexes.  Next, samples 

were centrifuged at full speed in a microcentrifuge for   minutes at 4 C and supernate 

with liberated chromatin was moved to a fresh tube.  Input samples were then thawed and 

cross-links of all samples were reversed by addition of 1uL 20mg/mL RNase A (Life 

Technologies 12 91-  9), 17. u  of    NaCl, and incubation at 6  C for five hours with 

shaking.  7  u  of 1    ethanol was then added and samples were precipitated 

overnight at -2  C.  DNA was then centrifuged at full speed in a microcentrifuge and 

supernate removed.  The resulting pellets were resuspended in 100uL of dH2O, 2uL 

0.5M EDTA, 4uL 1M Tris (pH 6.5), and 1uL 20mg/mL Proteinase K (Fisher Scientific 

#BP1700).  Then samples were incubated for 2 hours at 4  C.  After digestion, DNA was 

isolated using a DNEasy kit (Qiagen #69  4) according to manufacturer’s instructions 



 21 

with 50uL final elution volume.  2uL of final input samples and 15uL for 

immunoprecipitated samples were amplified by PCR using specific primers, listed in the 

appendix.  

Microarray Analysis 

Cell pellets were collected for p53ko cell lines and tumors (10 p53ko;jnk2ko and 4 

p53ko;jnk2wt), then lysed and processed using the RNEasy Kit (Qiagen #74104), to 

purify total RNA. RNA was sent to the Charles Perou Lab at the University of North 

Carolina at Chapel Hill, where probe labeling and hybridization was carried out by Adam 

Pfefferele, using Agilent custom 4X180K microarrays as previously described  (118). 

The microarray data was uploaded to the University of North Carolina Microarray 

Database (UMD)
 
(https://genome.unc.edu/pubsup/breastGEO/clinicalData.shtml) and to 

the Gene Expression Omnibus (GEO) under accession number GSE40226. Hierarchical 

clustering was performed using Gene Cluster 3.0
 
(119) and the data was viewed using 

Java Treeview version 1.1.5r2
  
(120). Statistically significant expression changes between 

tumor genotypes were determined using a 2-class unpaired significance analysis of 

microarray ( A ) analysis, with genes having a false discovery rate (FDR) ≤   

considered statistically significant.  

BrdU Assay 

600,000 cells were plated onto 10cm dishes then allowed to attach and recover for 23 

hours in full media (as described above).  Cells were then incubated with a 1mM BrdU 

solution (BD Biosciences BD Biosciences #550891) at a 1:100 dilution.  Cells were then 

harvested with trypsin-EDTA and quenched with full media, strained through a 40um 

https://genome.unc.edu/pubsup/breastGEO/clinicalData.shtml
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strainer, and then counted.  Live cells were next incubated with a CD24-PE-Cy7 antibody 

in cell staining buffer.  After washing, cells were incubated with 

fixation permeabili ation buffer (BD Biosciences #  4714) for    minutes at room 

temperature.  Cells were then washed with 1   B  and incubated with    ug m  in 1  

 B  for 1 hour at  7 C. Cells were then washed with 1   B  and resuspended in 1  

 erm  ash Buffer (BD Biosciences #  472 ) and BrdU-FITC antibody and incubated 1 

hour at 4 C.   Cells were then washed with 1   B  and resuspended in cell staining buffer 

and plated in triplicate in a 96-well plate for analysis by flow cytometer. 

Limiting Dilution Tumor Assay 

Cell lines were trypsinized and recovered in full media counted, before passing through a 

40um cell strainer and counting.  Serial dilutions of 10,000, 1,000, and 100 cells per 50uL 

of sterile filtered normal saline (Biochemika #07982).  50uL of cells were then injected 

of cells into #2 mammary glands of nude mice using a Hamilton syringe (Hamilton 

Company #7638-01).  Tumors were palpated thrice weekly.  To determine tumor 

initiating cell frequency, L-Calc v1.1 (Stemsoft Software) was used. 

Statistics 

Statistical analyses were performed using  rism  oftware (Graph ad).  tudent’s T-test 

was employed to determine significance of single variable data. Significant data from T-

test is indicated on figures as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001.  Significance for survival data was determined using Logrank test, where 

p<0.05 was considered significant.  2way ANOVA with Bonferroni Post-test was 
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employed to determine significance of multi-variable data.  Data was considered 

significant if p<0.05.  Error bars are shown as standard deviation.  
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Chapter 3 – JNK2 Inhibits Notch-Dependent Mammary Luminal Cell 

Differentiation 

 

 

 

3.1. JNK2 INHIBITS MAMMARY LUMINAL CELL DIFFERENTIATION IN VIVO 

 

To test if mammary cell differentiation is altered in the absence of JNK 

expression, seven week-old virgin mammary glands from Jnk2-null (jnk2ko)and wildtype 

(jnk2wt) female mice mammary glands were harvested, paraffin-embedded and examined 

for discrepancies in expression of myoepithelial (p63) and luminal markers (Cytokeratin 

8/18 and ER), p63 in histologic samples. This time point was used to ensure counting of 

only mature ducts in fully invaded fat pads of both genotypes. 

Analyses of lineage markers showed that jnk2ko ducts possess 35% fewer p63
+
 

myoepithelial cells than jnk2wt (Figure 3.1, p=0.0078), trend toward increased luminal 

cells by Cytokeratin 8/18 (Figure 3.2A), significantly higher proportion of ER
+
 luminal 

cells (Figure 3.3, p=0.011) staining.  In histology samples, the observation was also made 

that Cytokeratin 8/18 staining is more intense in jnk2ko ducts than jnk2wt.  To confirm 

this observation, mammary glands from both genotypes were harvested from seven week-

old virgin females.  Cells were then processed and digested with collagenase to yield 

mammary organoids, which consist of fat pad-free mammary epithelial cells with their 

underlying extracellular matrix and few stromal cells.  Organoids were then lysed for 

western blot to examine Cytokeratin 8/18 expression.  Western blot confirmed that higher 
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expression of Cytokeratin 8/18 is induced by loss of JNK2 expression in the mammary 

epithelium (Figure 3.2B). 

To better quantify the luminal and basal cell populations, individual cell CD49f 

and CD24 expression levels were measured using flow cytometry. For this assessment, 

mammary glands from jnk2ko and jnk2wt mice were dissociated to organoids and then 

trypsinized to create a single cell suspension.  Stromal cells, such as fibroblasts and 

immune cell populations were negatively selected using a lineage panel of antibodies.  As 

seen in the above experiments, jnk2ko glands contain a larger proportion of CD49f
Lo

 

CD24
+
 luminal cells (61%) as compared jnk2wt glands (36%, Figure 3.4, p<0.0001). A 

corresponding decrease in the CD49f
hi

 CD24
lo

 basal/myoepithelial cell population was 

also seen in jnk2ko mammary epithelial cell preparations (p<0.0001). 

3.2. INHIBITION OF LUMINAL POPULATIONS BY JNK2 IS CELL AUTONOMOUS 

 

Development and differentiation of the mammary gland is highly dependent upon 

the influence of hormones such as ER (see section 1.1).  The mice analyzed in the above 

experiments possess a systemic knockout of Jnk2, therefore there is a potential that the 

differentiation phenotype is caused by an alteration of the endocrine system.  In order to 

act within the mammary gland in a cell autonomous fashion, JNK2 must be expressed by 

mammary epithelial cells or cells of the stroma.  To determine the expression pattern of 

JNK2 in the mammary gland, adult glands were examined by immunofluorescence using 

an anti-JNK2 antibody.  This analysis shows that JNK2 is expressed in jnk2wt mammary 

glands and not in jnk2ko glands, throughout the mammary epithelium (Figure 3.5).  This 
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indicates that JNK2 is available and may act cell autonomously to prevent luminal cell 

differentiation. 

To further test if JNK2 affects differentiation and mammary growth independent 

of hormonal influence, mammary epithelial cells from both genotypes were isolated and 

cultured on  atrigel™ using defined growth media. This method has been shown to 

allow growth of single cells into spherical mammary 3-dimensional cultures that possess 

differentiative capability and recapitulate effects of gene targeting in vivo (25, 116).  

Cultures were allowed to grow and differentiate prior to analysis of cell populations.  

Consistent with observations that JNK2 inhibits luminal cell populations in vivo, the 

resulting jnk2ko cultures show fewer smooth muscle actin positive myoepithelial/basal 

cells and more Cytokeratin 8/18
+
 cells than jnk2wt controls (Figure 3.6). 

To determine the level of the mammary epithelial cell hierarchy is affected by 

JNK2, in vitro differentiation assays were performed.  Mammary glands from jnk2ko and 

jnk2wt mice were minced and sorted for mammary repopulating unit (stem cell enriched) 

and colony forming unit (progenitor enriched) populations, representing stem and 

progenitor fractions, respectively.  These were plated and allowed to grow and 

differentiate thus producing colonies of cells that define the particular lineage path that 

was taken by stem cells or revealing whether the progenitor was of bipotent, luminal, or 

basal lineage in the case of colony forming units.  Mixed-, luminal-only-, and basal-only 

colonies were produced from mammary repopulating- and colony forming units of both 

genotypes.  Mammary repopulating unit-enriched populations from jnk2ko were found to 

produce significantly more luminal colonies (Table 3.1, 2way ANOVA with Bonferroni 
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Post-test) and significantly fewer basal+mixed colonies, representing the sum of both 

basal groups.  There were no significant differences found in proportions of basal or 

mixed colonies.  Colony forming units-enriched populations from jnk2ko produced a 

lower proportion of basal-only colonies (Table 3.2, 2way ANOVA with Bonferroni Post-

test), but there were no other significant differences in luminal colony proportions.  These 

data further support that JNK2 promotes population of the mammary gland with the basal 

lineage while suppressing luminal populations.  Suppression of luminal lineage 

proportions appears to cause an effect at both stem and progenitor levels of the mammary 

hierarchy. 

3.3. JNK2 INHIBITS NOTCH-DEPENDENT LUMINAL CELL DIFFERENTIATION 

Lineage commitment and differentiation within the mammary gland is highly 

dependent upon the p63/Notch1 interaction (30).  When p63 expression is elevated, 

myoepithelial populations increase and when Notch1 expression increases, so do luminal 

cell populations. In jnk2ko mammary glands, luminal populations are increased as 

compared to jnk2wt controls.  The proportion of cells expressing p63 is also decreased by 

loss of JNK2.  Because, like Notch1, JNK2 appears to be important for regulation of 

luminal cell differentiation in both stem and progenitor levels of the mammary hierarchy, 

it was hypothesized that increased luminal populations in jnk2ko mammary glands are 

due to increased Notch activity.   

In order to become activated, transmembrane Notch receptors that are bound by 

their ligands must be cleaved at intracellular and extracellular domains (121).   The 
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intracellular cleavage event is mediated by Gamma Secretase, which allows the Notch 

intracellular domain (Notch
ICD

) to translocate into the nucleus to de-repress promoters of 

target genes, such as Hes1.  Highest levels of transcriptional activation are achieved by 

association with Mastermind-like proteins (122). 

To find if Notch signaling is increasing luminal differentiation in the jnk2ko 

model, were fixed and stained for fluorescence microscopy with cell lineage markers.  To 

determine if Notch signaling promotes proliferation and/or differentiation of jnk2ko 3-

dimensional cultures, primary mammary epithelial cells were seeded in  atrigel™ and 

treated with Gamma Secretase IX (GSI), an inhibitor of Notch receptor cleavage and 

activation.  GSI treatment trends toward increases in the proportion of p63
+
 myoepithelial 

cells in both jnk2wt and jnk2ko cultures compared to DMSO controls but only jnk2ko 

groups vary significantly (Figure 3.7, 2way ANOVA with Bonferroni Post-test). The 

proportion of p63
+
 cells is similar in jnk2ko and jnk2wt GSI treated cultures, which 

indicates that treatment has successfully eliminated effects of Notch signaling on 

differentiation.  Similar to results gained in assessment of Notch-dependent growth, the 

increase of myoepithelial cell proportion is greatest in jnk2ko cultures.  This indicates a 

greater dependence on Notch signaling for differentiation in these cells, as compared to 

jnk2wt. 

To evaluate the proportions of luminal cells that are affected by GSI treatment, 3-

dimensional cultures were stained with a Cytokeratin 8/18 antibody and positive cells 

were counted.  Consistent with the increase in myoepithelial cell proportion observed in 

the presence of GSI, proportions of jnk2ko luminal populations significantly decreased in 
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jnk2ko cultures (Figure 3.8, 2way ANOVA with Bonferroni Post-test).  No significant 

alteration in luminal cell populations was observed in jnk2wt cultures.   

These data were further confirmed using a Adenoviral introduction of a dominant 

negative Mastermind gene (AdMAM51) (112).  In this experiment, normal mammary 

epithelial cells were isolated from jnk2ko and jnk2wt glands and then infected with 

adenoviruses encoding GFP (AdGFP) or AdMAM51 to reduce Notch-dependent 

transcription.  RNA harvested from 3 dimensional cultures showed a reduction in 

expression of the Notch target gene, Hes1, in response to AdMAM51 expression (Figure 

3.9A, 2way ANOVA with Bonferroni Post-test).  This finding confirms efficacy of the 

AdMAM51 activity.  Similar to GSI treatment, infection of jnk2ko mammary cells with 

AdMAM51 significantly decreased the diameter of cultures (Figure 3.9B, 2way ANOVA 

with Bonferroni Post-test).  AdMAM51 treatment also significantly decreased luminal 

cell populations of jnk2ko cultures (2way ANOVA with Bonferroni Post-test) without 

significantly affecting populations in jnk2wt cultures (Figure 3.10).  Collectively, these 

data indicate that jnk2ko MECs are more sensitive to Notch signaling inhibition, and 

JNK2 regulates mammary epithelial cell differentiation through the Notch pathway. 

3.3. JNK2 INHIBITS NOTCH-DEPENDENT MAMMARY CELL GROWTH 

 

Other reports show that increased Notch signaling leads to increased acinar 

growth (24, 25). To see if this is true in the jnk2ko model, mammary cells were grown in 

3-dimensional culture in the presence of GSI, as above.  At nine days post-seeding, 

cultures were imaged and measured.  As expected, GSI treatment significantly decreases 
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the final diameter of jnk2wt and jnk2ko 3-dimensional cultures, relative to the vehicle 

controls (Figure 3.11, 2way ANOVA with Bonferroni Post-test). Treatment with GSI 

causes jnk2wt and jnk2ko cultures to become essentially equal in diametric size.  The fact 

that jnk2ko cultures show a larger reduction in diameter with GSI than jnk2wt implies that 

they are more reliant on Notch signaling.  This could potentially be caused by an increase 

in magnitude of Notch signaling within jnk2ko mammary epithelial cells. 

3.5. JNK2 INHIBITS NOTCH1 EXPRESSION AND CLEAVAGE IN VIVO 

The importance of Notch signaling in mammary epithelial cell differentiation is 

well known.  The fact that Notch activity is highest in the terminal end buds of pubertal 

mammary glands also supports a role for Notch during pubertal mammary development 

(30). Moreover, all Notch receptors are expressed in the developing mammary gland but 

it is Notch1 that is temporally and spatially expressed in a pattern that best facilitates the 

process of differentiation (25).  As mentioned previously, Notch1 efficiently promotes 

luminal cell populations over myoepithelial/basal populations—similar to the effect of 

jnk2ko.  Since 3-dimensional culture experiments demonstrate that Notch signaling drives 

luminal commitment, Notch activity was assessed throughout puberty by performing 

immunohistochemistry, using a Notch1
ICD

 antibody. Because highest levels of Notch 

signaling occur in the terminal end buds, analyses were divided between mature ductal 

regions and terminal end buds themselves.  No differences in Notch1
ICD

 expression are 

detected in mature ducts (Figure 3.12).  However, within the putative mammary stem cell 

niche of terminal end buds, the proportion of cells staining positive for Notch1
ICD

 is 
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higher in jnk2ko glands, compared to jnk2wt, throughout puberty (Figure 3.13, 2way 

ANOVA with Bonferroni Post-test). 

To validate that increased Notch1
ICD

 expression in jnk2ko pubertal glands results 

in higher Notch-dependent transcription, mammary organoids were isolated from jnk2ko 

and jnk2wt mammary glands and harvested to collect RNA.  The expression of Hes1 was 

measured using qPCR. This experiment revealed that jnk2ko organoids express 10.5 

times more Hes1 mRNA than jnk2wt, thus confirming increased Notch activity in the 

absence of JNK2 expression (Figure 3.14A, p=0.0093).  Further qPCR experiments 

revealed that Notch1 mRNA is also significantly elevated in jnk2ko organoids (Figure 

3.14B, p<0.0001), and western blotting of protein isolated from mammary organoids 

shows an increase in full-length Notch-1 protein as compared to jnk2wt (Figure 3.14C). 

3.6. DISCUSSION 

Our data are consistent for a role of JNK2 in negative regulation of Notch1-

dependent luminal cell differentiation.  However, the jnk2ko phenotype observed does 

not agree with all reports of increased Notch signaling in the mammary gland.  For 

example, mammary-specific overexpression of active Notch-1, -3, or -4 leads to 

tumorigenesis through overgrowth of luminal progenitors (123, 124).  Many generations 

of jnk2ko mice have been observed and these mice to not show a propensity to develop 

mammary tumors, in spite of the increased luminal populations observed in the above 

experiments.  This is likely due to disparate levels of Notch signaling in the jnk2ko and 

Notch receptor overexpression models.  A recent study examining the effect of Notch1
ICD
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expression in 3-dimensional cultures revealed a dose-dependent mammary growth 

phenotype (125).  The highest levels of Notch1
ICD

 expression are associated with small 

and abortive cultures that were not seen in our experiments.  The jnk2ko 3-dimensional 

culture phenotype is more reminiscent of large, hyper-proliferative cultures that were 

associated with lower Notch1
ICD 

overexpression.  This level of expression may be more 

physiologically relevant and give a more appropriate picture of the role of Notch in 

mammary development.  

Spatio-temporal localization of Notch1
ICD

 is also of critical importance in 

differentiation of mammary epithelial cells.  Reports show that highest Notch1 expression 

in the mammary gland is during puberty with the most intense activity in terminal end 

buds (30).  Because terminal end buds are the site of mammary stem cells, they are an 

ideal structure for differentiation to begin.  Consistent with this, highest levels of 

Notch1
ICD

 expression is localized to the terminal end buds in jnk2ko mice.  Because of 

the biphasic nature of Notch1-dependent luminal commitment, in promotion of stem cell 

differentiation and at the level of progenitor expansion, further experiments into the 

precise steps affected by JNK2 may be warranted.  Although mammary repopulating unit 

populations were not validated by in vivo transplantation experiments, they agree with 

our differentiation data and show that this enriched population results in the production of 

luminal cells at a higher frequency in jnk2ko as compared to jnk2wt mammary glands.  

Colony forming unit results also support our in vivo differentiation results, but in an 

unexpected way. Here, equal numbers of luminal colonies and fewer basal colonies were 

seen in jnk2ko preparations.  The remaining colonies were of mixed lineage, supposedly 
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bipotent progenitor enriched.  Jnk2ko cultures had significantly more of these mixed 

colonies and presumably, a higher proportion of luminal cells as a result.  The presence 

of JNK2 protein in all cell types of the mammary epithelium and the role of Notch1 in 

both stem cell- and progenitor differentiation processes support JNK2 regulates both 

levels of the mammary hierarchy as well.  

JNK-Notch interactions have been studied in a variety of tissues with unique 

results depending upon the system.  The results point to a dichotomous relationship 

wherein JNKs regulate Notch signaling differentially depending upon whether or not it 

has been activated by an external stimulus.  For example, treatment of mice by 

intraperitoneal injection of JNK inhibitor induces cleavage of the Notch-1 receptor in 

normal brain tissues (126).  Similarly inhibition of JNK in macrophage cell lines induces 

increased Notch signaling by upregulating Jagged-1 (127).   Conversely, treatment of 

HEK293 cells with various cytokines induces Notch1 cleavage and requires JNK (128).  

In this system, JNK activity was induced by the cytokines.  In Kaposi’s sarcoma 

endothelial cells, JNK is induced by contact inhibition to promote Hes1 transcription, 

independent of Notch receptor activation (129).  Notch also reciprocally regulates JNK 

activity in HEK293 cells by preventing UV-induced activation of JNK1 and JNK3 by 

binding to and inhibiting the scaffold activity of JIP-1 (130).  This prevents JNK-induced 

apoptosis.  Our model required no external input of stimulus and seems to be in 

agreement with reports that basally active JNKs inhibit Notch signaling.  

Our model indicates that the highest level of regulation over the Notch pathway, 

by JNK2, is in transcription of the Notch1 gene.  A recent report in keratinocytes has 
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suggested a potential mechanism for this interaction.  This showed that MAPK signaling 

negatively regulates expression of Trp53 mRNA through AP-1 (131).  In this report, 

EGF-induced ERK signaling was the regulating MAPK, but JNKs have been cemented as 

key regulators of AP-1 and they are, themselves, activated in response to EGF.  This may 

be a potential mechanism, but in light of the previous paragraph may present mixed 

results because active JNKs seem to promote Notch1 activity. 
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Chapter 4 – JNK2 Inhibits Luminal Differentiation and Notch signaling 

in the Polyoma Virus Middle T Antigen (MT) Model 

 

 

 

4.1. JNK2 INHIBITS LUMINAL CELL DIFFERENTIATION IN MT TUMORS 

In order to characterize the signaling involved in JNK2-dependent inhibition of 

Notch1 mRNA expression, cell lines and tumors that were developed while studying the 

MT model of mammary tumorigenesis were utilized (3, 6).  Because normal mammary 

and tumor differentiation are controlled by similar mechanisms, it was hypothesized that 

JNK2 inhibits luminal lineage commitment in MT tumors through inhibition of Notch 

signaling.  To test this hypothesis, tumors from MT
+
 jnk2ko and MT

+
 jnk2wt mice were 

sectioned and immunostained with p63 or Cytokeratin 8/18 antibodies to identify 

basal/myoepithelial and luminal cells, respectively.  Results show that a high proportion 

of tumor cells do not express either p63 or Cytokeratin 8/18, an indication that these 

tumors became less differentiated as they developed—a characteristic that is typical of 

advanced tumors.  Of cells that did show positive staining, MT
+
 jnk2ko tumors have a 

significantly smaller proportion of cells with nuclear p63
 
staining (Figure 4.1, p=0.0079) 

and a greater proportion of Cytokeratin 8/18
+
 cells than MT

+
 jnk2wt tumors (Figure 4.2, 

p=0.0411 Mann Whitney test). These results suggest that, akin to the normal mammary 

gland, JNK2 promotes basal lineage commitment while suppressing the luminal lineage 

in MT tumors. 
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4.2. JNK2 INHIBITS EGF-DEPENDENT NOTCH SIGNALING IN MT TUMORS AND CELLS  

Next, MT tumors sections were immunostained for Notch1
ICD

 to address the 

hypothesis that Notch signaling is suppressed by JNK2 in MT tumors.  This analysis 

reveals that while MT
+
 jnk2wt tumors are virtually Notch1

ICD
 negative, MT

+
 jnk2ko 

tumors express the cleaved Notch1 receptor in nearly all cells (Figure 4.3).  Additionally, 

qPCR shows that Notch1 mRNA expression is four times higher in MT
+
 jnk2ko tumors as 

compared to MT
+
 jnk2wt tumors (Figure 4.4, p=0.0101).  This assessment verifies that 

Notch signaling is inhibited by JNK2 in cells of MT tumors, similar to normal mammary 

epithelial cells.   

Further exploration of the mechanism by which JNK2 inhibits Notch1 mRNA 

expression and activity was performed using an MT
+
 jnk2ko cell line that was previously 

generated (3).  This cell line is modified to express a GFP-JNK2 fusion protein or GFP 

control.  RNA was isolated from confluent cells in culture and assessed by qPCR.  

Consistent with results found in normal glands and MT tumors, GFP-JNK2 expression 

suppresses Notch1 by 42% (Figure 4.5A, p=0.0005).  Western blotting confirmed that 

GFP-JNK2 expression suppresses full-length Notch1 receptor at the protein level in MT 

cells (Figure 4.5B). Additionally, there is a trend toward reduction of Hes1 mRNA in 

GFP-JNK2 cells (Figure 4.5C). These results show that expression of and signaling 

through Notch1 is inhibited by JNK2 expression in MT cells. 

Previous work in keratinocytes showed that MAPK signaling inhibits Notch1 

mRNA expression through transcriptional repression of Trp53, the gene encoding p53 

(131).  These experiments show that MEK-1 and ERK suppress Notch1 expression in 
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response to EGF-mediated activation.  Although the authors did not observe any effects 

after JNK inhibition, this may have been a tissue specific interaction.  Because JNKs 

have been shown to become activated in response to EGF in breast cancer cells (61), I 

hypothesized that JNK2 inhibits Notch1 expression through suppression of Trp53 

transcription.  To test this hypothesis, expression levels of Trp53 mRNA in MT cells 

were examined.  RT-PCR showed that GFP-JNK2 inhibits Trp53 expression (Figure 

4.6A).  To verify that this also occurs in normal mammary glands, organoid mRNA was 

assessed by qPCR for Trp53 expression.  This showed that jnk2ko mammary glands 

express nearly three times more Trp53 mRNA than jnk2wt glands (Figure 4.6B, 

p=0.0004). 

To determine if suppression of p53 by JNK2 is through EGF signaling, MT cells 

were treated with 50ng/mL EGF and harvested for mRNA.  In this experiment, qPCR 

was performed to examine expression levels of Trp53 and Notch1.  Expression of 

Cyclind1 was also assessed as a positive control for EGF-dependent transcription (132).  

As expected, EGF treatment significantly increased expression of Cyclind1 in both MT
+
 

GFP-JNK2 and MT
+
 GFP cells against serum free media controls (Figure 4.7A, 2way 

ANOVA with Bonferroni Post-test), thus showing that EGF treatment is successfully 

inducing EGFR activity.  EGF treatment did not significantly affect expression of either 

Notch1 or Trp53 in MT+ GFP-JNK2 cells, but instead induced 2.11 times more 

expression of Trp53 and 30.6 times more Notch1 in MT
+
 GFP cells (Figure 4.7B and C, 

2way ANOVA with Bonferroni Post-test).  Serum free media controls were not 
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significantly different from each other.  These data show that JNK2 suppresses EGF-

dependent promotion of Trp53 and Notch1 mRNA expression. 

4.3. JNK2 INHIBITS EGF-DEPENDENT ACTIVATION OF NOTCH1 PROMOTER ACTIVITY 

THROUGH P53 RESPONSE ELEMENTS 

 

To assess whether JNK2-dependent inhibitions of Trp53 and Notch1 expression 

are related, notch1 promoter assays were performed.  The notch1 promoter contains two 

p53 response elements that are bound by p53 to potentiate its transcription (113). Because 

MT tumors and cell lines express wildtype p53 (3), I hypothesized that p53 binds to the 

promoter of notch1 in MT cells in a manner that is suppressed by JNK2 expression. This 

mechanism was explored by transfecting MT
+
 GFP and MT

+
 GFP-JNK2 with Notch1 

promoter constructs driving expression of luciferase. These plasmids were previously 

designed and assessed for activity (113).  Three constructs were transfected into cells, 

individually:  full-length Notch-1 promoter (N1PR), Notch-1 promoter with mutated p53 

response elements (N1PRmut), or a control promoterless construct (N1PRless). As 

expected, MT
+
 GFP cells have higher Notch1 promoter activity than MT

+
 GFP-JNK2 

cells (Figure 4.8A, 2way ANOVA with Bonferroni Post-test).  This higher expression 

was significantly decreased to MT
+
 GFP-JNK2 levels in cells transfected with N1PRmut.  

Promoter activity in MT
+
 GFP cells was not affected by mutation of the p53 response 

elements, indicating that these are not important in promotion of Notch1 in these cells.  

These data support that JNK2 inhibition of Notch1 requires the p53 response elements 

within its promoter. 
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  Next, the effect of EGF treatment on Notch1 promoter activity was assessed.  

Similar to data gained in the qPCR experiment above, EGF-stimulated N1PR activity was 

suppressed by expression of GFP-JNK2 (Figure 4.8B, 2way ANOVA with Bonferroni 

Post-test).  Additionally, EGF-stimulated N1PR activity was abolished by mutation of 

p53 response elements in the Notch1 promoter in MT
+
 GFP cells.  Surprisingly however, 

was the finding that mutation of p53 response elements in serum free media caused 

significant increases in Notch1 promoter activity in both MT
+
 GFP-JNK2 and MT

+
 GFP 

cells.  These data suggest that the Notch1 promoter is both positively and negatively 

regulated through its p53 response elements.  Negative regulation appears to be EGF and 

JNK2-dependent, but positive regulation is JNK2-independent. 

 To determine if decreased expression of Trp53 mRNA in MT
+
 GFP-JNK2 cells 

also leads to decreased binding of p53 to the Notch1 promoter, chromatin 

immunoprecipitation was performed.  Primers were designed using the sequence of the 

Notch1 promoter and aligned around the p53 response elements.  As a positive control for 

p53 binding, primers were also designed around p53 response elements of the Cdkn1a 

(the gene encoding the cyclin-dependent kinase inhibitor, p21) promoter and the 

glyceraldehyde phosphate dehydrogenase (Gapdh) promoter was used as negative 

control.  Chromatin was purified from MT
+
 GFP and MT

+
 GFP-JNK2 cell lysates and 

Chromatin immunoprecipitation was performed using an anti-p53 antibody or IgG 

control.  Input controls show similar loading of MT
+
 GFP and MT

+
 GFP-JNK2 samples 

and IgG antibody control shows no amplification, as expected (Figure 4.9).  

Amplification with Cdkn1a promoter positive control primers shows that p53 was 
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successfully immunoprecipitated and that GFP-JNK2 inhibits binding of p53 to the 

Cdkn1a promoter.  Notch1 promoter primers show that p53 binds to the Notch1 promoter 

at a greater frequency in MT
+
 GFP cells than MT

+
 GFP-JNK2 cells, thus demonstrating 

that JNK2 inhibits binding of p53 to the Notch1 promoter.  Experiments above suggest 

that decreases in binding of p53 to the Notch1 promoter, in the presence of GFP-JNK2, 

are caused by inhibition of transcription of p53 mRNA. 

4.4. DISCUSSION 

Data presented in this chapter support that JNK2-dependent differentiation 

mechanisms that are present in the normal mammary gland are also present in tumors.  

Specifically, these data show that JNK2 inhibits luminal populations in the MT model. 

Our results were limited by the overall lack of differentiation in archived tumors, 

presumably because of the advanced size and subsequent dedifferentiation.  However, a 

sufficient proportion of cells maintained expression of Cytokeratin 8/18 and p63 to 

produce a meaningful result that mirrors the effects of JNK2 in normal mammary tissue. 

In other mouse models, overexpression of Notch1
ICD

 has been shown to cause the 

generation of tumors due to a build-up of luminal progenitor cells.  Given the decreased 

tumor latency phenotype observed (3) and preponderance of Notch1
ICD

 positive cells in 

MT
+
 jnk2ko tumors, it is reasonable to hypothesize that Notch signaling plays a role in 

increasing the susceptibility to tumorigenesis in this model.  This may be a direct effect, 

such as increasing the proliferative capacity of cells or an indirect effect, through 

modulation of the differentiation programme.  A larger luminal population in jnk2ko 
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glands may enhance tumor susceptibility when confronted with oncogenic stimuli, as 

luminal cells are the target for tumorigenesis in the MT model.  This could lead to both 

the decreased tumor latency and increased multiplicity phenotypes of MT
+
 jnk2ko mice.  

Our results show that Trp53 mRNA is upregulated by jnk2ko in both normal 

mammary and MT tumor cell models.  This contrasts with a recent result that MKK7 

ablation in Kras induced lung tumors and NeuT oncogene induced tumors causes 

destabilization and degradation of p53 (133).  The results in this report were corroborated 

using jnk1+/- jnk2ko mice, but jnk2ko alone had no effect on p53 protein expression.  The 

oncogenic stimuli used in these experiments are unique from ours and it is worth noting 

that MT expression is silenced in our MT
+
 cell lines due to methylation (unpublished 

data).  This means that our signaling mechanism exists in the absence and presence of 

oncogenic activation, thus showing that the JNK2/Notch1 interaction is the result of basal 

JNK activity.   

The question of whether p53 is the protein mediating Notch1 upregulation in the 

absence of jnk2 expression has not been answered by these experiments completely.  We 

have shown conclusively that the p53 response elements within the Notch1 promoter are 

essential for upregulation and that p53 binding is increased to the promoter.  However, 

p63 is also able to bind to the p53 response elements (113) and is known to counteract 

Notch1 expression (30).  Because p63 expression is decreased by jnk2ko in both the 

normal and MT models, there remains the potential that Trp63 expression may be 

promoted by JNK2 and the absence of JNK2 decreases its expression thus allowing 

Notch1 expression to rise.  
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Chapter 5 – JNK2 Inhibits ER
+
 Luminal Cell Differentiation Through 

Promotion of EMT in a Trp53-null Model 

 

 

 

5.1.  JNK2 PROMOTES PROLIFERATION OF TRP53-NULL TUMORS 

In order to test the hypothesis that JNK2 inhibits Notch-dependent luminal cell 

differentiation through the inhibition of Trp53 transcription, the Trp53-null model was 

used.  Mice harboring p53ko mutations have a propensity toward development of 

lymphoma and sarcoma but few develop mammary tumors (110, 134, 135).  To 

circumvent the lethality caused by tumors of other types, p53ko mammary glands were 

isolated from sexually mature p53ko females and transplanted into fat pads of 3 week-old 

wildtype virgin female mice. Tumors generated by p53ko transplants have been shown to 

differentiate into most of the tumor subtypes, so this an ideal model for assessing JNK2-

dependent lineage regulation (53). 

Jnk2wt and jnk2ko mice were crossed with p53ko mice to obtain p53ko;jnk2ko 

mammary glands for transplantation. Similar to data recently reported comparing 

p53ko;jnk2wt and p53ko;jnk2ko systemic mutant mice (5), no significant difference in 

tumor latency was noted (Figure 5.1).  However, p53ko;jnk2ko tumors grow significantly 

faster than p53ko;jnk2wt tumors (Figure 5.2A, p<0.0003, Logrank Test). Histology 

confirms that increased tumor growth is due to elevated proliferation rate, as 

p53ko;jnk2ko tumors exhibit 2.9 times more Ki-67 positive cells compared to 
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p53ko;jnk2wt (Figure 5.2B, p=0.0159).  Microarray analysis found that expression of 

Prediction Analysis of Microarray (PAM)50 Proliferation genes (136) is higher in the 

p53ko;jnk2ko tumors, which further supports that JNK2 inhibits p53ko tumor 

proliferation (Figure 5.2C, p=0.0101).  These data indicate that while JNK2 does not 

have a role in promoting or suppressing tumorigenesis, it is important for suppressing 

tumor growth in later stages of tumor progression. 

5.2.  JNK2-DEPENDENT INHIBITION OF NOTCH SIGNALING REQUIRES P53 

As is characteristic of the p53 null transplant model, gene expression is quite 

heterogeneous among tumors generated.  Because JNK2 inhibits notch1 expression in 

normal mammary glands and MT tumors that express wildtype p53, it was hypothesized 

that notch1 expression would not be suppressed in the absence of p53.  Analysis by qPCR 

shows that expression of Notch1 is highly variable in p53ko tumors and does not 

significantly differ between tumor genotypes (Figure 5.3A).  Microarray analysis also 

failed to detect significant differences in Notch1 expression (1.1-fold increase, FDR 54%, 

data not shown). This demonstrates that JNK2 no longer suppresses expression of Notch1 

in Trp53-null tumors. 

To look at JNK2/Notch1 interactions in a system with lower variability, a primary 

cell line was generated from one of the p53ko;jnk2ko tumors. As with the MT cell lines, 

GFP-JNK2 or GFP alone were stably expressed using lentiviral infection and selected for 

highest the expressing clone. As with MT tumor cells, p53ko;jnk2wt and p53ko;jnk2ko 

cells were transfected with either N1PR, N1PRp53mut, or N1PRless and CMV-beta 
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galactosidase control plasmid. As seen in tumors, Notch1 promoter activity is not affected 

by expression of GFP-JNK2 (Figure 5.3B).  These data further support that inhibition of 

p53 is necessary for JNK2 to reduce Notch1 transcription. 

5.3. JNK2 INHIBITS LUMINAL CELL DIFFERENTIATION OF P53 NULL TUMORS 

Since Notch1 expression is not inhibited by JNK2 in the absence of p53, it was 

hypothesized that tumor histology does not differ between p53ko;jnk2ko and 

p53ko;jnk2wt tumors.  To assess if luminal lineages are altered by JNK2 expression in 

these tumors, sections were immunostained with a Cytokeratin 8/18 antibody.  As with 

MT tumors, a large proportion of cells within tumors are negative for this marker. 

Surprisingly, the proportion of Cytokeratin 8/18
+
 cells is significantly elevated in 

p53ko;jnk2ko tumors as compared to p53ko;jnk2wt (Figure 5.4A, p=0.0159).  This is 

similar to our findings in normal mammary glands and MT tumors.  

To confirm that luminal cell populations are elevated in p53ko;jnk2ko tumors, 

lineage markers were assessed by qPCR.  This approach revealed that loss of jnk2 causes 

a trend toward down-regulation of basal related genes (Trp63 and Krt14) and significant 

up-regulation of the luminal marker, Brca1 (Figure 5.4B, p=0.05).  Expression of Brca1 

differed most strongly between the two genotypes and was also noted by tumor 

microarray (BRCA1 elevated 2.16-fold, 4.38% FDR) along with alterations in the 

ATM/BRCA1 pathway using Gene Set Enrichment Analysis (GSEA) (Figure 5.5).  

These data suggest that even in the absence of p53/Notch1 interactions, loss of JNK2 

increases luminal populations. 
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Further exploration of the mechanism behind JNK2-dependent differentiation in 

the absence of p53, the p53ko;jnk2ko cell line with GFP or GFP-JNK2 expression was 

used.  RNA was isolated from cell lines and assessed for expression of Trp63, Krt14, and 

Brca1.  Similar to tumors, GFP cells trend toward expression of lower levels of Krt14 

and Trp63, as well as significantly increased expression of Brca1 (Figure 5.6A, 

p=0.0205).  To confirm that BRCA1 transcription is inhibited by JNK2, p53ko;jnk2ko 

GFP and GFP-JNK2 cells were transfected with either a brca1 promoter plasmid 

(BRCA1 PR) driving expression of luciferase or PRless control plasmid. Again, this 

revealed that GFP-JNK2 reduces Brca1 promoter activity compared to the GFP control 

(Figure 5.6B, 2way ANOVA with Bonferroni Post-test).   To assess the role of p53 in this 

process, Brca1 expression was examined by qPCR in MT tumors.  This revealed no 

significant difference in expression (Figure 5.7), further suggesting that Brca1 is a JNK2 

target in the absence of p53 expression.  These data show that JNK2 inhibits luminal 

lineage commitment independent of p53/Notch1 interactions. 

5.4.  BRCA1 EXPRESSION AND EMT GENE SIGNATURE ARE ANTI-CORRELATED 

To explore potential mechanisms that contribute to the suppression of luminal 

characteristics by JNK2, human breast tumor datasets were consulted.  Given the 

established role of BRCA1 in the luminal differentiation, the correlation between 

Brca1mRNA expression and a stem/EMT signature was examined in human datasets.  

For this analysis, the average value of a set of genes that increase in expression during 

EMT was calculated for each individual tumor in the datasets and then tumors were 
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ranked by expression level (137).   ach tumor’s specific expression level of Brca1 

expression was then plotted against these values to see the correlation between EMT and 

Brca1.  Figures 5.8A and B show that there is a significant anti-correlation between 

Brca1 and EMT in both the UNC308 (Pearson correlation -0.215, p=0.000147) and 

COMBINED855 (Pearson correlation -0.246, p=2.75e
-17

) human datasets.  To verify that 

this same relationship occurs in our mouse tumors, this comparison was again made using 

microarray data from both p53ko;jnk2ko and p53ko;jnk2ko transplanted mice.  The same 

trend was observed, although not significantly due to low numbers of tumors assessed 

(Figure 5.8C, Pearson correlation -0.444). These data are consistent with the role of 

BRCA1 in later stages of mammary cell differentiation and suggest the potential that 

EMT genes and BRCA1 antagonize the transcription of each other. 

5.5. JNK2 PROMOTES EMT AND TUMOR INITIATING POPULATIONS 

It was next hypothesized that if EMT and Brca1 have opposing functions, JNK2 

must promote EMT.  To test this hypothesis, mRNA expression differences of select 

EMT/stem-related genes were then assessed by qPCR in Trp53-null tumors and cell lines.  

In these experiments, p53ko;jnk2ko tumors show trends toward lower expression of 

Twist1, Snai1, and Klf4 and significantly downregulated Zeb1 (p=0.0105) and Snai2 

(Figure 5.9A, p=0.0336). Expression of Cdh1 (the gene transcribing e-cadherin) was 

significantly elevated in p53ko;jnk2ko tumors (p=0.0268). Comparison of p53ko;jnk2ko 

GFP and GFP-JNK2 cell lines further support that JNK2 promotes EMT.  This 
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experiment showed that expression of Zeb1 is significantly decreased by GFP-JNK2 

expression (p=0.0315), however remaining genes appear unchanged (Figure 5.9B).  

More comprehensive analysis of EMT-related genes was carried out with 

microarray-based comparison of the GFP and GFP-JNK2 cell lines.  This analysis 

identified several other EMT-related gene targets (Figure 5.10A) that were validated by 

western blot (Figure 5.10B).  GFP-JNK2 promotes higher expression of Zeb1, Six1, 

Lef1, Vimentin, and MMP9. Notably, although full length e-cadherin protein and its 

cleavage products are present in both GFP and GFP-JNK2 cells, it is less abundant in 

GFP-JNK2 cells.  These data show that JNK2 promotes expression of genes that are 

associated with EMT. 

The presence of e-cadherin in both cell lines necessitated that the expression 

pattern be visualized in cells by immunofluorescence to see if it is homogeneous or 

segregated into discrete populations.  This experiment showed that two distinct 

populations exist within the GFP-JNK2 expressing cell line:  one that expresses e-

cadherin and one that does not (Figure 5.11A).  Similarly, two populations can be 

discerned when analyzing Vimentin expression (Figure 5.11B).  Bright field microscopy 

also revealed that GFP-JNK2 cells in culture grow as foci, thus demonstrating they are 

less prone contact inhibition than GFP cells—further supporting that an EMT population 

exists in the GFP-JNK2 cell line (Figure 5.12).   

E-cadherin and Vimentin expression appear to discriminate between two separate 

populations in GFP-JNK2 cells, but immunocytochemistry could not confirm this 

because the primary antibodies were raised in the same species. To test the possibility 
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that two distinct populations exist in GFP-JNK2 cells, CD24 and CD49f expression 

levels were measured. CD24
-/Lo

 and CD49f+ populations have been identified by many as 

a mesenchymal population in mouse mammary tumor models (138, 139).  CD49f 

positivity does not differ between GFP and GFP-JNK2 cells, whereas CD24 expression is 

markedly different. GFP cells are almost exclusively CD49f
+
/CD24

+
 (98%) whereas 

GFP-JNK2 cells contain a CD49f
+
/CD24

+
 (21%) population and a significant 

CD49f
+
/CD24

-
 (77%) population (Figure 5.13).  The CD49f

+
/CD24

-
 population is 

significantly larger in GFP-JNK2 cells than in GFP cells (2way ANOVA with Bonferroni 

Post-test). To find if the two populations are generated due to differential expression of 

GFP-JNK2, flow cytometry was performed comparing GFP levels to CD24 expression.  

When cells are gated for medium and high GFP intensity, high GFP-JNK2 expression is 

associated with CD24
-
 cells (Figure 5.14).  These data show that high expression of JNK2 

leads to induction of EMT and a putative tumor initiating cell population in Trp53-null 

cells. 

We next wished to verify that the CD24
+
 population is less mesenchymal than the 

CD24
-
 population.  To accomplish this, GFP-JNK2 cells were sorted on the basis of 

CD24 positivity and then each population was lysed for RNA isolation.  The same gene 

panel as above was used in this analysis.  We found that the CD24
+
 population has lower 

expression  of markers Mesenchymal cells, Twist1 (p=0.0484), Klf4 (p=0.0439), and 

Snai2 (p=0.0233) and higher levels of markers of differentiation—Brca1 (p=0.05 Mann 

Whitney test), Krt14 (p=0.0018, Mann-Whitney test) and Cdh1 (Figure 5.15A, p=0.0131, 

Mann-Whitney test). We also assessed expression of Gata-3, a transcription factor that 
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promotes luminal cell commitment (35), using RT-PCR. Like other markers of 

differentiation, its expression is higher in the CD24
+
 population (Figure 5.15B). This data 

show that the CD24+ population consists of cells with both luminal and basal 

characteristics, but low expression of EMT genes.  This population is thus more 

differentiated than the EMT-rich CD24
-
 population with low expression of luminal and 

basal genes.  Because GFP-JNK2 expression is highest in the CD24- population, this data 

also shows that JNK2 antagonizes differentiation by inducing EMT in the absence of p53. 

5.6.  JNK2 PROMOTES METASTASIS AND TUMOR INITIATING CELL POPULATIONS 

EMT promotes tumor initiating cell populations that are comparatively less 

differentiated than other non-EMT populations (140).  Because GFP-JNK2 expression 

promotes an EMT populations, I hypothesized that it might also enrich the p53ko;jnk2ko 

cells in tumor initiating cells.  To test this hypothesis, limiting dilutions of GFP and GFP-

JNK2 cells were made and delivered to nude mice.  The dilutions selected were 10,000-, 

1,000-, and 100 cells per mouse.  All mice from both genotypes produced palpable 

tumors at the 10,000 cell dilution (Table 5.1).  Only one of four mice injected with GFP-

JNK2 cells produced a palpable tumor while no GFP cell injected mice produced tumors 

at this dilution.  No mice injected with either genotype of cell line produced palpable 

tumors at the 100 cell dilution.  No metastases were produced from palpable tumors of 

GFP cell injected mice, but two metastases were detected by GFP fluorescence in GFP-

JNK2 injected mice. 
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After six months, many mice from each genotype had not produced palpable 

tumors.  To assess the potential that injected cells were still viable and had produced non-

palpable tumors, mice were harvested and examined with fluorescence microscopy 

(Table 5.2).  No additional tumors were detected in GFP cell injected mice, but one 

contra-lateral gland metastasis was seen at 100 cell dilution without a primary tumor.  

Five more tumors were found in GFP-JNK2 injected mice, with one at 1000 cell dilution 

and four at 100 cell dilutions.  One contralateral gland metastasis was seen in each of the 

1000 and 100 cell dilution groups.  Additionally, ascites developed in one of the 1000 

cell injected GFP-JNK2 group.  This was detected in the absence of a primary tumor. 

Data from this experiment were used to calculate tumor initiating cell frequency 

using calculation software (Table 5.3).  This showed that the GFP cell line has an average 

of 1 tumor initiating cell in 5,116 cells.  This is considerably lower than the GFP-JNK2 

cell line, where tumor initiating cells were found at a frequency of 1 in 569 cells 

(p=0.0305, Pearson’s Chi-squared Test).  This experiment shows that GFP-JNK2 

expression not only promotes tumor initiating cell populations, but also metastasis.  As 

previously shown by other groups, these two characteristics are likely a result of the role 

of JNK2 in promotion of EMT. 

5.7. BRCA1 ANTAGONIZES JNK2-DEPENDENT TUMOR INITIIATING CELL 

POPULATIONS 

 

To directly assess the potential that BRCA1 and EMT antagonize each other, 

p53ko;jnk2ko cells were co-infected with either GFP-JNK2 and BRCA1 viruses or 
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transiently transfected with GFP and Zeb1.  Zeb1 and BRCA1 were chosen because they 

are the genes that are most consistently affected by JNK2 expression and BRCA1 was 

shown to antagonize EMT in silico (see section 5.4).  Cells were selected and then 

analyzed by flow cytometry for variable expression of CD24 and CD49f against GFP-

JNK2 alone cells.  It was hypothesized that ZEB1 expression would increase the CD24
-
 

population of GFP cells while BRCA1 expression would decrease the CD24
-
 population 

of GFP-JNK2 cells.  We found, remarkably, that expression of BRCA1 in GFP-JNK2 

cells is sufficient to lower the CD24
-
 population from 77% to <1% (Figure 5.16, 

p<0.0001).  ZEB1 expression decreased the magnitude of CD24 positivity in GFP cells 

but did not significantly affect the proportion of CD24- cells. This may be due to the 

transient nature of the ZEB1 expression and insufficient selection as a result.  This 

experiment shows that BRCA1 is sufficient to suppress JNK2-dependent EMT 

populations and suggests that it may be a major target of downregulation by JNK2 to 

bring about this phenotype. 

To see if EMT is affected by JNK2 expression in the absence of Brca1 expression 

changes, MT tumor RNA from MT
+
 jnk2wt and MT

+
 jnk2ko mice was analyzed for 

expression of select EMT markers by qPCR.  No significant differences in Cdh1, Snai1, 

Snai2, or Klf4 were seen by this analysis (Figure 5.17A-D).  These data support that p53 

inhibits promotion of EMT populations by JNK2. 

5.8. JNK2 INHIBITS ER-DEPENDENT GROWTH OF TRP53-NULL CELLS 
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As with p53ko tumors, proliferation is inhibited by expression of GFP-JNK2 in 

p53ko;jnk2ko cells (Figure 5.18A, 2way ANOVA with Bonferroni Post-test).  These 

findings are consistent with the properties EMT/tumor initiating cell populations that are 

induced by JNK2.  To examine if the JNK2-dependent effects on proliferation are 

secondary to its ability to induce EMT, cells were pulse labeled with BrdU for 24 or 48 

hours and sorted into CD24
-
 and CD24

+
 populations.  Results were similar for both time 

points.  In both GFP and GFP-JNK2 samples, the CD24
+
 population constitutes a higher 

fraction of BrdU
+
 cells than the CD24

-
 population (Figure 5.18B, 2way ANOVA with 

Bonferroni Post-test).  Moreover, both the CD24
+
 and CD24

-
 GFP-JNK2 cells 

incorporate less BrdU compared to GFP cells, indicating that JNK2 slows proliferation in 

both an EMT-dependent and -independent fashion. 

In rationalizing why the CD24
+
 population displays a higher proliferation rate in 

spite of showing evidence of more luminal differentiation, it was suspected that ER could 

modulate this response, especially given its elevated expression in GFP cells (Figure 

5.19A).  GFP cells also express higher levels of the ER target gene, PR, as compared to 

GFP-JNK2. As in human tumors, co-expression of ER and PR in GFP cells potentially 

indicates ER-responsiveness in these cells.  To validate this functional importance of ER, 

cells were cultured in 5% charcoal stripped serum and exposed to estradiol (E2) or 

E2+fulvestrant, a drug that degrades ER protein. After 24 hours of treatment, ER protein 

is notably reduced in GFP cells treated with E2+fulvestrant, whereas E2+fulvestrant 

treatment of GFP-JNK2 cells show no change in ER (Figure 5.19B).  This data show that 
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GFP cells are more ER responsive than GFP-JNK2 cells and that JNK2 inhibits ER 

expression. 

 To evaluate the effect of JNK2 on ER-dependent proliferation, GFP and GFP-

JNK2 cells were cultured in 10% FBS with or without fulvestrant for several days. 

Fulvestrant significantly inhibits GFP cell viability on day 3 and 6 of treatment, but GFP-

JNK2 cells show no significant growth inhibition (Figure 5.19C, 2way ANOVA with 

Bonferroni Post-test). These data indicate that JNK2 inhibits ER expression and ER-

associated proliferation.  Since ER expression is uncommon in mouse derived mammary 

tumors, its expression was measured in paraffin embedded p53ko tumors and did not 

identify any other tumors with ≥10% ER+ cells (data not shown). No tissue is available 

for the tumor from which the cell line was derived, but protein lysate from the first 

passage confirms ER expression.  

5.9.  DISCUSSION 

The majority of breast tumors possess a mutation in the gene encoding p53 or 

regulators of its activity.  Breast tumors with these mutations are commonly 

undifferentiated and invasive (39, 55, 118, 141-143).  The role of p53 in inhibition of 

stemness is a likely contributor to this association because cancer stem cells are involved 

in generating tumors and progression to metastasis (21, 144-146).  Because of this, the 

role of p53 in differentiation may provide an equal impact on tumor progression as its 

role in DNA damage response.  Therefore, the ability of JNK2 to inhibit luminal cell 

differentiation in spite of the p53/Notch1 interaction not having an effect is an important 
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discovery.  This means that JNK2 regulates luminal differentiation of mammary tumors 

independent of Notch signaling.  

Contrary to the MT tumor model, the p53ko transplant model showed no 

difference in tumorigenesis between jnk2ko and jnk2wt groups.  Differences in 

tumorigenesis in the MT model were attributed to the function of JNK2 in suppression of 

replicative stress (3).  Because this role requires p53 (133), its absence may have 

neutralized differences.  Alternatively, increased Brca1 expression in p53ko;jnk2ko 

tumors may have alleviated stress by potentiating DNA damage response.  

It is interesting to note that the p53ko mutation in these tumors exposed the ability 

of JNK2 to regulate Brca1 expression.  It is not surprising, however, that Brca1 

expression is affected in the p53ko model, as p53 is a known inhibitor of 

Brca1transcription (147).  Because BRCA1 is an important protein for the differentiation 

of normal mammary glands and tumors, it is a strong candidate to potentiate luminal 

differentiation in the absence of Jnk2 expression.  

Induction of EMT is a key process in tumorigenesis and metastasis.  Cells that 

have undergone an EMT are more motile because of decreased cell-cell interactions and 

increased expression of extracellular matrix degrading enzymes.  JNK inhibition has been 

shown to prevent AP-1-dependent polarization and tight junction assembly in 3-

dimensional cultures of mammary epithelial cells, indicative of the role of JNKs in EMT 

(148). Our studies highlight specific proteins involved in this process, such as Vimentin, 

Zeb1, Snail, and others.  Other tumor models have shown that inhibition of JNK2 by 

siRNA causes upregulation of claudins 4, 7, and 9 that are critical for the definition of 
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claudin-low tumors (53, 149).  Because these are important genes for breast tumor 

subtype, they merit further study.   

The fact that EMT is not affected in the MT model, with wildtype p53 expression 

may be due to the p53-dependent brca1 suppression.  Using the p53ko tumor model 

effectively unmasked the downregulation of JNK2 thus revealing a secondary mode of 

luminal cell suppression that it regulates.  Our data did not show a direct mechanism for 

positive regulation of EMT by JNK2, but the ability of brca1 expression to suppress 

EMT accompanied with the ability of JNK2 to suppress brca1 offers a clue.  The large 

array of protein targets that are affected by JNK2 expression may be a result of either its 

interaction with brca1—alternatively, potential interactions with miRNAs such as mir200 

or miRNA pathways may have a similar effect.  

Level of differentiation and expression of ER is of paramount importance in 

prognosis of breast cancer patients.  While poorly differentiated, claudin-low human 

tumors are known for their high expression of EMT, stem cell related genes and poor 

patient prognosis, those tumors expressing ER provide comparatively better outcomes 

(41).  The finding that these two phenotypes are anti-correlative demonstrates their 

relevance in tumor classification.  Additionally, the preceding results establish JNK2 to 

be a critical mediator between EMT and differentiation within Trp53 null tumors.  Recent 

reports that JNK signaling is inactivated at high frequency in human luminal, ER
+
 tumors 

lend support to our data (1, 2), although a significant frequency of mutations Jnk2 was 

not noted.  This may be because higher complexity within the heterogeneous human 

model or that not enough tumors were included in studies to reach statistical significance.  
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Our results have higher resolution in this regard because use of specific Jnk2ko cell lines 

allowed less heterogeneity to observe direct JNKs effects. 

Our results suggest that BRCA1 controls ER
+
 CD24

+
 populations in the p53ko 

model.  BRCA1 is able to sufficiently suppress CD24
-
 tumor initiating cell populations 

and, presumably, its absence promotes them through upregulation of EMT.  The control 

of this interaction by JNK2 is novel; as is its control over vital ER target genes including 

Gata-3 and Pr.  The functional significance of this interaction was found that JNK2 

significantly reduces ER-dependent growth.  Others have shown that high JNK activity 

correlates with tamoxifen resistance in human breast tumors and this provides a potential 

mechanism (150, 151).  Further study could show BRCA1 to be a key target for re-

initiating endocrine therapy sensitization, as well. 

The integral role of BRCA1 in differentiation of luminal cells is well known in 

both normal and tumor contexts but the demonstration that EMT and BRCA1 antagonize 

each other is of particular interest.  This is because of BRCA1’s established role in DNA 

damage response.  This means that undifferentiated cells within mammary tumors may 

have a higher propensity toward double strand DNA breaks and greater chance of 

acquiring mutations to evolve toward metastasis.  This serves to show that differentiation 

may have greater importance than simply changing motile characteristics and growth 

factor receptor expression, but also in slowing cancer progression. 

The overall effect of the BRCA1/EMT interaction is not entirely clarified by 

tumor initiating cell experiments.  Because both CD24
+
 and CD24

-
 populations were 

injected, it is uncertain if increases in tumor initiating capacity is a consequence of 
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intrinsic capacity for the CD24
-
 population to seed tumors and metastasize or if CD24

-
 

populations promote tumor seeding and metastasis of CD24
+
 populations.  In the setting 

of the tumor, EMT not only affects tumor populations, but the tumor microenvironment 

and allows for remodeling by stromal cells.  The potential exists that CD24
-
 populations 

are responsible for remodeling and are not the tumor initiating/metastasizing cells 

themselves.  This question merits further examination.  
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Chapter 6 – Summary and Future Directions 

 

 

 

This project has demonstrated that JNK2 is involved in the suppression of luminal 

populations in both normal mammary and tumor contexts.  Regulation of this process 

involves mechanisms that are both dependent on and independent of Trp53 expression.  

In the p53-dependent mode of luminal cell differentiation, JNK2 inhibits the ability of 

EGF signaling to induce expression of p53 and, subsequently, Notch1 expression.  

Notch1 is well-known to promote luminal populations, and 3-dimensional culture models 

in this report show that elevated Notch signaling is responsible for increased luminal 

populations in jnk2ko mammary epithelial cell preparations.  In the p53-independent 

mode of luminal cell differentiation, JNK2 inhibits luminal differentiation through 

induction of EMT and suppression of luminal differentiation mediators.  BRCA1 is 

downregulated by JNK2 and is sufficient to suppress JNK2-dependent EMT.  This is a 

potential feedback mechanism, as Slug represses Brca1mRNA expression in response to 

Wnt signaling (152).   The particular levels of the stem cell hierarchy that are altered to 

lead to inhibition of luminal populations in our model have not yet been elucidated but 

may be found through higher resolution methods such as those mentioned below. 

In p53-competent normal mammary glands, the manifestation of jnk2ko on 

lineage commitment is increased proportions of Cytokeratin 8/18
+
 and ER

+
 luminal cell 

populations.  This is accompanied by decreased expression of the basal marker, Trp63.  
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Assessment of these markers in whole glands does not give information of the level in the 

hierarchy that is affected by jnk2ko as both Cytokeratin 8/18 and p63 are lineage 

restricted markers but may be expressed by progenitors or mature, differentiated cells.  

The fact that the proportion of ER
+
 cells changes does not indicate a change at any 

specific point in the hierarchy, either, because these cells are highly differentiated and 

only a result of changes occurred earlier in the hierarchy.  It is likely that JNK2 affects 

the hierarchy at multiple levels because notch1 is important for the differentiation of stem 

cells and commitment to the luminal lineage.  Differentiation assays performed on 

putative mammary stem cell- and progenitor-enriched populations support that JNK2 

may inhibit luminal cell commitment and differentiation at both the stem and progenitor 

levels, but results are inconclusive because stem fractions were not validated and further 

assessment of progenitor populations is required.   

Roles for p53 and Notch1 in the promotion of stem cell differentiation are well-

known, thus it is likely that high expression of these proteins in jnk2ko cells will increase 

the propensity for stem populations to differentiate (21, 26, 153).   In contrast, if JNK2 is 

not expressed in mammary stem cells, then levels of Trp53 and Notch1 mRNA would 

remain unaltered and stem cell populations would not be affected as a result.  Histology 

shows that JNK2 is expressed by both the luminal and basal lineages, thus the basally 

located stem cells might also express JNK2.  If this is true, decreased mammary 

repopulating potential and self-renewal capacity are likely consequences of jnk2ko.   

Whether notch1 is dispensable for this response due to p53-dependent downregulation of 

EMT would be interesting to assess.  Mammary repopulating potential could be tested 
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through limiting dilution mammary epithelial cell transplantation experiment using cells 

isolated from jnk2wt and jnk2ko glands.   Additionally, real time in vitro assessment of 

self-renewal would give a higher resolution picture of the effect of JNK2 on stem cell 

commitment and determine if potential effects are due to this stem-related process (21).   

JNK2 may also affect stem cell maintenance independent of its role in 

suppression of Trp53 and Notch1 transcription.  It is unclear, from experiments, if JNK2 

directly promotes EMT independent of BRCA1 or if Brca1 downregulation by JNK2 is 

the direct mechanism of EMT promotion.  If a direct interaction leads to EMT, then 

JNK2 would likely have a role in the promotion of normal mammary stem cell 

populations in the absence of p53 expression.  If the interaction requires downregulation 

of Brca1 mRNA expression, jnk2ko may not have any effect due to luminal lineage-

restricted expression of Brca1 (32, 33, 154).  In this case, BRCA1 expression could not 

be induced in stem cell populations and EMT would not be inhibited.  However, jnk2ko 

may promote ectopic BRCA1 expression and, in turn, promote differentiation.  This 

requires further clarification in normal mammary models.  A mammary specific, 

inducible shBrca1 would be useful in determining the role of brca1 in this process. 

A role for JNK2 in lineage commitment is supported by evidence provided in this 

report—both Notch1 and BRCA1 are critical for the appropriate lineage proportions in 

the mammary gland.  The fact that high expression of Notch1
ICD

 leads to a build-up of 

luminal progenitors (24, 25, 27), whereas the same phenotype is seen in mutants lacking 

expression of BRCA1 (33, 155) illustrates that these genes function  at different stages of 

differentiation in the mammary cell hierarchy—because Notch1 is responsible for effects 
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in earlier progenitors than BRCA1, luminal lineage inhibition by JNK2 could produce 

varied results in overall differentiation of the normal mammary gland depending upon 

p53 status (156).  In p53-competent mice, JNK2-dependent inhibition of Notch1 

expression suppresses mammary luminal cell proportions.  The precise cellular 

mechanism of notch1 in this context is not known.  Presumably, Notch1 mRNA 

expression increases luminal cell proportions by promoting luminal lineage commitment 

or expansion of luminal progenitors but it could also promote opposing effects in the 

basal lineage.  To assess progenitor expansion, differentiation assays could be performed 

using jnk2wt and jnk2ko cells.  The key to this experiment is to examine the size of 

colonies produced—smaller/larger colonies resulting from each lineage-restricted 

progenitor type would indicate a change in progenitor expansion.  It is expected that 

progenitor expansion is the step that is affected by Notch1, as Notch1
ICD

 overexpressing 

mice exhibit hyperproliferation of luminal progenitor cells.  Thus, a similar, but blunted, 

phenotype is expected in differentiation assays of jnk2ko cells.  If this is not the case, then 

lineage commitment must be the step that JNK2 mediates.  Of note, while several 

markers have been defined to evaluate the various steps of luminal cell differentiation, 

essentially no markers, aside from p63, have been published that allow elucidation of 

basal/myoepithelial cell differentiation steps.  Therefore, a role for JNK2 in the 

promotion of basal cell differentiation could be an important observation. 

  In the absence of p53 expression, jnk2ko may cause a decrease in luminal cell 

proportions.  This is because BRCA1 promotes terminal differentiation of luminal 

mammary cells in the normal mammary gland—contrary to its role in the more plastic 
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environment of a tumor where cells continue to proliferate in the face of differentiation.  

The expected normal mammary phenotype is also different from the p53-competent 

phenotype because Notch1 affects progenitor populations and does not promote terminal 

differentiation.  This could be assessed by comparing non-tumor-bearing p53ko;jnk2wt 

and p53ko;jnk2ko mature mammary ducts.  Results that are found from this approach 

could be mechanistically evaluated with differentiation assays to find the specific cause 

of increases/decreases in luminal cell proportions as with Notch1 experiments.  To assess 

the importance of BRCA1 in this model, p53ko;jnk2ko could be combined with 

conditional brca1ko.    

Increased proliferation is also an effect of jnk2ko in the p53ko cells and tumors.  

In normal cell populations, high levels of differentiation are often associated with slowed 

or stalled proliferation.  This does not necessarily hold true in mammary tumors. 

Relatively highly differentiated subtype tumors (Luminal B) are highly proliferative, 

whereas the least differentiated tumors (high EMT) are more slowly proliferating.  

Therefore, use of differentiation as a means of therapy could pose a potential conundrum.  

Undifferentiated tumors are slowly proliferating but invasive and may harbor metastatic 

cancer stem cells but more differentiated tumors are comparatively highly proliferative 

that may quickly progress toward metastasis.  The true measure of benefit, however, is 

patient outcome and targeted therapies with demonstrable efficacy exist for the more 

differentiated tumors such as Luminal A and HER2
+
 while no such therapies exist for 

their undifferentiated counterparts.   
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The importance of differentiation for treatment efficacy is well-illustrated when 

comparing the p53ko;jnk2ko GFP and GFP-JNK2 cell lines.  GFP-JNK2 expression 

induces EMT and dedifferentiation as evidenced by downregulation of ER and PR.  This 

also causes a reduction in responsiveness to the ER inhibitor fulvestrant.  If this 

mechanism exists in human systems, it could provide great benefit to patients whose 

tumors are either unresponsive (Luminal B) or potentially have become resistant to 

endocrine therapies.  Evidence to support these effects are in recent reports that point to a 

potential role for the JNK pathway in suppression of luminal differentiation (1, 2).  

However, in order to fully establish JNKs, or JNK2 in particular, as important in this 

process, human cell lines or primary cells must be manipulated to explore alterations in 

differentiation and/or EMT characteristics.   

As with the costs and benefits that must be weighed with pharmacologically 

inducing differentiation of tumor cells, the potential draw-backs of JNK2 inhibition must 

be considered.  We have found that loss of JNK2 in the MT model is associated with 

increased susceptibility to replicative stress, increased tumor multiplicity, and increased 

tumor latency (3).  This was reinforced by studies of oncogene induced tumorigenesis in 

map2k7 (MKK7)-null mice and jnk2ko in combination with p53+/- (5, 133).  In the p53 

study, Trp53-null mice were also examined and there was no effect on tumor latency with 

jnk2ko, but latency was greatly decreased in p53+/-;jnk2ko mice. This result is 

particularly interesting given that jnk2ko in the absence of p53 causes increased 

Brca1mRNA expression.  Because this may cause increased DNA damage response in 

the face of p53 loss, mutation frequency may be decreased in p53ko;jnk2ko tumors as 
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compared to jnk2wt counterparts.  Therefore, although JNK2 inhibition in tumors 

expressing wildtype p53 may cause a reduction in DNA damage response and increase in 

mutation frequency, it could be potentially beneficial in basal tumors where a high 

frequency of p53 mutation is seen.  The benefit of differentiation and potential ER 

responsiveness when JNK2 expression is absent cannot be overlooked, either. 

These results suggest that JNK2 expression could be used as a predictive marker 

of luminal differentiation and as a potentially important prognostic marker for ER 

responsiveness.  If insights gained using mouse models and various cell lines hold true 

for human models, JNK2 may also be an attractive target for differentiation therapy in 

undifferentiated tumors or tumors that are resistant to endocrine therapies.  There are 

several competitive JNK inhibitors that are commercially available (157-159), although 

the most widely used inhibitor, SP600125, has known cross-reactivity with other MAPKs 

(160).  Newer inhibitors show higher specificity toward JNKs.  One JNK inhibitor by 

Celgene is in clinical trials for treatment of autoimmunity associated with pulmonary 

fibrosis and discoid lupus, but this compound inhibits all JNK proteins and may not have 

a similar effect to jnk2ko when administered.  A more recent approach is development of 

compounds the covalently bind to JNKs with much improved specificity over previous 

drugs (161).  These should be developed and implemented to assess their efficacy and 

this approach will hopefully, one day, lead to increased survival of breast cancer patients 

everywhere.  
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1.1.  Mammary Epithelial Cell Lineage Markers 

 

 

 

 

 

 
 

*while all mammary epithelial cells express CD24, CD29, and CD49f, luminal cells express the highest levels of CD24 and 

basal cells express the highest levels of CD29 and CD49f. 
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3.1.  Colony Forming Assay – Mammary Repopulating Units 
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3.2.  Colony Forming Assay – Colony Forming Units 
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5.1.  Limiting Dilution Assay – Palpable Tumors 
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5.2.  Limiting Dilution Assay – Non-palpable Tumors 
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5.3.  Limiting Dilution Assay – Tumor Initiating Cell Proportions 
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1.1.  Human vs Mouse Mammary Gland Structure 
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1.2.  Mouse Mammary Gland Locations 
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1.3.  Mammary Ductal Structure 
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1.4.  Simplified Mammary Hierarchy 
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3.1.  JNK2 Promotes p63
+
 Myoepithelial Cell Populations 

 

 

 

 

 

 

Mammary glands from seven week-old virgin, adult, female mice were harvested, fixed, 

and embedded in paraffin.  Slides were prepared from these blocks and immunostained to 

analyze p63-positive myoepithelial cell populations.  Significance between groups was 

determined by T-test.  Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, 

** for  . 1>p≥ .   1, *** for p< .   1.
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3.2.  JNK2 Inhibits Cytokeratin 8/18
+
 Luminal Cell Populations 

 

 

 

 

 
 

 

A:  Mammary glands from seven week-old virgin, adult, female mice were harvested, 

fixed, and embedded in paraffin.  Slides were prepared from these blocks and 

immunostained to analyze Cytokeratin 8/18 (CK8/18)-positive luminal cell populations.  

B:  Isolated mammary epithelial cells were lysed and protein lysates were analyzed for 

CK8/18 expression by western blot.  Significance between groups was determined by T-

test.  Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for 

 . 1>p≥ .   1, *** for p<0.0001.  No significant difference was found for CK8/18 

expression. 
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3.3.  JNK2 Inhibits ER
+
 Luminal Cell Populations 

 

 

 

 
 

 

Mammary glands from seven week-old virgin, adult, female mice were harvested, fixed, 

and embedded in paraffin.  Slides were prepared from these blocks and immunostained to 

analyze estrogen receptor (ER)-positive luminal cell populations.  Significance between 

groups was determined by T-test.  Results are indicated on the figure as follows:  * for 

 .  ≥p≥ . 1, ** for  . 1>p≥0.0001, *** for p<0.0001. 
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3.4.   JNK2 Inhibits CD24
hi

 CD49f
lo

 Luminal Cell Populations 

 

 

 

 

 
 

 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial 

cells were isolated.  Cells were incubated with CD24 and CD49f antibodies and then 

examined by flow cytometry to evaluate proportions of basal/myoepithelial (CD24
+
 

CD49f
hi

) and luminal (CD24
hi

 CD49f
lo

) cell populations.
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3.5.  JNK2 is Expressed in the Mammary Gland 

 

 

 

 

 

 

 

 
 

 

 

Mammary glands from seven week-old virgin, adult, female mice were harvested, fixed, 

and embedded in paraffin.  Slides were prepared from these blocks and immunostained to 

analyze the localization of JNK2 expression. 
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3.6.  JNK2 Alters Mammary Cell Differentiation in vitro 

 

 

 

 

 

 

 

 

 

 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial 

cells were isolated.  Cells were then seeded onto beds of Matrigel in defined media and 

allowed to grow and differentiate prior to fixation and immunostaining with smooth 

muscle actin (SMA) or Cytokeratin 8/18 (CK8/18) antibodies to recognize differentiated 

basal/myoepithelial and luminal cell populations, respectively 
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3.7.  JNK2 Inhibits Notch-dependent Myoepithelial Cell Suppression 

 
 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial cells were isolated.  Cells were then 

seeded onto beds of Matrigel in defined media with either gamma secretase inhibitor (GSI) or vehicle control (DMSO) and 

allowed to grow and differentiate.  The resulting 3-dimensional structures were immunostained to analyze p63 positive 

basal/myoepithelial cell populations.  2way ANOVA with Bonferroni Post-test was performed and significant values are 

indicated by unique letters.  Ex:  a is significantly different (p<0.05) from b.  
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3.8.  JNK2 Inhibits Notch-dependent Luminal Cell Differentiation 

 

 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial cells were isolated.  Cells were then 

seeded onto beds of Matrigel in defined media with either gamma secretase inhibitor (GSI) or vehicle control (DMSO) and 

allowed to grow and differentiate.  The resulting 3-dimensional structures were immunostained to analyze Cytokeratin 8/18 

(CK 8/18) positive luminal cell populations. 2way ANOVA with Bonferroni Post-test was performed and significant values are 

indicated by unique letters.  Ex:  a is significantly different (p<0.05) from b. 



 85 

3.9.  JNK2 inhibits Notch-dependent Mammary Cell Growth 

 

 
 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial cells were isolated.  Cells were then 

infected with Adenoviruses encoding GFP (AdGFP) or a dominant negative Mastermind-like construct.  Cells were then 

seeded onto beds of Matrigel in defined media and allowed to grow and differentiate.  The resulting 3-dimensional structures 

were either harvested for RNA isolation and hes1 qPCR (A) or photographed for diameter measurement (B).  2way ANOVA 

with Bonferroni Post-test was performed and significant differences (p<0.05) are indicated between columns with different 

letters. 
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3.10.  JNK2 inhibits Notch-dependent Luminal Cell Differentiation 

 

 

 
 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial cells were isolated.  Cells were then 

infected with Adenoviruses encoding GFP (AdGFP) or a dominant negative Mastermind-like construct.  Cells were then 

seeded onto beds of Matrigel in defined media and allowed to grow and differentiate.  The resulting 3-dimensional structures 

were fixed and then luminal populations were assessed by immunofluorescence using an anti-Cytokeratin 8/18 (cyt8/18) 

antibody.  2way ANOVA with Bonferroni Post-test was performed and significant differences (p<0.05) are indicated between 

columns with different letters.
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3.11.  JNK2 Inhibits Notch-dependent Mammary Cell Growth 

 

 

 

 

 

 

Mammary glands were harvested from adult virgin, female mice and mammary epithelial 

cells were isolated.  Cells were then seeded onto beds of Matrigel in defined media with 

either gamma secretase inhibitor (GSI) or vehicle control (DMSO) and allowed to grow 

and differentiate.  The resulting 3-dimensional structures were measured using images 

taken with light microscopy.  2way ANOVA with Bonferroni Post-test was performed 

and significant differences (p<0.05) are indicated between columns with different letters.
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3.12.  JNK2 Does Not Affect Notch Activity in Differentiated Mammary Ducts 

 
 

Mammary glands were harvested from virgin female mice at pubertal time points, then fixed and embedded in paraffin for 

sectioning.  Slides were prepared and immunohistochemistry performed to examine Notch1
ICD

 expression in mammary ducts. 

2way ANOVA with Bonferroni Post-test was performed and no significant differences (p<0.05) were found.  
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3.13.  JNK2 Inhibits Notch Activity in Adult Mammary Terminal End Buds 

 

 
 

Mammary glands were harvested from virgin female mice at pubertal time points, then fixed and embedded in paraffin for 

sectioning.  Slides were prepared and immunohistochemistry performed to examine Notch1
ICD

 expression in terminal end 

buds.  2way ANOVA with Bonferroni Post-test was performed and significant differences (p<0.05) are indicated between 

columns with different letters.
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3.14.  JNK2 Inhibits Expression  and Activity of Notch1 in Mammary Cells 

 

 

 

 

 
 

Mammary glands were harvested from virgin mice and treated with collagenase to 

dissociate adipocytes from mammary epithelium.  Resulting mammary organoids were 

lysed with either Trizol reagent or protein lysis buffer.  Isolated RNA was analyzed for 

hes1 (A) and notch1 (B) expression.  C:  Expression of full length Notch1 protein was 

assessed by western blot. Significance between groups was determined by T-test.  Results 

are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001.  
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4.1.  JNK2 Promotes p63
+
 Basal Populations in MT Tumors  

 

 

 

 
 

Tumors from MT+ jnk2wt and jnk2ko mice were previously generated and harvested for 

histology (3).  Sections were cut from these tumor blocks and immunostained to examine 

p63
+
 basal populations. Significance between groups was determined by T-test.  Results 

are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001. 
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4.2.  JNK2 Inhibits Cytokeratin 8/18
+
 Luminal Populations in MT Tumors 

 

 

 

 

 
Sections of MT tumors were immunostained to examine Cytokeratin8/18

+
 (Cyt 8/18) 

luminal populations.  Significance between groups was determined by T-test.  Results are 

indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001. 

 



 93 

4.3.  JNK2 Inhibits Notch1 Activity in MT Tumors 

 

 

 

 

 
 

 

 

Sections of MT tumors were cut and immunostained to examine Notch1
ICD

 expression. 
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4.4.  JNK2 Inhibits Expression of Notch1 in MT Tumors 

 

 

 

 

 

 

 
 

RNA from MT+ jnk2wt and jnk2ko tumors was previously isolated (3).  Expression of 

notch1 was analyzed by qPCR using these samples.  Significance between groups was 

determined by T-test.  Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, 

** for  . 1>p≥ .   1, *** for p< .   1 
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4.5.  JNK2 Suppresses Notch Signaling in MT Cells 

 

 
 

Cell lines were previously established from a MT+ jnk2ko tumor and infected with 

viruses encoding either GFP or GFP-JNK2 (3).  These cells were lysed with either Trizol 

reagent or protein lysis buffer.  Isolated RNA was analyzed for notch1 (A) and hes1 (B) 

expression.  C:  Expression of full length Notch1 protein was assessed by western blot.  

Significance between groups was determined by T-test.  Results are indicated on the 

figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1.  
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4.6.  JNK2 Inhibits Expression of Trp53 mRNA 

 

 

 

 

 

 

 

 

 

 

 

A:  RNA was isolated from MT cells and expression of p53 was assessed by RT-PCR.  B:  

RNA was isolated from mammary organoids and expression of p53 was assessed by 

qPCR.  Significance between groups was determined by T-test.  Results are indicated on 

the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1 
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4.7.  JNK2 Inhibits EGF-dependent Transcription of Notch1 and Trp53 

 

 
 

MT cells were placed in serum-free media (SFM) to deplete growth factors.  Media was 

then replaced with fresh SFM or SFM supplemented with EGF.  Cells were harvested for 

RNA isolation and expression levels of cyclin-d1 (A), notch1 (B), and p53 (C) were 

examined by qPCR.  2way ANOVA with Bonferroni Post-test was performed and 

significant differences (p<0.05) are indicated between columns with different letters. 
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4.8.  JNK2 Suppresses EGF-dependent Notch1 Promoter Activity 

 

 

 
 

MT cells were transfected with plasmids containing either a wildtype notch1 promoter (N1PR), a notch1 promoter with 

mutated p53 response elements (N1PRp53mut) , or no promoter (N1PRless) attached to luciferase.  Cells were incubated in 

full media (A) or SFM vs EGF (B) and then harvested for luciferase assay.  2way ANOVA with Bonferroni Post-test was 

performed and significant differences (p<0.05) are indicated between columns with different letters.
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4.9.  JNK2 Decreases p53 Binding to the Notch1 Promoter 

 

 

 

 

 

 

 
 

 

MT cells were fixed in formaldehyde and lysed to release chromatin.  Chromatin was 

then sonicated and immunoprecipitated with p53 or IgG as negative control.  Resultant 

DNAs were then amplified by PCR with specific primers surrounding p53 response 

elements within the promoters of p21 (positive control) or notch1.  Glyceraldehyde 3-

Phosphate Dehydrogenase (gapdh) promoter was amplified as a negative control.   
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5.1.  JNK2 Does Not Affect Tumor Latency in Trp53-null Tumors 

 

 

 

 

 

 

 

 

 

 

Mammary glands from p53ko;jnk2wt or p53ko;jnk2ko female mice were transplanted into 

cleared fat pads of 3 week-old female mice.  Growth of mammary tissue was potentiated 

by pituitary isograft.  Time from transplant to tumor palpation is shown.  Logrank test 

showed no significant differences among groups. 
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5.2.  JNK2 Inhibits Growth and Proliferation of Trp53-null Tumors 

 

 

A:  Transplant tumors were measured and harvested at 1.5 cm
2
.  Time from tumor 

palpation to harvest at target size is shown in the Kaplan Meier chart.  Logrank shows 

significant difference in tumor growth (p<0.05) B:  Harvested tumors were divided into 

pieces with parts of each being fixed for histology.  Tumor sections were stained with 

Ki67, a marker of proliferation, and then quantified.  C:  RNA from tumors was used for 

microarray analysis and expression of a proliferation signature was compared between 

p53ko;jnk2wt and p53ko;jnk2ko tumors.  Significance between groups was determined by 

T-test.  Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for 

 . 1>p≥ .   1, *** for p<0.0001. 
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5.3.  JNK2 Does Not Inhibit Notch1 in the Absence of p53 

 

 

 

A:  Expression of Notch1 was assessed in p53ko transplant tumors.  Significance between groups was determined by T-test.  

Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1.  B:  A 

p53ko;jnk2ko tumor cell line was generated and infected with viruses carrying either a GFP or GFP-JNK2 transgene.  These 

cells were transfected with notch1 promoter luciferase constructs and assessed for notch1 promoter activity.  2way ANOVA 

with Bonferroni Post-test was performed and significant differences (p<0.05) are indicated between columns with different 

letters. 



 103 

5.4.  JNK2 Inhibits Luminal Marker Expression in Trp53-null Tumors 

 

 

 

 

 

 

 

 
 

A:  Transplant tumor sections were immunostained for Cytokeratin 8/18 (CK 8/18) 

expression to assess luminal cell populations.  B:  Transplant tumor RNAs were assessed 

for expression of basal genes (Cytokeratin14-ck14 and p63) and the luminal gene, brca1, 

by qPCR.  Significance between groups was determined by T-test.  Results are indicated 

on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1.
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5.5.  JNK2 Inhibits BRCA1 Pathway Expression in Trp53-Null Tumors 

 

 

 

 

 
 

Expression of genes associated with the BRCA1 pathway were assessed in p53ko transplant tumors using microarray analysis. 
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5.6.  JNK2 Inhibits Luminal Marker Expression in Trp53-null Cells 

 
A:  Tumor cell lines generated from a p53ko; jnk2ko cell line were lysed to examine 

expression of basal markers (ck14 and p63) and the luminal marker, brca1, by qPCR.  

Significance between groups was determined by T-test.  Results are indicated on the 

figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1.  B:  

brca1 promoter activity was assessed in p53ko;jnk2ko cell lines. 2way ANOVA with 

Bonferroni Post-test was performed and significant differences (p<0.05) are indicated 

between columns with different letters. 
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5.7.  JNK2 Does Not Affect Brca1 Expression in MT Tumors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

MT tumor RNA was amplified by qPCR using primers for Brca1. Significance between 

groups was determined by T-test.  Results are indicated on the figure as follows:  * for 

 .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for p< .   1.  No significant difference was 

found.  
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5.8.  Brca1 and EMT are Anti-correlated in Breast Tumors 

 

 

 
 

Human tumors from UNC308 (A) and COMBINED855 (B) as well as our own p53ko 

tumor microarrays (C) were ranked by level of Brca1 expression.  The level of 

expression of a set of genes correlated with epithelial to mesenchymal transition (EMT) 

was then plotted against these data points to reveal correlation.  
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5.9.  JNK2 Promotes Epithelial to Mesenchymal Transition 

 

 

 

 

 
Expression of mesenchymal/stem genes in red (twist1, snai1, zeb1, snai2, and klf4) and 

the epithelial gene, e-cadherin in blue, were assessed by qPCR in p53ko tumors (A) and 

p53ko;jnk2ko tumor cell lines (B).  Significance between groups was determined by T-

test.  Results are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for 

 . 1>p≥ .   1, *** for p< .   1. 
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5.10.  Microarray Confirms JNK2 Regulation of EMT 

 

 

 

 

 
Expression of mesenchymal/stem (Klf4, Lef1, Mmp9, Six1,Ttwist1,Ttwist2, Vim, Zeb1, 

and Zeb2), E-cadherin (Cdh1), and the luminal marker, ER (Esr1) in p53ko;jnk2ko cell 

lines were assessed by microarray (A) and confirmed by western blot (B). 
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5.11.  JNK2 Promotes EMT Marker Expression in vitro 

 

 

 

 

 
 

Immunocytochemistry was performed on p53ko;jnk2ko cell lines using e-cadherin (A) or 

vimentin (B) antibodies. 
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5.12.  JNK2 Promotes Focal Growth of Cells in Culture 

 

 

 

 

 

 

 

 

 

 

 

 

 

Light microscopy was used to assess morphology of p53ko;jnk2ko cell lines. 

  



 112 

5.13.  GFP-JNK2 Promotes CD24
-
 Cell Populations 

 

 

 

 

 

 

 

 

 
 

Flow cytometry was used to analyze CD24 and CD49f expression in p53ko;jnk2ko cell 

lines. 
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5.14.  High Expression of GFP-JNK2 Correlates with CD24 Negativity 

 

 

 

 

 

 

 

Flow cytometry was used to examine the correlation of GFP-JNK2 and CD24 expression 

in p53ko;jnk2ko cell lines.  Cells were gated by GFP intensity (medium or high) and then 

assessed for CD24. 
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5.15.  CD24
-
 Populations are Undifferentiated EMT Cells 

 

 
A:  CD24+ and CD24- populations in p53ko;jnk2ko GFP-JNK2 cells were separated by 

flow cytometry and expression of mesenchymal/stem genes (twist1, snai1, zeb1, snai2, 

and klf4), and markers of differentiation (cyt14, p63, cdh1, and brca1) were assessed by 

qPCR.  B:  gata-3, a marker of luminal cells, was assessed by RT-PCR in these same 

populations.  Significant fold differences as determined by T test from basal expression is 

indicated on figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001.  
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5.16.  Brca1 is Sufficient to Suppress CD24
-
 Populations 

 

 

 

 
 

GFP and GFP-JNK2 expressing p53ko;jnk2ko cells were transfected with plasmid 

constructs encoding Zeb1 and Brca1, respectively, and CD24/CD49f populations were 

assessed by flow cytometry. 
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5.17.  JNK2 Does Not Alter EMT in MT Tumors 

 

 
 

RNA from MT tumors was analyzed by qPCR for expression of cdh1 (A), snai1 (B), 

snai2 (C), and klf4 (D).  Significance between groups was determined by T-test.  Results 

are indicated on the figure as follows:  * for  .  ≥p≥ . 1, ** for  . 1>p≥ .   1, *** for 

p<0.0001.  No significant differences were found.  
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5.18.  JNK2 Expression Retards Cell Proliferation 

 
A:  Proliferation rates of p53ko;jnk2ko cell lines were measured using MTT assay.  B:  

Flow cytometry was used to analyze BrdU incorporation of CD24
+
 and CD24

-
 

populaitions in p53ko;jnk2ko GFP-JNK2 cells.  2way ANOVA with Bonferroni Post-test 

was performed and significant differences (p<0.05) are indicated between columns with 

different letters. 
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5.19.  JNK2 Inhibits ER Expression and Sensitivity 

 

 

 

 
 

A:  Expression of ER and PR were assessed in p53ko;jnk2ko cell lines by western blot.  

B:  p53ko;jnk2ko cell lines were incubated in growth factor-free charcoal stripped serum 

(CSS), CSS+ estradiol (E2), or CSS+ E2+ fulvestrant (Fulv/F) and ER expression was 

assessed by western blot.  C:  MTT assay was performed on p53ko;jnk2ko cell lines in 

full serum with or without fulvestrant and growth inhibition was calculated.  2way 

ANOVA with Bonferroni Post-test was performed and significant differences (p<0.05) 

are indicated between columns with different letters. 
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Appendix C – Primers 
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qPCR primers:   

 

hes1 ( ’-CACAGAAAGTCATCAAAGCC and  ’-TGCTTGACAGTCATTTCCAG),  

notch1 ( ’-CTACAGAAGGTTACACAG and  ’-CAGAGGTAGGAGTTGTCACG),  

p53 ( ’-TGAACCGCCGACCTATCCTTA and GGCACAAACACGAACCTCAAA),  

twist1 ( ’-AATTCACAAGAATCAGGGCGTGGG and  ’-

TCTATCAGAATGCAGAGGTGTGGG),  

snai1 ( ’-TCCAAACCCACTCGGATGTGAAGA and  ’-

TTGGTGCTTGTGGAGCAAGGACAT),  

snai2 ( ’-CACATTCGAACCCACACATTGGCT and  ’-

TGTGCCCTCAGGTTTGATCTGTCT),  

zeb1 ( ’-CAGTGTTCCATGTTTAAGAGCA and  ’-GTCTTTCATCCTGGTTTCCG),  

klf4 ( ’-CATTATCAAGAGTCTATGCCA and  ’-CACAGTGGTAAGGTTTCTCG),  

cdh1 ( ’-GCCAAGTACATCCTCTATTCTC and  ’-GCAACGAATCCCTCAAAGAC), 

gapdh ( ’-CGTGGAGTCTACTGGCGTCTTCAC and  ’-

CGGGGATGATGAGCCTTTTGGC), 

brca1 ( ’-CCAAAGAAGTAATGACCGTG and  ’-GCTAACTATCCACTTTCCTCC), 

gata-3 ( ’-ACGAATCCAGCACAGAAGG and  ’-ATGTCCCTGCTCTCCTTG), 

cyt14 ( ’-TCTTCAGCAAGACAGAGGAG and  ’-CTCCAGGTTATTCTCCAGGG), 

p63 (5’-GTTCAATGAGGGACAGATTGC and  ’-GAATTCAGTGCCAACCTGTG). 
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ChIP primers 

 

p21 ( ’-GATTTCCTTTCTATCAGCCC and GTCACAAGATACATACCACCT), 

gapdh ( ’-GCCAAAGACAGAAGCCAGGA and  ’-

CAGGATAGGACTCAGGGAATACAG), 

notch1 ( ’-GTGACCGTGGAACGTCTA  ’-CTGTCCTAGGGCTCCAC) 
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