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Abstract 

 

INGs or Inhibitor of Growth proteins act as type II tumor suppressors in epithelial 

cancers. The senescence associated secretory phenotype (SASP) is a phenomenon 

where senescent cells secrete a defined group of proteins including various 

proinflammatory cytokines. Cancer-associated fibroblasts (CAFs) are another 

component of the tumor microenvironment secreting various growth factors, 

proinflammatory cytokines and proteases. The proinflammatory cytokines secreted by 

CAFs and senescent cells as SASP cause chronic inflammation, which is one of the 

hallmarks of cancer. 

Although generally described as a tumor suppressor, our lab has recently 

reported that higher ING1 levels in the stroma correlate with poor survival outcome in 

breast cancer patients. To better understand this, we examined the effects of altering 

ING1b levels in fibroblasts. We find that ING1b increases the secretion of IL8, IL6, 

CXCL1 and CCL7 (also secreted by CAFs and in the SASP). This most likely occurs by 

ING1b activating NF-κB. Factors secreted by fibroblasts in response to ING1b also 

enhances the growth and migration capacity of several lines of breast cancer cells and  

also induce a cancer like phenotype of migration and growth in normal breast epithelial 

cells.  
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CHAPTER ONE: INTRODUCTION 
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1.1 THE ING FAMILY- 

ING1 or Inhibitor of Growth 1 was the first ING that was reported in 1996. It was 

discovered using PCR-mediated subtractive hybridization to identify genes expressed at 

higher levels in normal mammary epithelial cells compared with breast cancer cell lines, 

followed by a functional screen for tumor suppressors (1). Since then four more 

members of ING family (ING1-ING5) have been identified in our and other laboratories 

(2-4). INGs are classified as type II tumor suppressors as they are usually 

downregulated or mislocalized in various tumors, instead of being mutated (5). They are 

multidomain proteins, which are located primarily in the nucleus and have been well 

conserved in different species during evolution (6). All the five ING members are located 

in different chromosomes- 13q34 for ING1, 4q35 for ING2, 7q31 for ING3, 12p13.3 for 

ING4 and 2q27.3 for ING5. Except ING3 (located in the middle of the long arm of 

chromosome 7) all INGs are located in subtelomeric regions, hence it is believed that 

they can be effected by telomere erosion. Human ING genes can be classified into three 

clusters: ING1 and ING2, which are about 70% similar, ING4 and ING5 which are also 

similar and ING3, which is relatively distinct, but most resembles ING genes in lower 

eukaryotes. 

 

 

1.1.1. STRUCTURAL COMPONENTS OF ING PROTEINS- 

All of the ING with the possible exception of ING5 encode multiple splicing isoforms. 

ING1 encodes two major and two less well-characterized isoforms. ING1a and ING1b 
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are the two major isoforms, which are generated by differential promoter usage of the 

upstream exons, resulting in two proteins that appear to have opposing biological 

functions. ING1a is the longest isoform, and is expressed at higher levels during aging, 

and upon overexpression, induces a senescent phenotype (7). ING1b is the dominant 

isoform of the ING1 family, expressed in fibroblasts, epithelial cells and most tissue 

types in mice and humans, and when overexpressed induces apoptosis (8). ING2 has 

two isoforms- ING2a and ING2b, which share a common exon. There are two p53 

binding sites in the promoter of ING2a, and its expression is negatively regulated by 

increasing p53 levels (9). ING3 has two isoforms, one of which is unlikely to be 

functional and ING4 that has six isoforms described whose functions are not well 

characterized. 

Members of the ING family of proteins contain seven major characterized 

domains. ING proteins have a plant homeodomain (PHD), a lamin interaction domain 

(LID) and a nuclear localization signal (NLS) (10). The PHD domain is the most highly 

conserved region of INGs. It contains a C4-H-C3 (four cysteines, one histidine and three 

cysteines) zinc finger motif which allows INGs to act as chromatin regulators by binding 

to histone H3 when lysine 4 is trimethylated (H3K4me3) with high affinity and specificity 

(11, 12). The PHD domain recognizes and interprets the histone code for ING proteins 

and recognizes the epigenetic state of the cell (5). The LID domain of the INGs binds to 

lamin A, which is a type V intermediate filament, which provides nuclear structure and 

support to the cell nucleus (13). This interaction between INGs and lamin A promotes 

nuclear retention of ING proteins and is though to affect the chromatin remodeling 



	   4	  

function of INGs. The LID domain also contains a KIQI/KVQL sequence, which 

participates in the binding of ING to components of histone acetyltransferase (HAT) or 

deacetylase (HDAC) complexes. ING1 binds to the Sap30 protein of the Sin3-HDAC 

complex (14). The NLS is another highly conserved domain, which is responsible for 

nuclear localization of the ING proteins (10). There are several additional domains, 

which are not found in all the ING members. For example, ING1b contains two 

additional domains- a partial bromodomain (PBD) whose function is not known, and 

PCNA-interacting-protein (PIP) motif, which is not present in other ING members. Upon 

DNA damage the PIP motif mediates the interaction of PCNA with ING1 (15), which may 

explain in part the function of ING proteins in DNA repair. In ING2-ING5, a leucine 

zipper like motif (LZL) is present, which contains four to five conserved leucine or 

isoleucine residues that causes the formation of a hydrophobic region at the N-termini of 

INGs. This motif maintains a coiled-coil conformation and plays a role in DNA repair and 

apoptosis (16). ING1 and ING2 proteins also have a ubiquitin-binding domain (UBD) 

overlapping the polybasic region (PBR). The PBR is necessary for binding of INGs to 

phosphatidylinositol monophosphates that activate INGs in their ability to induce 

apoptosis (17). 
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Figure 1. Various domains and interacting partners of the ING1 isoform. 

The domains of ING1 proteins include the PCNA interacting protein domain (PIP), 

partial bromodomain (PBD), lamin interacting domain (LID), nuclear localization signal 

(NLS), nucleolar targeting signals (NTS) within the NLS, plant homeodomain (PHD), 

polybasic region (PBR) and the overlapping ubiquitin interaction motif (UIM). The LID, 

PBD and PIP domains together overlap with the SAP30-interacting domain that 

interacts with the SAP30 and HDAC components of the Sin3 HDAC complex. The NLS 

is a highly conserved domain, which is responsible for nuclear localization through 

interaction with the karyopherin proteins. The PHD domain is another highly conserved 

domain that binds H3K4me3 and recognizes and interprets histone code. The PBR is 

necessary for binding of INGs to phosphatidylinositol monophosphates. The UIM 

overlaps the PBR and binds to ubiquitin, and particularly avidly to ubiquitinated p53.  

The image is adapted from Soliman et al, 2007. 
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1.1.2. POST-TRANSLATIONAL MODIFICATIONS OF ING PROTEINS- 

Post-translational modifications alter the structure, conformation, localization, stability 

and interactions of proteins, which affects their function. Phosphorylation of ING1 at 

serine 199 (S199) favors its interaction with 14-3-3, which causes ING1 localization in 

the cytoplasm. During DNA damage, overexpression of 14-3-3 causes reduction of 

nuclear ING1 and affects cell death (18).  Cyclin dependent kinase 1 (Cdk1) and 

damage checkpoint effector kinase (Chk1) further phosphorylate ING1 at serine 126 

(S126). Cdk1 maintains phosphorylation of S126 in normal conditions, while Chk1 

increases phosphorylation of S126 in response to DNA damage. This modification 

increases ING1 stability and therefore activity upon DNA damage (19). Phosphorylation 

of ING1 at S126 by Chk1 also affects the ability of NAD(P)H quinone oxidoreductase 1 

(NQO1) to inhibit proteosomal degradation of ING1 (20). In ING2, the PHD domain was 

also reported to play a role in its proteosomal degradation (21). Sumoylation of ING1 

and ING2 is also important for interaction with HDAC complexes and thereby regulation 

of gene expression (22). 

 

 

1.1.3. BIOLOGICAL FUNCTIONS OF INGs 

1. Cell cycle regulation 

 Except for ING1a, all members of ING family can activate the promoter region of 

p21, which is a transcriptional target of p53. p21 helps enforce the G1 cell cycle 

checkpoint, therefore triggering cell cycle arrest and reduced proliferation. One of the 
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mechanisms behind this is ING binding to hSIR2, which is a negative regulator of p53. 

ING prevents the deacetylation of p53 by hSIR2, thereby promoting p21 expression 

(23). 

p21 is also an effective cyclin-dependent kinase (CDK) inhibitor. CDKs become 

activated when they bind to their respective cyclins. The CDK-cyclin complex, then 

phosphorylate other proteins for the progression of the cell cycle. p21, which is an 

inhibitor of a subset of CDK-cyclin complexes therefore acts to inhibit blocks the cell 

cycle progression. p21 results in hypophosphorylation of the retinoblastoma (Rb) 

protein, facilitating Rb binding to E2F transcription factors, preventing gene expression 

of growth promoter genes and thereby maintaining or inducing cell cycle arrest (24). 

This results in inhibition of cell proliferation. Moreover, ING2 can also regulate p21, 

independent of p53 (25, 26). 

          ING1b also regulates the levels of cyclin B1 and cyclin E. Cyclin B1 is a 

regulatory subunit of CDK1, which plays a role in the G2 phase to initiate mitosis. ING1b 

overexpression can induce it in a p53 dependent manner (26, 27). Cyclin E is one of the 

members of the cyclin family, which accelerates the G1 phase, and ING1b can lead to 

malignant transformation and progression of hepatocellular carcinoma (28). ING2 can 

interact with transcription factor SnoN and R-Smad2 and activate TGF-β signaling 

pathway, thereby enhancing transcription and inhibiting cell proliferation (29). 
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2. DNA damage and repair 

 INGs play an important role in DNA damage response through the nucleotide 

excision repair (NER) process. Overexpression of ING1b or ING2 in melanoma cells 

can increase the efficiency of repair of DNA damage caused by UV radiation (30, 31). 

ING1b has a unique PCNA-interacting protein (PIP) domain through which ING1b 

competitively binds to PCNA in response to UV induced DNA damage. ING1b can also 

associate with GADD45 and PAF, which are other PCNA interacting proteins playing 

roles in DNA damage repair  (15, 32, 33). Whether ING1 binds these proteins directly, 

or via binding a trimeric PCNA complex is unknown, but while ING interacts with PCNA 

to mediate DNA-damage induced repair, in the case of extreme damage, it contributes 

to the induction apoptosis  (34). One mechanism by which ING1 might promote DNA 

repair is by stabilizing PCNA by monoubiquitination through the E3 ligase Rad-18 (35). 

 

3. Cell migration, angiogenesis and metastasis 

 It has been reported that ING4 functions in the suppression of cancer cell 

migration, angiogenesis and metastasis. This potential suppressive role of ING4 was 

reported in breast cancer cells, where ING4 could prevent loss of contact inhibition by 

MYCN and thus could inhibit growth of breast cancer cells in soft agar (36). In 

glioblastoma, ING4 overexpression reduced angiogenesis, by binding to the p65 subunit 

of NF-κB and inhibiting the transcription of angiogenesis-related genes like IL6, IL8 and 

Cox-2 (37, 38, 39). In melanoma cells, ING4 can inhibit metastasis and angiogenesis by 

acting as a downstream target of BRSM1 and thus inhibiting NF-κB activity (40). ING4 
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inhibits NF-κB by increasing H4 acetylation at the promoter region of IκB, which is a 

major inhibitor of NF-κB (41). ING4 can inhibit hypoxia-inducible factor (HIF) by 

interacting with the HIF prolyl hydroxylase to recruit HIF transcription repressors, and 

thereby inhibiting angiogenesis and cancer progression (42). ING4 can also interact with 

liprin-α1/PPF1A1, which is a protein required for formation of focal adhesion and axon 

guidance. ING4 and liprin colocalize at the lamellipodia where liprin-α1 activity is 

suppressed thereby inhibiting cell migration (42). ING4 also inhibits the expression of 

matrix metalloproteinases MMP2 and MMP9 as well as stress fibril regulators ROCK 

and RhoA GTPase, thereby suppressing migration of melanoma cells] (43). 

Similarly, ING1 has been reported to inhibit angiogenesis in breast cancer (44) 

and glioblastoma (45) by inhibiting the expression of angiopoetins, which promote blood 

vessel growth. 

 

4. Chromatin regulators 

INGs are stoichiometric members of histone acetyl transferase (HAT) complexes 

(ING3, ING4 and ING5) and histone deacetylase (HDAC) complexes (ING1 and ING2) 

(46). INGs can read the histone code through their PHD domain that recognizes 

H3K4me3 ten fold better than H3K4me2, which in turn binds the ING PHD ten fold more 

avidly than H3K4me. This allows them to recruit chromatin modifying complexes to 

target sites for regulating gene transcription (11, 12). ING1 and ING2 interacts with 

SAP30, which is a component of the Sin3-HDAC complex, and HDAC1/2. They also 

associate with components of the SWI/SNF complex, which alters nucleosome 
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arrangement on DNA (14). ING1 can modify chromatin structure by interacting with DNA 

methyl transferase associated protein 1 (DMAP1) and forming a bridge between the 

Sin3a/HDAC1 complex and DNA methyltransferase DNMT1 (47). ING1 and ING2 can 

also associate with histone acetlytransferases CBP, PCAF and p300 (48, 49). ING1 and 

ING2 interaction with HAT or HDAC complexes might depend on different conditions in 

different cell types, however the mechanism behind these different associations is 

unknown at present. Human ING3 protein is a stoichiometric member of the NuA4-like 

TIP60 HAT complex (46). ING4 interacts with Jade1 of the HBO1 HAT complex, and 

ING5 interacts with HBO1 complex and BRPF1 subunit of the MOZ/MORF HAT 

complex (46). HBO1 histone acetyltransferase complex is required for H4 acetylation in 

vivo. The interaction between ING4 and the HBO1 complex facilitates the progression of 

cells through S-phase. The ING5-MOZ/MORF complex interacts with the 

minichromosome maintenance protein complex (MCM), which plays an important role in 

DNA replication during S-phase (46). 

 

5. Apoptosis 

 Overexpression of ING proteins has been reported to induce apoptosis in many 

studies. ING1b overexpression induces apoptosis through its interaction with PCNA, 

and increase the sensitivity of cells to agents causing DNA damage such as UV 

radiation  (50, 15). Earlier studies have reported that p53 plays a key role in ING1b 

induced apoptosis (51). Later studies suggested that ING1b could induce apoptosis 

independent of p53 as well. For example, expression of p21 and bax, which are 
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required for mitochondria associated cell death, can be induced by ING1b independent 

of p53 (52). Moreover, ING1b knockout in mouse fibroblasts increased proliferation in 

p53 positive as well as p53 negative conditions. However, ING1b and p53 together can 

significantly enhance the induction of apoptosis caused by DNA damage (52). It has 

also been reported that cells can be sensitized to extrinsic apoptosis by ING1b by 

HSP70 (heat shock protein) upregulation and TNFα-induced NFκB downregulation (53).  

ING2 and ING3 can also induce apoptosis in response to DNA damage caused 

by UV radiation. ING3 induces apoptosis in melanoma cells through the Fas/caspase 8 

pathway (54). In lung and pancreatic carcinoma cells, viral mediated expression of ING4 

causes high levels of cell death (55, 56). 

 

6. Senescence 

 ING1a expression, which is very low in young cells, is upregulated by 

approximately ten fold in cells, as they approach the end of their replicative lifespan and 

become senescent. Overexpression of ING1a in young fibroblasts induces different 

markers of senescence including growth arrest, senescence associated 

heterochromatin foci (SAHF) formation, senescence associated β-galactosidase activity, 

resistance to apoptosis and long actin filaments that increase cell size. ING1a 

expression also increases the levels of Rb and p16 that are important to induce 

replicative senescence in fibroblasts. The mechanism of ING1a induced senescence 

has been recently reported by our lab, which is by inhibiting endocytosis maintaining 

activate retinoblastoma (Rb) to inhibit E2F pathway (57). 
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ING2 is another member of the ING family whose levels increase during replicative 

senescence. The mechanism behind this may be activation of p53 by ING2 by 

enhancing its acetylation by p300 HAT complex (58). 
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Figure 2. Biological functions of ING proteins. 

 

ING proteins (ING1-ING5) play important role in different biological processes such as 

cell cycle regulation, cellular senescence, migration, angiogenesis and metastasis of 

cancer, chromatin remodeling and modifications, DNA damage response and repair and 

apoptosis. 

 

 

INGs 	  
	  	  

	  

	  

	  

	  

Cell	  cycle	  
regulation 

Senescence 

Migration,	  
angiogenesis	  and	  
metastasis 

Chromatin	  remodeling DNA	  damage	  repair 

Apoptosis 



	   14	  

1.2. SENESCENCE ASSOCIATED SECRETORY PHENOTYPE (SASP) 

Cellular senescence was initially described as a process, which limits the proliferation or 

growth of normal human cells in culture. In 1961, Leonard Hayflick and Paul Moorhead 

showed that primary cells like human embryo-derived fibroblasts grown in culture, 

entered cell cycle arrest, after undergoing a fixed number of cell divisions, that was later 

called the Hayflick limit (59).  This phase of growth arrest of the primary cells after their 

replicative life span was called replicative senescence. 

In spite of their cell cycle arrest, senescent cells are metabolically active and can 

secrete large numbers of proteins. This phenotype is called the senescence associated 

secretory phenotype (SASP) (60). The major components of SASP are various pro-

inflammatory cytokines and chemokines, which links inflammation and senescence. 

This phenotype suggests that senescent cells can interact with their neighboring cells 

and thus impact the stroma or microenvironment, which they are part of (60). It is known 

that chronic inflammation enhances tumor production and progression, similarly 

prolonged SASP also promotes tumorigenesis and its progression. The SASP factors 

include various cytokines, chemokines, growth factors and extra-cellular matrix (ECM) 

modulators such as matrix metalloproteases (MMPs). The major cytokines secreted by 

senescent cells are IL8, IL6, IL1, G-CSF and GM-CSF (61).  The chemokines, which are 

overexpressed, include CXCL1, CXCL2, MCP2, CCL13, CCL2, CCL16, eotaxin-3, 

MIP3α and CCL7  (61). Some of the MMPs upregulated by senescent human fibroblasts 

are MMP3, MMP10 and MMP1. All the SASP factors are not secreted at the same time 

but once established, SASP may be irreversible (62). 
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SASP can promote cancer progression by- 

1. Promoting cell proliferation 

It has been reported that senescent human fibroblasts can induce the 

proliferation of normal and malignant breast epithelial cells probably by the secretion 

of large amount of GRO-α (62, 63). In prostate cancer, connective tissue growth 

factor (CTGF), which is upregulated in senescent fibroblasts, has been shown to 

promote tumor progression in xenograft model (61). Secretion of large amount of IL-

1 by senescent endometrial fibroblast can promote the growth of anchorage-

independent epithelial cell (64). 

 

 

2. Stimulating cell migration ad invasion 

High levels of IL8 and IL6 secreted by senescent fibroblasts increases cell 

invasion by breast cancer cell lines (62). In pancreatic cells, HGF secreted as SASP 

enhances cell invasion in culture (65). MMP2 and MMP3 secretion by senescent 

cells also plays a role in invasion by various epithelial cell types. VEGF secretion by 

senescent fibroblasts can enhance neoangiogenesis by increasing the motility of 

endothelial cells in xenograft models (66). 
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1.3. CANCER ASSOCIATED FIBROBLASTS (CAFs) 

Cancer growth and progression is not an independent event relying only on the tumor 

itself. It depends on the tumor microenvironment in which the tumor resides and 

includes various immune cells, surrounding blood vessels, lymphocytes, extracellular 

matrix (ECM) and fibroblasts. All these components interact with each other, which 

plays a role in tumor growth and progression. Normal stroma consists of fibroblasts 

which are spindle-shaped, non-epithelial cells embedded in the matrix of connective 

tissues. Fibroblasts are responsible for deposition of ECM by synthesizing fibronectin 

and type I, III and V collagen (67). They also regulate epithelial differentiation, 

inflammation, wound healing and homeostasis by secreting various growth factors 

altering mesenchymal-epithelial cell interactions (67, 68). To some extent cancer 

formation depends on the ability of the tumor to modify the stromal cells or components 

to its own advantage. Cancer associated fibroblasts (CAFs) are one of those 

components, which unlike normal fibroblasts, infiltrate the tumor mass or reside within 

the tumor periphery and facilitate tumorigenesis (69). CAFs display a more rapid 

proliferation rate, enhanced secretion of growth factors, cytokines/chemokines and other 

ECM modulators, enhanced collagen production and migration compared to normal 

fibroblasts (70, 71). Some of the CAF markers include upregulation of alpha smooth 

muscle actin (αSMA) (72), fibroblast activation protein (FAP) (73), desmin, Thy-1, 

S100A4 protein (70), FSP1 and vimentin, and downregulation of caveolin-1 and laminin 

(71). CAFs can originate from multiple sources undergoing different transformation 

events. Normal fibroblasts can get activated by growth factors including TGFβ, bFGF 



	   17	  

and PDGF that are produced in high amounts by tumor cells, causing the resident 

fibroblasts in the stroma to undergo a mesenchymal-mesenchymal transition (MMT) to 

become CAFs (74).  Another CAF source is bone marrow derived mesenchymal stem 

cells (MSCs). MSCs can differentiate into bone, cartilage, fat, and muscle cells (75). 

MSCs are recruited to the tumor site by various growth factors and cytokines produced 

by tumor cells or the tumor stroma like VEGF, HGF, EGF, PDGF, bFGF and CCL2 (76), 

which promotes CAF formation by MMT. CAFs have also been reported to originate 

from epithelial cells or directly from carcinoma cells through epithelial-mesenchymal 

transition (EMT) (77). EMT allows the epithelial cancer cells to adopt a mesenchymal 

phenotype, thereby enhancing their migration and invasion capabilities. Various factors 

such as TGFβ, PDGF and EGF  and transcription factors such as Twist, Slug, Snail and 

FOX C2 also promote induction of EMT (78). Similarly, proliferating endothelial cells can 

undergo endothelial-mesenchymal transition (EndMT) to become CAFs involving 

stimulation by TGFβ secreted in the tumor microenvironment (74).  
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FIGURE 3. Origin of cancer-associated fibroblasts (CAFs) 

 

Cancer associated firboblasts (CAFs) can originate from various sources. Resident 

fibroblasts can undergo mesenchymal-mesenchymal transition (MMT) to get activated 

into CAFs. Similarly, epithelial cells and carcinoma cells can undergo epithelial-

mesenchymal transition (EMT), mesenchymal stem cells can undergo mesenchymal-

mesenchymal transition (MMT) and endothelial cells can undergo endothelial-

mesenchymal transition (End-MT) to become CAFs. 
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1.3.1. CAFs IN CANCER PROGRESSION 

CAFs directly promote tumor cell proliferation by secreting various growth factors, 

proinflammatory cytokines or chemokines and hormones. They can also promote 

conversion of additional fibroblasts to become CAFs by increasing local levels of TGFβ 

and CXCL12, the latter of which can also induce tumor cells to undergo EMT to form 

CAFs. 

 

ROLE OF CAFs IN PRIMARY TUMOR GROWTH 

CAFs secrete growth factors like TGFβ and HGF near adjacent tumor cells, which 

promote their growth. Fibroblast secreted protein-1 (FSP1) secreted by CAFs alters the 

tumor microenvironment promoting cancer growth and progression (70). SDF-1 (stromal 

derived factor-1) derived from CAFs recruits endothelial cell precursors to promote 

angiogenesis (79). CXCL2, also known as SDF-1α, can directly stimulate the 

proliferation of cancer cells. In prostate and lung cancer, CAFs can be stimulated by 

androgens to secrete growth factors to induce epithelial proliferation (80). CAFs can 

also functionally act to activate mutagens, which increase tumorigenesis. CAFs can 

generate ROS under hypoxic conditions and low pH, which acts as a mutagen to the 

surrounding cells (81) and can affect the metabolic pathways of cancer cells. In addition, 

CAFs can turn on complementary metabolic pathways to recycle products of anaerobic 

metabolism to maintain cancer growth (82). 
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ROLE OF CAFs IN INVASION AND METASTASIS 

CAFs promote invasion of cancer cells by both direct cell-cell interactions and pro-

invasive molecular mediators. CAFs induce invasion by diffusible paracrine factors or 

transient heterotypic cell-cell interactions. Signal cross talk between CAFs and tumor 

cells modify the ECM and promote breaking of the basement membrane, which is the 

first step for tumor cells to enter the circulatory system. CAFs can also serve as a guide 

to direct migrating cancer cells. CAFs initiate structural and proteolytic modification of 

the ECM to clear the path for tumor cells to follow (70). Metastasis of melanoma cells is 

also supported by CAFs by creating a niche that enhances cancer growth at distant 

sites (83). MMPs are known to degrade the ECM and promote tumor progression. CAFs 

secrete various MMPs such as MMP3, which stimulates abnormal branching and 

epithelial hyperplasia in the mammary gland (84) and overexpression of MMP2 appears 

necessary to support pathological neoangiogenesis and tumor growth of gliomas (85). 

Higher levels of MMP1 is considered a putative breast cancer predictive marker (86), 

and can stimulate growth and invasion by cleaving PAR1 on the cancer cell surface. 

 

 

ROLE OF CAFs IN INDUCING INFLAMMATION IN CANCER 

CAFs can secrete various proinflammatory cytokines, which attract immune cells such 

as macrophages, lymphocytes, and neutrophils to the tumor stroma. Macrophages then 

release factors such as VEGF, MMP2, HGF, and IL8, which influence endothelial cell 

behavior. After reaching the tumor, macrophages start differentiating into TAMS (tumor-
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associated macrophages), which further enhance growth and metastasis (87). Stromal 

cells are required for immune tolerance and chronic inflammation, which allows the 

tumor to avoid immune surveillance while being exposed to growth factors, 

proinflammatory cytokines and chemokines.  
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Figure 4. Role of cancer associated fibroblasts (CAFs) in the tumor 

microenvironment. 
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Figure 4. Role of cancer associated fibroblasts (CAFs) in the tumor 

microenvironment. 

 

When stimulated with cytokines like TGFβ, CXCL12 normal fibroblasts gets activated to 

become cancer-associated fibroblasts (CAFs). CAFs are then known to secrete various 

factors such as CXCL9, CXCL10, Fsp1, CCL2, IL6 and FAP which modify various 

immune cells like macrophages, monocytes, lymphocytes and cause 

immunosuppression which favors the tumor. CAFs secrete various growth factors such 

as IGF, HGF, FGF-2, PDGF cytokines like IL6 and ECM modulators such as matrix 

metalloproteinases (MMPs), which directly promote tumor growth. The tumor also 

secretes various factors such as CXCL12, FGF2 and PDGF, which favors the activation 

and production of more CAFs. CAFs also secrete various angiogenic factors such as 

VEGF and CXCL12, which act on endothelial cells to promote angiogenesis.  

The image is adapted from Veirman et al, 2014. 
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1.3.2. CAFs IN BREAST CANCER      

Breast cancer is the most common tumor in women and second most common cancer 

worldwide. Most previous research focused on cancer cells only, but recent evidence 

reveals the contribution of the microenvironment for breast cancer initiation and 

progression. The ratio of tumor to stroma in primary breast cancer is said to be 

associated with metastasis, recurrence and death (88).  CAFs are proposed to be 

activated during early stages of tumor formation and may be one of the most abundant 

cell types in the stroma near breast cancers (89). About 80% of fibroblasts present in 

the stroma surrounding a breast cancer acquire the activated and aggressive CAF 

phenotype and cause tumor progression by affecting tumor growth, invasion, migration 

and metastasis either directly or by secreting various growth factors, proteases, 

cytokines, chemokines and hormones. 

 

 

1.4. INFLAMMATION AND CANCER 

Inflammation is an immediate biological response to damage caused to the cells and 

tissues by foreign particles like pathogens, chemicals or any physical injury (90). 

Inflammation can be acute or chronic. Acute inflammation is a rapid short-term process, 

which leads to various symptoms like pain, swelling, heat and redness at the site of 

injury (91). These signs of acute inflammation are caused due to the action of 

phagocytes at the wound as well as dilation of blood vessels (91). Cytokines and 

chemokines are proinflammatory factors produced by phagocytes like macrophages to 
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attract immune cells to attack the foreign particles (91). This entire process of 

inflammation takes a few hours or days and then the injured tissues begin to repair. In 

contrast, chronic inflammation is a long-term dysregulated response of the immune 

system (90). It is caused by a prolonged ongoing stimulus, which results in increased 

production of proinflammatory cytokines or chemokines by phagocytes or immune cells 

for a long period (at times over many years) (91). This increases the presence of 

lymphocytes and macrophages, can cause angiogenesis, fibrosis and damage to the 

cells and tissues, subsequently causing necrosis (92,93). Chronic inflammation is 

thought to contribute to several diseases such as cancer, diabetes, arthritis, 

cardiovascular diseases, neurological diseases, allergies and autoimmune diseases 

(94). Approximately 20% of all cancers throughout the world are estimated to be caused 

by chronic inflammation (95).  The tumor microenvironment consists of various 

inflammatory immune cells and factors such as cytokines and chemokines that 

coordinate a milieu of proinflammatory responses, which affect both malignant cells as 

well as normal cells (96). The infiltrating immune cells in the tumor can either cause an 

antitumor response or actively promote tumorigenesis by inhibiting the immune 

response (97). Therefore, the composition of the tumor microenvironment has a major 

role on the outcome of the disease (98). 
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1.4.1. ROLE OF CYTOKINES IN INFLAMMATION CAUSING CANCER 

Proliferation of cells and their survival are highly regulated processes. Cytokines and 

growth factors are the extracellular stimuli that signal the target cells to regulate cell 

cycle transition and protect cells from apoptosis. Cytokines are membrane bound 

proteins, which are secreted to mediate the intercellular signaling required for regulating 

homeostasis of the immune system (99). The cells of the innate and adaptive immune 

system produce cytokines in response to attack by foreign particles like microbes and 

tumor antigens (99). They play a key role to control the directional migration of 

leukocytes to the injured sites caused by inflammation or infection. Cytokine signaling is 

pleiotropic where one cytokine can act on different types of cells and mediate different 

types of effects (99). It has been found that the production of inflammatory mediators is 

orchestrated by oncogenes of different molecular classes (94). Abnormal cytokine 

production or expression and aberrant signaling through cytokine receptors are some of 

the key factors responsible for many cancers. Even tumors which are not believed to be 

directly caused by inflammation (breast cancer) show high levels of inflammation in the 

tumor microenvironment.    

 

 

THE PRIMARY INFLAMMATORY CYTOKINE 

Tumor necrosis factor (TNF) is a proinflammatory cytokine that is produced by 

macrophages, T cells, B cells, natural killer cells, fibroblasts, neutrophils, keratinocytes 

and tumor cells. It is produced early during the inflammatory response and it mediates 
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the production of other cytokines, chemokines and adhesion molecules (100). It also 

increases vascular permeability, which leads to migration of activated immune cells to 

the site of infection (101). TNF is a promoter of inflammation, angiogenesis and tumor 

dissemination and therefore a tumor-promoting factor (102, 103). Transcription factors 

such as NFκB and AP-1 are activated by TNF (103, 104). It has been reported in 

several older reports that circulating TNF is detected in abnormally high levels in cancer 

patients with a wide range of different types of tumor like pancreatic, breast, kidney, 

lung, colon and prostate cancers (105, 106). 

 

Interleukin-1 (IL-1) is another proinflammatory cytokine family consisting of 11 

cytokines produced during early stages of inflammation. It is produced by macrophages, 

dendritic cells, monocytes and fibroblasts. It acts on T cells, B cells, natural killer cells 

and epithelial cells. IL1α and IL1β are the most common cytokines of this family. IL1 

increases metastasis and tumor invasiveness (107).  The expression of adhesion 

molecules on malignant cells is enhanced by IL1 expression at the tumor site, which 

facilitates the entry of tumor cells into the circulation and thereby their migration to 

remote tissues (108, 109). IL1 helps tumor cells to complete the entire process of 

angiogenesis (110). It plays a role in producing vascular endothelial growth factor 

(VEGF), which is an angiogenic factor that helps in the formation of new blood vessels 

in case of oxygen deficiency (111). Hypoxia inducible factor-1α (HIF-1α) is a dominant 

transcription factor for VEGF, which is activated by IL1β (112, 113).  
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Interleukin-1 receptor antagonist (IL-1RA), initially known as IL-1 inhibitor, is a 

member of the IL-1 family. It is secreted by immune cells, adipocytes and epithelial 

cells. IL-1RA and IL-1 both have the same receptor, interleukin-1 receptor (IL-1R). IL-

1RA competitively binds to the surface of IL-1R, thereby inhibiting IL-1  binding, thus 

inhibiting its signaling and hence its proinflammatory action. 

 

Interleukin-6 (IL-6) is another major tumor promoting cytokine produced by malignant 

cells within the tumor microenvironment (114). IL-6 has systemic and local tumorigenic 

actions, which involve invasion and metastasis, regulating myeloid cell infiltrate and 

tumor promoting T cells (98). Higher levels of circulating IL-6 are found in patients with 

different types of cancers like colon cancer, ovarian cancer (115, 116), breast cancer 

(98), hepatocellular carcinoma (117) and multiple myeloma (118).  

 

Interleukin-8 (IL-8) also known as CXCL8 acts as a chemotactic factor for neutrophils, 

basophils and T cells. It has both tumor promoting and antitumor effects. It promotes 

angiogenesis (119, 120), migration of cancer cells (121) and thereby metastasis (122). 

IL-8 has also been implicated as a potential biomarker of malignancy in several types of 

tumors (123).  

 

Chemokine (C-C motif) ligand 2 (CCL2) is a proinflammatory cytokine, which is highly 

expressed in tumor cells and stroma of many cancers. It is known to stimulate tumor cell 
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proliferation, migration and survival and angiogenesis. It acts as a chemoattractant for 

tumor cells and inflammatory monocytes (124). 

 

 

1.5. NF-κB TRANSCRIPTION FACTOR 

The nuclear factor kappa-light chain enhancer of activated B cells (NF-κB) was 

discovered in 1986 (125). It is a family of transcription factors playing a key role in 

innate immunity and inflammation. NF-κB is expressed in almost all cell types and it 

triggers the expression of many proinflammatory genes which includes a large number 

of chemokines, cytokines and adhesion molecules. 

 

1.5.1. STRUCTURE AND MEMBERS OF NF-κB FAMILY 

There are five members of NF-κB family named p65 or RelA, RelB, C-Rel, NF-κB1 or 

p105 and NF-κB2 or p100. p105 and p100 are precursor proteins which are 

proteolitically processed into p50 and p52 respectively (126). All the members of NF-κB 

protein family share a Rel homology domain (RHD) in the N-terminus, essential for 

dimerization to form either homodimers or heterodimers and for DNA binding. In 

quiescent cells, NF-κB dimers are localized in the cytoplasm and are bound to IκB 

proteins, which are inhibitors of NF-κB. There are three IκBs- IκBα, IκBβ and IκBε. They 

mask the nuclear localization sequence (NLS) of the RHD domain. The ankyrin repeats 

present in the C-termini of IκB protein interacts with DNA binding domains of NF-κB so 

that it remains transcriptionally inactive. There is another member of the IκB family 
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called Bcl3, which localizes in the nucleus and act as a transcriptional co-activator 

instead of an inhibitor (127). The precursor p105 and p100 proteins also have ankyrin 

repeats, which upon maturation are cleaved to mature p50 and p52 respectively, which 

unlike other NF-κB members do not have transactivation domains. p50 and p52 can 

either inhibit transcription when they are in the form of homodimer, or activate 

transcription when they are in the form of heterodimer by binding to RelA or RelB or C-

Rel, which do contain transactivation domains (125).  

 

 

1.5.2. ACTIVATION MECHANISM OF NF-κB 

In general, NF-κB can be activated either by proteolytic degradation of IκB (canonical 

pathway) or by proteolytic cleavage of the precursor proteins p105 and p100 (non-

canonical pathway). These degradations of IκB or the precursors occur by their 

phosphorylation by IKB kinases, followed by polyubiquitination with lysine-48 linked 

ubiquitin chains by SCFβ
TrCP, which is a type E3 ligase (125). IKB kinase complex (IKK) 

comprises of IKKα/IKK1 and IKKβ/IKK2 (two catalytically inactive kinases) and IKKγ or 

NF-κB essential modulator (NEMO) (the regulatory subunit). IKK is phosphorylated and 

activated by upstream kinases such as NF-κB inducing kinase (NIK), TGFβ activating 

kinase 1 (TAK1) and mitogen activated protein kinase kinases (MEKK1, MEKK2 and 

MEKK3) (125). 
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Canonical activation pathway 

The canonical activation pathway is the most common mechanism of NF-κB activation. 

In this pathway the stimulating molecules are generally tumor necrosis factor alpha 

(TNFα), interleukin-1 beta (IL1β) and lipopolysaccharides (LPS). These stimuli activate 

IKK2, which phosphorylates IκBα at serine-32 and serine-36. This is followed by 

ubiquitination and degradation of IκBα by the 26s proteasome (127). The released NF-

κB dimer then translocates to the nucleus from the cytoplasm and activates transcription 

of its gene targets. 

 

Non-canonical activation pathway 

The non-canonical activation pathway or alternative pathway is stimulated by different 

classes of factors such as B-cell activation factor (BAFFR), receptor factor for NF-κB 

(RANK), lymphotoxin beta-receptor (LTβR), tumor necrosis factor receptor 2 (TNFR2), 

CD40 and Fn14 (128).  These factors activate NIK, which phosphorylates and activates 

IKK1, which then phosphorylates the precursor p100 at serine-866 and serine-870, 

causing its ubiquitination and degradation to form p52 by the 26s proteasome. p52 then 

binds with RelB to form the transcriptionally active p52-RelB heterodimer (128). 

 

Atypical activation pathway 

This is another mechanism of activating NF-κB, which occurs as a response to 

genotoxic stress like ionizing radiation, hypoxia, chemotherapeutic drugs etc. In these 

conditions, NEMO translocates to the nucleus where it gets sumoylated. This is followed 
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by phosphorylation of NEMO by ataxia telangiectasia mutated (ATM), causing its mono-

ubiquitination and formation of a NEMO-ATM complex. This complex then translocates 

to the cytoplasm where it activates the IKK complex with the help of IKK-associated 

protein ELKS (129). This then leads to degradation of IκB and release of NF-κB 

following its translocation to the nucleus and thereby its activation. 
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Figure 5. Activation pathways of NF-κB. 

 

The canonical pathway, non-canonical or alternative pathway and atypical pathway for 

NF-κB activation are shown.  

A. In the canonical pathway, toll-like receptors (TLRs), tumor necrosis factor 

receptors (TNFR) and interleukin-1 receptor (IL-1R) are activated by 

lipopolysaccharides (LPS), tumor necrosis factor alpha (TNF-α) and interleukin-1 

(IL-1) respectively. This activates IKKβ, which phosphorylates IκBα at S32 and 
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S36. This then facilitates the polyubiquitination of IκBα followed by its 

degradation by the 26s proteasome. The released NF-κB dimer translocates to 

the nucleus and activates transcription. 

B. In the non-canonical pathway or the alternative pathway, B-cell activation factor 

(BAFFR), CD40, receptor factor for NF-κB (RANK), lymphotoxin beta-receptor 

(LTβR), activates NF-κB inducing kinase (NIK) which activates IKKα that 

phosphorylates p100 at S866 and S870 causing its polyubiquitination and 

degradation by 26s proteasome to form p52. p52 binds to RelB and then 

translocates to the nucleus where it can activate transcription. 

C. The atypical pathway is activated by genotoxic stress, due to which NEMO 

translocates to the nucleus where it gets sumoylated and consequently 

ubquitinated and binds to ATM to form a NEMO-ATM compex. This complex then 

moves back to the cytosol where it activates the IKK complex and ultimately lead 

to IκB degradation. 

The image is adapted from Hoesel and Schmid, Molecular Cancer 2013. 
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1.5.3. ROLE OF NF-κB IN CANCER 

NF-κB is considered to be one of the most important player in inflammation. It leads to 

the production of many pro-inflammatory cytokines and chemokines, which im chronic 

cases, lead to cancer promotion. NF-κB can also directly cause cancer via its 

constitutive activation by oncogenes or mutation of the NF-κB genes (125). In Hodgkin’s 

lymphoma, point mutation and amplification of p65/RelA has been found (130). In B-cell 

leukemia and B-cell lymphomas, Bcl3 (a member of the IκB family) and c-Rel mutations 

are seen and in certain lymphomas chromosomal truncation of p100 has also been 

reported (125). In breast cancer, mutations have been detected in IκBα, IκBε, p105 as 

well as IKK2 (131). In prostate cancer, upregulation of IKK2 levels have also been 

reported. NF-κB is a very important anti-apoptotic factor in hepatocellular carcinoma 

(HCC). In lung cancer and melanoma IKK2 dependent activation of NF-κB is important 

for tumor formation (125). 
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1.6. HYPOTHESIS AND AIMS 

 

Hypothesis 

In addition to a role as type II tumor suppressor, ING1b can also act as a proto-

oncogene by activating normal human fibroblasts into cancer-associated fibroblasts 

whose secretory phenotype promotes breast cancer progression. 

 

Aims 

 To test the above hypothesis the following aims were addressed- 

1. Test if ING1b can activate normal human fibroblasts into a cancer associated 

fibroblast like phenotype by regulating the secretion of cytokines. 

2. Determine if stromal ING1b effects proliferation and migration of breast cancer 

cells. 

3. Test if ING1b exerts effects on the fibroblast secretome through NF-κB. 
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 CHAPTER TWO: MATERIALS AND METHODS 
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2.1. CELL AND CELL CUTURE 

Hs68 human diploid foreskin fibroblasts (CRL-1635), human breast cancer cell lines 

MDA-MB-231 (HTB-26) and MCF7 (HTB-22), the immortal but phenotypically normal 

human mammary epithelial cell line MCF10A (CRL-10317) and immortalized human 

embryonic kidney HEK 293 cells (CRL-1537) were purchased from the American Type 

Cell Collection (ATCC). Hs68, MDA-MB-231, MCF7 and HEK 293 cells were grown in 

high glucose Dulbecco’s modified Eagles’ medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS). MCF10A were cultured in Mammary Epithelial Cell Growth 

Medium (MEGM), which was available as Mammary Epithelial Basal Medium (MEBM) 

along with the additives MEGM SingleQuot Kit Suppl. & Growth Factors available 

separately for purchase as MEGM kit. To make complete growth medium 100ng/ml of 

cholera toxin was added to MEGM.  

All the cells were incubated in a humidified atmosphere with 5% CO2, 95% air at 

37°C. The culture media were changed every 2-3 days or as required for different cells. 

FBS and DMEM culture media was purchased from Gibco BRL or Hyclone. The MEGM 

kit was supplied by Lonza and the Cholera toxin was purchased from Sigma. Tissue 

culture plates and flasks were purchased from Fisher, Corning Canada, VWR or 

Sarstedt. 
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2.2. FREEZING AND THAWING OF CELLS 

Cultured cells were harvested by incubation with trypsin-EDTA (Gibco-BRL) to detach 

them and were then centrifuged at 130 x g for 5 minutes at 25°C. All the cells except 

MCF10A were then resuspended in medium containing 10% FBS and 10% sterile 

dimethylsulfoxide (DMSO, Sigma) to yield approximately 1-2 x 106 cells/ml. MCF10A 

was resuspended in MEGM media contacting 100ng/ml cholera toxin, 0.1% soybean 

trypsin inhibitor and sterile DMSO. Aliquots of 1 ml cell suspension were then 

transferred into cryovials (Nalgene) and were placed at -80°C for 24 hours. The next 

day, frozen cells were placed in liquid nitrogen for long-term storage. 

For thawing cells, the vials of frozen cells were taken out from liquid nitrogen and 

placed in water bath at 37°C for 2-3 minutes. The thawed cell suspension were 

immediately transferred into culture plates having culture media supplemented with 10% 

FBS or MEGM media containing 100ng/ml cholera toxin in case of MCF10A. The cells 

were then incubated at 37°C with 5% CO2. After the cells settled down and got attached 

to the plate, the medium containing DMSO was replaced with fresh growth medium and 

plates were placed back in the incubator for growing. 

 

 

2.3. SPLITTING OF CELLS 

When the cells became about 90-95% confluent, they were washed with sterile 

phosphate buffered saline (PBS) and then detached from the plate by incubating with 

trypsin-EDTA at 37°C for 2-5 minutes. All the cells except MCF10A were harvested by 
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triturating with an appropriate volume of DMEM supplemented with 10% FBS and plated 

in fresh tissue culture plates. MCF10A were triturated in MEGM media containing 

100ng/ml cholera toxin and 0.1% soybean trypsin inhibitor. Hs68 cells were split at 1:2 – 

1:4 ratio as required. Low passage young cells for Hs68 were between 10-35 mean 

population doublings (MPDs). All the breast cancer cells and breast epithelial cells were 

split at 1:2 – 1:6 ratios according to the growth rate and need of the experiment. 

 

 

2.4. PRODUCTION OF ADENOVIRUS IN HEK 293 CELLS 

HEK 293 cells were cultured in 10 cm culture plates, and when they reached 70-80% 

confluence, they were infected with 5-10µl of the recombinant DNA viral stock from the 

frozen aliquots. It took 36-72 hours for HEK 293 cells to lyse. When around 50% cells 

became round and detached from the plate, the cells along with the media were 

collected in 15ml falcon tubes. These cells were then frozen in liquid nitrogen, then 

thawed at 37°C in a water bath and then subjected to vigorous vortexing to release the 

viral particles from the cells completely. This cycle of freeze-thaw-vortex was repeated 

three times. After this the cell lysate was centrifuged at 6000rpm at 4°C to remove any 

cellular debris. The first crude virus lysate (CVL) obtained was then used to infect five 

15cm culture plates of HEK 293 cells. When 50% of the cells detached from the plate, 

the cells were collected and subjected to freeze-thaw-vortex cycle three times as 

mentioned above. From this, the 2nd CVL was obtained after centrifugation and this was 

used to infect twenty five 15cm plates of HEK 293 cells. The above procedure was 
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followed for these twenty five plates as well and the 3rd CVL obtained was then 

aliquoted in small volumes, approximately 200µl and stored at -80°C.  

 

 

2.5. VIRAL INFECTION OF CELLS 

The day before infection Hs68 cells were plated in a 12 well plate, so that it became 70-

80% confluent the next day. The next day media was changed with 750µl of fresh media 

in each well. The aliquoted vial of virus was thawed on ice before use. The optimum 

amount of CVL (5µl of Ad-GFP virus and 10µl of Ad-ING1b-GFP virus for wells in a 12 

well plate) was then added to the cells and distributed evenly by gently shaking the 

plate. The cells were then incubated at 37°C for 48 hours. The infection percentage was 

monitored by GFP expression and about 90-95% of the cells were infected in both 

control and ING1 infections. 

 

 

2.6. MULTIPLEX ASSAY FOR CYTOKINE AND CHEMOKINE PROFILING 

Hs68 cells were plated in a 12 well culture plate overnight and upon reaching 70-80% 

confluence, they were infected with Ad-ING1b-GFP or Ad-GFP virus. The cells were 

then incubated at 37°C for 48 hours. After 48 hours, the media from the infected cells 

were collected carefully in sterile centrifuge vials without disturbing the cells. This media 

was then centrifuged at 13000rpm, 4°C for 10 minutes. After centrifugation, the 

supernatant was transferred to fresh sterile vials and stored at -80°C, if not analyzed 
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immediately. The cytokine and chemokine analysis of the supernatant was then 

performed by Eve Technologies, Calgary, Alberta. They use Milliplex® human 

cytokine/chemokine assay kit  (Millipore) and Bio-Plex™ 200 system (Bio-Rad 

Laboratories, Inc., USA) to analyze multiple cytokines together according to their 

protocol. 

 

 

2.7. PREPARATION OF CONDITIONED MEDIUM 

Hs68 cells were cultured in high glucose DMEM media supplemented with 10% FBS. 

After reaching 70-80% confluence, the media was removed and fresh media was 

added. The cells were then infected with Ad-ING1b-GFP virus or Ad-GFP virus and 

incubated at 37°C with 5% CO2. After 48 hours of infection, the media was collected in 

sterile centrifuge tubes without disturbing the cells and centrifuged at 13,000 rpm for 10 

minutes at 4°C. The supernatant was then aliquoted in smaller volumes (1ml) in fresh 

sterile vials for future use as conditioned media to culture breast cancer cells like MDA-

MB-231 and MCF7 and normal breast epithelial cells MCF10A. If not used immediately, 

these conditioned media were stored at -80°C.  

When the conditioned media were used, the frozen vials were thawed in a 37°C 

water bath for 2-3 minutes. Once the media was thawed, it was not subjected to 

anymore freeze-thaw cycles.  For each use a new vial of media was used. 
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2.8. CELL PROLIFERATION AND CELL COUNTING 

To look at the cell growth promoting capacity of stromal cells overexpressing ING1b, 

breast cancer cells MDA-MB-231 and MCF7 as well as normal breast epithelial cells 

MCF10A were cultured in high glucose DMEM media supplemented with 10% FBS and 

MEGM media with 100ng/ml cholera toxin respectively. Once the cells attached to the 

culture plate media was removed and the cells were replenished with conditioned 

medium. There were two types of conditioned medium, one from overexpressing ING1b 

HS68 cells and the other from Hs68 cells overexpressing GFP as a control. After 16-24 

hours, the cells were counted using haemocytometer.  

For cell counting, the cells were harvested using trypsin-EDTA and then triturated 

in an appropriate amount of high glucose DMEM (for MDA-MB231 and MCF-7 cells) or 

MEGM media (for MCF10A cells). Then 20µl of the cell suspension and 20µl of trypan 

blue was added to a vial and mixed well to make a ratio of 1:1. From this 10µl of the 

mixture was added to fill each chamber of the haemocytometer and covered with cover 

slips. The cells were then counted in both the chambers using a microscope. The dead 

cells were stained with trypan blue and were not counted. The average of the number of 

cells in all the 8 squares were then multiplied with 104 to get the number of cells per ml.  

 

 

2.9. WOUND-HEALING MIGRATION ASSAY OR SCRATCH ASSAY 

Breast cancer cells (MDA-MB-231 and MCF7) and normal MCF10A breast epithelial 

cells were cultured in high glucose DMEM media or MEGM media in 12 well plates. 
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After reaching full confluence, the cells were scraped using sterile p200 pipette tips in a 

straight line to make a scratch. The debris was removed by washing the cells with the 

growth medium twice so that the sides of the scratch became smooth. Then the 

conditioned media were added to the cells and incubated in the 37°C incubator. The 

pictures of the scratch were taken with a 10x microscope objective at different time 

points starting from 0 hour when the scratch was made, 6 hours, 12 hours and so on 

until the scratch or the wound was closed completely. This time frame was different for 

different cell types. Pictures were taken of the same areas that were marked as a 

reference point by marker.  

 

 

2.10. TRANSWELL MIGRATION ASSAY 

MDA-MB-231 cells were cultured in high glucose DMEM the day before performing the 

transwell migration assay. The next day cells were harvested using trpsin-EDTA and 

200µl of 2.5x104 cells/ml in serum free media were added to the transwell inserts (BD 

Biosciences) of 8µm pore size. This transwell insert was placed in 24 well cell culture 

plates whose lower chambers consisted of 750 µl of conditioned media. The plate was 

then placed in the 37°C incubator for 8-10 hours. After 8-10 hours of incubation the 

media were removed from both the upper and lower chambers of the transwell insert. 

Both the chambers were then washed with sterile PBS twice. Next the cells were fixed 

with 3.7% formaldehyde for 2 minutes. After that formaldehyde was removed from both 

the chambers and cells were washed twice in PBS. Then the cells were permeabilized 
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with 100% methanol in both the chambers for 20 minutes. The methanol was then 

removed and the chambers were washed twice with PBS.  Finally the cells were stained 

with 0.5% crystal violet for 15 minutes in both the chambers. Again the stain was 

removed and the chambers were washed with PBS twice. Then the cells in the upper 

chamber were scraped off with clean cotton swabs very carefully to make sure that non-

migrated cells were removed. The insert was then observed under the microscope and 

the migrated cells stained with crystal violet in the lower chamber were counted.  

 

 

2.11. TREATMENT PROTOCOL FOR NFκB INHIBITION 

For this experiment, NFκB activation inhibitor II, JSH-23 (catalog # sc-222061) and LPS 

(catalog # sc-3535) was purchased from Santa Cruz Biotechnology. 

        NFκB inhibitor JSH-23 was dissolved in sterile dimethylsulfoxide (DMSO, Sigma) to 

make a stock solution of 100mM, which was then diluted in sterile PBS for the 

treatment. LPS was dissolved in growth media to make a stock solution of 1mg/ml.  

  The day before treatment Hs68 cells were cultured in high glucose DMEM media. 

After reaching 70-80% confluence, the media was removed and fresh growth media was 

added. Then, 40µM of NFκB inhibitor JSH-23 or DMSO (vehicle) was added to the cells 

and plates were placed in the 37°C incubator. After 3 hours of treatment, Ad-ING1b or 

100µg/ml of LPS was added to the cells that were then placed back in the 37°C 

incubator for 48 hours. 
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2.12. STATISTICAL ANALYSES 

Data are presented as means of three independent experiments, and statistical 

analyses were performed using paired student’s T test. P value of < 0.05 were 

considered statistically significant. In this study p values have been determined for 

cytokines, however q values can also be used to test the significance of the cytokine 

analysis. p values are used to test the probability of randomness or false-positives in a 

single test, however if large number of tests are run from a small sample volume (e.g. 

42 plex human cytokine array) q values are more appropriate. 
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    CHAPTER THREE: RESULTS 
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3.1. ING1b ACTIVATES NORMAL HUMAN FIBROBLAST TO CANCER 

ASSOCIATED FIBROBLAST TYPE PHENOTYPE 

 

Cancer associated fibroblasts (CAFs) are one of the components of the tumor 

microenvironment, which unlike normal fibroblasts, infiltrate the tumor, mass or reside 

within the tumor periphery and facilitate tumorigenesis (69). CAFs display a more rapid 

proliferation rate, enhanced secretion of growth factors such as insulin-like growth factor 

(IGF), hepatocyte growth factor (HGF), basic fibroblast growth factor (FGF2), platelet-

derived growth factor (PDGF), cytokines such as IL6, chemokines such as CXCL9, 

CXCL10, CXCL12, angiogenic factors such as vascular endothelial growth factor 

(VEGF) and other ECM modulators, enhanced collagen production and migration 

compared to normal fibroblasts (71,72).  The senescence associated secretory 

phenotype (SASP), on the other hand, is the phenomenon in which senescent cells in 

spite of their growth arrest are metabolically active and secrete various pro-inflammatory 

cytokines and chemokines such as IL-6, IL-8, CXCL1, IL-1 and others into the 

microenvironment thereby affecting neighboring cells (60). 

Preliminary data was obtained from the RNA sequencing done by Uyen Tran and 

Dr. Jie Chen in collaboration with the University of Lethbridge sequencing lab to analyze 

the effect of ING1b on Hs68 normal human fibroblast cells. These experiments were 

done using several conditions – by overexpressing GFP or ING1b-GFP for 24 hours and 

48 hours by adenoviral infection using the same multiplicity of infection (MOI) and by 

knockdown of ING1b using siRNA for 48 hours and 72 hours in HS68 cells. Upon 
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overexpression, mRNA levels of 171 genes were upregulated and 364 genes were 

downregulated by ING1b at all time points. Out of the 171 genes whose expression was 

upregulated by ING1b overexpression, 24 inflammation-genes were upregulated at 48 

hours. 

The literature on cancer associated fibroblasts (CAF) and the senescence 

associated secretory phenotype (SASP) was used to compile lists of the genes showing 

altered expression.  Out of the 24 inflammation related genes that were upregulated by 

ING1b in normal Hs68 human fibroblasts, there are six genes, which are secreted as 

SASP by senescent cells. These genes are interleukin-6 (IL6), interleukin-8 (IL8), 

interleukin-1 beta (IL1β), chemokine (C-C motif) ligand 7 (CCL7), chemokine (C-X-C 

motif) ligand 1 (CXCL1) and matrix metalloproteinase 10 (MMP10) (Figure 6 A).  

Similarly, there are five genes out of those 24 genes upregulated by ING1b, which are 

secreted by cancer-associated fibroblasts (CAFs), namely interleukin-6 (IL6), 

interleukin-8 (IL8), interleukin-1 beta (IL1β), chemokine (C-C motif) ligand 7 (CCL7) and 

chemokine (C-X-C motif) ligand 1 (CXCL1) (Figure 6 B). Out of these common genes, 

five of them IL6, IL8, IL1β, CCL7, CXCL1 are common to ING1b overexpression on 

normal human fibroblasts, SASP secreted by senescent cells and factors secreted by 

CAFs (Figure 7). 
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INFLAMMATORY    

GENE 

FOLD 

CHANGE 

INFLAMMATORY 

GENE 

FOLD 

CHANGE 

IL8 54.1563 NPTX1 7.33606 

EGR1 45.1354 IL6 7.01043 

IL1β 20.7054 MT1X 6.15482 

IFI27 20.5002 MT1A 5.85353 

CCL7 15.8999 MMP10 5.20411 

IL11 15.4548 XDH 5.07879 

OAS3 13.8747 DLL4 4.73953 

SERPINB2 9.94548 MT2A 4.30928 

ISG15 9.05419 PTTG1 3.90305 

STC1 8.93568 HAS2 3.68994 

CXCL1 8.27122 GM2A 3.20446 

IFI6 7.51453 S100A3 4.17315 

 

TABLE 1.  Inflammation related genes from preliminary RNA sequencing data 

24 inflammation related genes are upregulated by overexpressing ING1b for 48 hours in 

normal HS68 human fibroblasts.  
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A. 

 

 

 

B. 

 

 

FIGURE 6. Genes upregulated by ING1b common to SASP and CAF factors 
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FIGURE 6. Genes upregulated by ING1b common to SASP and CAF factors 

 

A.  Out of 171 genes upregulated by ING1b overexpression in normal Hs68 human 

fibroblasts, 24 genes were related to inflammation, out of which, 6 were common 

to SASP factors – IL6, IL8, IL1β, CXCL1, CCL7 and MMP10 

B. Out of 171 genes upregulated by ING1b overexpression in normal Hs68 human 

fibroblasts, 24 genes were related to inflammation, out of which, 5 were common 

to CAF factors - IL6, IL8, IL1β, CXCL1 and CCL7  
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FIGURE 7.  Genes upregulated by ING1b common to both SASP and CAF factors. 

Out of 171 genes upregulated by ING1b overexpression in normal Hs68 human 

fibroblasts, 24 genes were related to inflammation, out of which, 5 were common to both 

SASP factors and CAF factors - IL6, IL8, IL1β, CXCL1 and CCL7 
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3.1.1. ING1b FACILITATES THE SECRETION OF VARIOUS PRO-INFLAMMATORY 

CYTOKINES 

 

The five genes whose expression as common to ING1b overexpression in normal Hs68 

human fibroblasts, SASP factors and factors secreted by CAFs were the pro-

inflammatory cytokines and chemokines – IL6, IL8, IL1β, CCL7 and CXCL1.   

 Next, the secretion of these cytokines and chemokines was tested in Hs68 

cells. When normal Hs68 human fibroblasts reached a confluence of 70-80%, they were 

infected with Ad-ING1b-GFP or Ad-GFP and incubated for 48 hours. Uninfected HS68 

cells and the ones infected with Ad-GFP served as controls for the experiment against 

which the regulation of the genes by ING1b overexpression was measured. 48 hours 

after infection, media were collected from wells having either Ad-ING1b-GFP or Ad-GFP 

infected cells and centrifuged at 13,000 rpm at 4°C for 10 minutes. The supernatants 

were then collected and cytokine analysis was performed by Eve technologies (Calgary, 

Alberta) using luminex technology based multiplex assay.  All the cytokines and 

chemokines tested were secreted at very low levels in the uninfected normal HS68 

cells. Upon Ad-GFP or Ad-ING1b-GFP infection, the secretion of the cytokines and 

chemokines were to varying degrees increased. ING1b overexpression upregulated the 

levels of IL8 approximately by 5 fold when compared with GFP (control/vehicle). 

Similarly, levels of IL6 secretion were upregulated by 2.5 fold, CCL7 by 2 fold and 

CXCL1 levels by 2 fold (Figure 8). IL1β however was secreted in very low levels, which 
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could not be measured properly in any of the three conditions- uninfected normal HS68 

cells, GFP or ING1b overexpression in HS68 cells and so was not pursued further. 
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Figure 8. ING1b affects the secretion of proinflammatory cytokines 
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Figure 8. ING1b affects the secretion of proinflammatory cytokines 

 

Hs68 cells were infected with Ad-GFP or Ad-ING1b-GFP and incubated for 48 hours. 

Then the media was collected and the cytokine levels were analyzed using luminex 

technology based multiplex assay (Eve Technologies). The UNINFECTED denotes 

normal Hs68 cells with no infection. Cytokine levels upon ING1b overexpression was 

analyzed compared to GFP (n=3). IL8 secretion was upregulated by almost 5 fold by 

ING1b overexpression compared to GFP expression (p=0.0580), IL6 was upregulated 

by almost 2.5 fold (p=0.0154), CCL7 was upregulated by approximately 2 fold 

(p=0.0128) and CXCL1 by approximately 2 fold (p=0.490) 
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3.2. STROMAL ING1b PROMOTES BREAST CANCER CELL PROLIFERATION 

 

The cytokines and chemokines, which showed increase in their secretion levels upon 

ING1b overexpression in normal human fibroblasts, are all pro-inflammatory in action 

and can modify the tumor microenvironment in favor of tumor promotion. They play 

roles in initiation of the tumor, cell proliferation and tumor growth, enhance the migration 

and invasion capacity of the cancer cells to other sites, promote angiogenesis by 

stimulating angiogenic factors such as VEGF and HIFα, and activate metastasis and 

thereby tumor progression. Some of these cytokines have also been reported to cause 

resistance to chemotherapeutic drugs and thereby survival of tumors.  Our lab has 

recently reported that ING1 levels in the stroma of breast cancer patients affects their 

survival outcome negatively (132).  In this study it was found that high levels of stromal 

ING1 in luminal breast cancer patients correlated with poor survival outcome (132).  

Since in the earlier section of the results it was found that ING1b overexpression 

upregulated the levels of the four proinflammatory cytokines and chemokines in the 

human fibroblasts, it was suggested that the stromal ING1b could enhance tumor 

promotion.  

 To test this, normal Hs68 human fibroblasts were infected with Ad-ING1b-GFP 

or Ad-GFP as described previously. After 48 hours the media were collected without 

disturbing the cells and centrifuged. The supernatant was then collected and used as 

conditioned media (CM) for breast cancer cells. MDA-MB231 and MCF-7 were the two 

different classes of breast cancer cell lines used for future experiments. These cell lines 
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were chosen because of their high degree of variation in mobility, since in later 

experiments, migration was tested. MDAMB231 and MCF-7 were cultured in high 

glucose DMEM media. Once the cells attached to the culture plate the media were 

removed and the cells were replenished with conditioned medium. There were two 

types of conditioned medium, one from cells in which ING1b was overexpressed and 

the other from Hs68 cells with GFP overexpressed as a control. The cells growing in 

high glucose DMEM media were used as another control. After 18 hours for MDA-MB-

231 and 24 hours for MCF-7, cells were counted using heamocytometer. The number of 

MDA-MB231 cells growing in ING1b conditioned medium (5.5x105 cells/ml) was almost 

two fold higher than the ones growing in GFP conditioned medium (2.8x105 cells/ml) 

(Figure 9 A). 

        Similarly, the number of MCF-7 cells growing in ING1b conditioned medium (3 x105 

cells/ml) showed an approximate two fold increase compared to the ones growing in 

GFP conditioned medium (1.6 x105 cells/ml) (Figure 9 B). 
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B.        

                                       

                                         

 

 

 

 

 

FIGURE 9.  Effect of stromal ING1b on cell proliferation of breast cancer cells. 
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FIGURE 9. Effect of stromal ING1b on cell proliferation of breast cancer cells. 

 

Hs68 cells were infected with Ad-GFP or Ad-ING1b-GFP for 48 hours. The media 

collected from these cells were used as conditioned media to grow breast cancer cells. 

The cells growing in high glucose DMEM media were taken as CONTROL. The cell 

proliferation was measured by counting the cells using hemocytometer.  

A. MDA-MB-231 shows almost 2 fold increase in cell number when cultured in 

ING1b conditioned medium (ING1b CM) (5.5x105 cells/ml) compared to GFP 

conditioned medium (GFP CM) (2.8x105 cells/ml) (n=3, p=0.0026) 

B. MCF7 when cultured in ING1b CM (3 x105 cells/ml) also showed two fold 

increase compared to the ones growing in GFP conditioned medium (1.6 x105 

cells/ml) (n=3, p=0.0254) 
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3.3. STROMAL ING1b PROMOTES BREAST CANCER CELL MIGRATION 

 

Cancer cell migration and invasion is one of the hallmarks of cancer. It is the first step to 

initiate metastasis where the cancer cells spread within tissues and throughout the 

body. With the ability to migrate, cancer cells can move from their primary site into the 

blood and lymph circulation and cause metastasis by growing in distant secondary sites.  

IL8, IL6, CCL7 and CXCL1 have all been reported to enhance migration in different 

types of cancers including breast cancer, prostate cancer, colon cancer, ovarian cancer 

and gastric cancer.  Therefore, we proposed that ING1b upregulating the secretion 

levels of these cytokines might enhance cancer cell migration. 

 To test this, we used MDAMB231 and MCF7 breast cancer cell lines in scratch 

assays. MDAMB231 cells were grown in high glucose DMEM media until they reach full 

confluence. After that, the media was removed and replenished with ING1b conditioned 

medium (CM) or GFP conditioned medium and scratch assays (wound-healing assays) 

were performed and pictures were taken to look at the closure of the wound at different 

time intervals until the wound was fully closed. The cells in DMEM media were used as 

a control. It was found that MDAMB231 cells in the ING1b conditioned media closed the 

wound much faster compared to the ones in GFP conditioned media (Figure 10). This 

suggests that ING1b conditioned media enhanced the migrating and or growth ability of 

MDAMB231 cells.  

To test this using a different assay, transwell migration assays were performed for 

MDA-MB231 cells. It was found that ING1b conditioned medium increased the migration 
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of these cells to the lower chamber by almost 2.5 fold compared to GFP conditioned 

medium (Figure 11). 

 To look at the migration properties in MCF-7, wound-healing assays were 

performed as described above. MCF-7 cells usually do not migrate, but it was found that 

ING1b conditioned medium promoted their migration significantly by closing the wound 

at a much faster rate compared to GFP conditioned medium (Figure 12) 
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A.                      CONTROL 
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B. 

                      

 

 

Figure 10.  Stromal ING1b promotes migration of MDA-MB-231 cells. 

 

Effect on migration of MDA-MB-231 cells upon ING1b CM or GFP CM was done by 

wound healing assay or scratch assay.  A. The top panels shows the image of the 

scratch at different time points (0 hour, 6 hour, 18 hour, 30 hour) in H-DMEM media 

(control). The middle panels shows the image of the scratch at different time points (0 

hour, 6 hour, 18 hour, 30 hour) in GFP conditioned medium and the bottom panels 

shows the image of the scratch at different time points (0 hour, 6 hour, 18 hour, 30 hour) 

in ING1b conditioned medium. B. The graph shows the quantification of wound closure 

at different points. In GFP CM approximately 58% wound was closed and in ING1b CM 

approximately 95% in 30 hours. (n=3, p=0.0149) 
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Figure 11. Transwell migration assay on MDA-MB-231 showing effect of ING1b. 

 

The top panel shows the image of the transwell assay performed on MDA-MB-231. The 

bottom panel shows the quantification of the number of cells migrated to the bottom 

chamber in response to ING1b conditioned medium (ING1b CM) or GFP conditioned 

medium (GFP CM). (n=3, p=0.0364) 
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B. 

 

 

Figure 12. Stromal ING1b promotes migration of MCF-7 cells. 

 

Effect on migration of MCF-7 cells upon ING1b CM or GFP CM was done by wound 

healing assay or scratch assay. A. The top panels show the image of the scratch at 

different time points (0 hour, 6 hour, 12 hour, 24 hour) in H-DMEM media (control). The 

middle panels show the image of the scratch at different time points (0 hour, 6 hour, 12 

hour, 24 hour) in GFP conditioned medium and the bottom panel shows the image of 

the scratch at different time points (0 hour, 6 hour, 12 hour, 24 hour) in ING1b 

conditioned medium. B. The graph shows the quantification of wound closure at 

different points (n=3). In GFP CM approximately 38% wound was closed and in ING1b 

CM approximately 73% wound was closed at 24 hours (p=0.0352)  
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3.4. STROMAL ING1b PROMOTES CANCEROUS PHENOTYPES IN NORMAL 

BREAST EPITHELIAL CELLS 

 

The tumor microenvironment also consists of normal cells surrounding the tumor, which 

have not transformed into tumor yet. The tumorigenic factors secreted in the 

microenvironment might affect these cells too and change their phenotype and 

behavior.    

             Next, we wanted to test the role of the stromal ING1b on phenotypically normal 

breast epithelial cells. For this experiment MCF10A were used which are non-

tumorigenic but immortal mammary gland epithelial cells. To look at the effect of stromal 

ING1b on the growth of these cells, MCF10A cells were cultured in MEGM media 

supplemented with 100ng/ml cholera toxin. Once the cells got attached to the culture 

plate, the media was removed and ING1b or GFP conditioned media were added. After 

16-18 hours cells were counted using a hemocytometer.  

            The cells growing in ING1b conditioned media (2.3x105 cells/ml) were almost 1.5 

fold higher in number compared to the cells growing in GFP conditioned media (1.5x105 

cells/ml).  
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Figure 13.  Stromal ING1b promotes cell proliferation of normal breast epithelial 

cells. 

 

Normal breast epithelial cells MCF10A were cultured in ING1b conditioned medium or 

GFP conditioned medium. After 16-18 hours the cell proliferation was measured using 

hemocytometer. The cells growing in ING1b CM (2.3x105 cells/ml) were almost 1.5 fold 

higher in number compared to the cells growing in GFP CM (1.5x105 cells/ml). (n=3, 

p=0.0042) 
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3.5. ING1b ACTIVATES NF-κB THAT REGULATES THE EXPRESSION OF THE 

CYTOKINES 

NF-κB is a transcription factor that plays an important role in inflammation by secreting 

many proinflammatory cytokines and chemokines. The four cytokines of our interest IL8, 

IL6, CXCL1 and CCL7 are known to be target genes of NF-κB. NF-κB activates the 

transcription and therefore the expression of these genes.  

            It has been reported that ING4 negatively regulates NF-κB in brain and breast 

cancer (39, 133).  ING4 is a stoichiometric member and targeting subunit of the HBO1 

HAT (histone acetyltransferase) complex, whereas ING1 interacts with the components 

of Sin3A-HDAC (histone deacetylase) complexes.  Therefore we suspected that ING1b, 

which is enhancing the secretion of the four cytokines might do so by positively 

regulating NF-κB. 

            To test this, Hs68 cells were cultured in high glucose DMEM media. After 

reaching 70-80% confluence, media was removed and fresh growth media was added. 

Then, NFκB inhibitor JSH-23 or DMSO (vehicle) was added to the cells and plates were 

placed in the 37°C incubator. After 3 hours of treatment, Ad-ING1b or LPS was added to 

the cells and cells were incubated an additional 48 hours. LPS was used as a positive 

control as it is known to the activate NFκB.  After 48 hours the media was collected and 

the cytokine levels were analyzed. It was found that the treatment with NFκB inhibitor 

downregulated the levels of CXCL1 by approximately 4 fold, CCL7 by 5.5 fold, IL6 by 2 

fold and IL8 also by 2 fold, compared to the treatment with DMSO. (Figure 14) 
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Figure 14. ING1b regulates NF-κB activation and its gene targets. 

Hs68 cells were treated with NF-κB inhibitor (NF-κBi) or DMSO (vehicle) and were then 

infected with Ad-ING1b or LPS (positive control for NF-κB secretion). After 48 hours the 

cytokine levels were analyzed using ELISA based multiplex assay by Eve Technologies. 

Cytokine levels were analyzed between LPS+DMSO and LPS+ NF-κBi, and between 

ING1b+DMSO and ING1b+NF-κBi (n=3). CXCL1 levels were reduced by approximately 

4 fold (p=0.0011), CCL7 levels by 5.5 fold (p=0.0001), IL6 levels by approximately 2 fold 

(p= 0.0029) and IL8 levels by approximately 2 fold (p=0.0477) in ING1b+NF-κBi 

condition compared to ING1b+DMSO. 
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     CHAPTER FOUR: DISCUSSION 
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Tumor growth and progression are not an independent process depending only on the 

tumor itself, but they also depends on the tumor microenvironment where the tumor 

resides along with other components such as various immune cells, extracellular matrix, 

blood vessels and fibroblasts. All these members of the tumor microenvironment 

interact with each other and play roles in the formation and progression of cancer. One 

of the major components of the tumor stroma are the fibroblasts.  Fibroblasts can be 

present in different forms in the tumor microenvironement, including as senescent 

fibroblasts secreting proteins of the senescent associated secretory phenotype (SASP) 

and as cancer associated fibroblasts (CAFs).  SASP usually includes proinflammatory 

cytokines such as IL8, IL6, IL1, G-CSF and GM-CSF among others (61) and 

chemokines such as CXCL1, CXCL2, MCP2, CCL13, CCL2, CCL16, eotaxin-3, MIP3α, 

and CCL7 (61), which are secreted by the senescent cells. This links senescence to 

inflammation. Chronic inflammation is one of the hallmarks of cancer and around 20% of 

cancer is thought to be caused in response to prolonged inflammation. Similarly, 

prolonged SASP is also believed to promote tumor formation and progression.  Cancer 

associated fibroblasts (CAFs) are the fibroblasts that reside within or surrounding the 

tumor mass. They are in an activated state and can secrete various growth factors, 

proinflammatory cytokines, extracellular matrix modulators and angiogenic factors in the 

tumor microenvironment. These secreted factors enhance the tumor growth, immune 

suppression, migration, angiogenesis, metastasis and hence the survival of cancer 

cells.  
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Until very recently, ING proteins were considered as type II tumor suppressors, which 

are either downregulated or mislocalized in various epithelial cancers. Recently, our lab 

reported that stromal ING1 levels are higher in breast cancer patients and that higher 

ING1 levels correlate with their poor survival outcome (132). 

          In this study we found that ING1b overexpression in normal Hs68 human 

fibroblasts increases the secretion of the cytokines interleukin 8 (IL8), interleukin 6 (IL6), 

chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine (C-C motif) ligand 7 (CCL7). 

These four cytokines are also secreted by CAFs and by senescent cells as SASP in the 

tumor microenvironment. At the mRNA level analysis of the transcriptome by RNA 

sequencing showed that the expression of IL1β was also upregulated by almost 20 fold 

by ING1b overexpression. However, IL1β was not secreted in measurable amounts as a 

protein, and so was not included in the study any further.  The other four cytokines IL8, 

IL6, CXCL1 and CCL7 are all pro-inflammatory cytokine, which play positive role in the 

promotion of tumors. They function in initiation of the tumor, cell proliferation and tumor 

growth, enhance the migration and invasion capacity of the cancer cells to other sites, 

angiogenesis by stimulating angiogenic factors such as VEGF and HIFα and promote 

metastasis and thereby tumor progression. Some of these cytokines have also been 

reported to cause resistance to chemotherapeutic drugs and thereby survival of the 

tumor. Since ING1b overexpression in normal Hs68 human fibroblasts increased the 

secretion of those cytokines, we hypothesized that stromal ING1b could promote cancer 

growth and progression by activating resident fibroblasts into a cancer associated 

fibroblasts like phenotype.  We overexpressed ING1b in Hs68 cells and collected the 
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media and used it as conditioned media to grow breast cancer cells to mimic ING1b 

expression in the tumor microenvironment.  We found that both the breast cancer cell 

lines MDA-MB-231 and MCF-7 showed almost two fold increases in their cell number 

when cultured in the ING1b conditioned medium. This shows that higher stromal ING1b 

levels promotes breast cancer proliferation, therefore acting as a tumor-promoting gene, 

unlike the ING1b levels in the breast cancer itself where it acts as a tumor suppressor 

(44). We also looked at the migration of MDA-MB-231 and MCF-7 breast cancer cells in 

response to stromal ING1b. We found that both the cell lines showed increased 

migration when cultured in ING1b conditioned medium. MDA-MB-231 is usually 

migratory in nature, however MCF-7 is known to migrate very little. However, we found 

that in ING1b conditioned medium, MCF-7 migrated extensively. This suggests that the 

stromal ING1b promotes the migration of cancer cells, which is one of the most crucial 

steps to begin metastasis. With the ability to migrate, cancer cells can spread within the 

tissue of origin and can also move from their primary site into the blood circulation and 

lymph circulation and cause metastasis by growing in distant secondary sites.  

           The breast cancer tumor microenvironment also contains normal breast epithelial 

cells, which have not yet transformed into tumor. Therefore we examined the effect of 

stromal ING1b on phenotypically normal breast epithelial cells. For this we used the 

MCF10A cell line and cultured them in ING1b conditioned medium as previous. We 

found that proliferation of MCF10A increased when cultured in ING1b conditioned 

medium but not to the same extent as seen in MCF-7 and MDA-MB231 cells. This 

suggests that stromal ING1b can activate normal breast epithelial cells and therefore 
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might promote the transformation of normal epithelial cells surrounding the tumor 

promoting tumorigenesis. The cytokines IL8, IL6, CXCL1 and CCL7 secreted by cells 

expressing ING1b are all downstream targets of the transcriptional factor NFκB. NFκB 

is considered one of the major players in inflammation and in diseases related to 

chronic inflammation such as cancer. It activates the transcription and thus the 

expression of various inflammatory genes. NFκB and ING have been reported to have a 

connection. ING4 negatively regulates NF-κB in brain and breast cancer (39, 133).  

ING4 is a stoichiometric member of the HBO1 HAT (histone acetyltransferase) complex, 

whereas ING1 targets the Sin3A HDAC (histone deacetylase) complex to the H3K4me3 

mark of active transcription (46). Therefore we proposed that ING1b, which is enhancing 

the secretion of the four cytokines, might do so by positively regulating the activation of 

NF-κB since targeting an HDAC complex might be expected to have opposite effect to 

targeting a HAT complex. We used an NF-κB inhibitor to look at the secretion levels of 

the four cytokines upon ING1b overexpression in Hs68 cells. We found that upon 

treatment with NF-κB inhibitor the levels of the cytokines decreased significantly and 

that the inhibition reduced the ability of ING1b to increase the levels of these cytokines. 

This suggests that ING1b is regulating NF-κB activation, which is then activating the 

expression and secretion of pro-inflammatory cytokines in the tumor microenvironment.  

         In this study we did not examine the mechanism by which ING1b regulates NF-κB, 

but it is reasonable to speculate that this occurs by ING1b altering the chromatin of the 

NF-κB promoter to induce expression, but this remains to be tested. In future, 

experiments can be done to test if ING1b directly affects the NF-κB levels by performing 
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western blot to test NF-κB levels in the nucleus under ING1b overexpression and ING1 

knockdown conditions. Levels of IκB (inhibitor of NF-κB) can also be tested under 

ING1b overexpression and ING1 knockdown in normal Hs68 human fibroblasts. To test 

if ING1b affect the DNA binding of NF-κB to the promoter of its target gene, ChIP can be 

performed. The synthesis of the 5 cytokines can be differentiated from secretion by 

measuring the cell lysates using western blot, which could be done in future. There 

could be a possibility that out of the 5 cytokines, 1 of them is driving the activation of 

NF-κB and thus the secretion of other cytokines subsequently. To test this, a time 

course experiment can be performed to test the cytokines secreted earlier by ING1b 

overexpression than others. Moreover, to test what part of ING1b induced secretome 

are responsible for inducing migration, 4 out of the 5 cytokines can be blocked using 

specific antibodies and testing the effect on migration of the breast cancer cells by the 

unblocked cytokine. The results of this study are in vitro and may or may be similar in 

case of in vivo conditions. 

            Overall, in this study we suggest that normal fibroblasts upon ING1b over-

expression gets activated to become cancer associated fibroblasts (CAFs), in which the 

transcription factor NF-κB gets activated. Once activated, NF-κB activates the 

transcription of its gene targets IL8, IL6, CXCL1 and CCL7. These proinflammatory 

cytokines are then secreted by CAFs into the tumor microenvironment where they affect 

the tumor by enhancing cell proliferation and migration (Figure 15). Moreover, the 

stromal ING1b might also regulate the transformation of neighboring normal epithelial 

cells into cancer cells further promoting tumorigenesis. This study demonstrates an 
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important aspect of ING1b tumor suppressor, which can also act as a proto-oncogene, 

modulating the tumor microenvironment for tumor promotion and progression. Therefore 

stromal ING1 can be a target for effective therapeutics in the future. 
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Figure 15. Model depicting the role of stromal ING1b in breast cancer promotion. 

 

ING1b overexpression in normal fibroblasts activate them to become cancer associated 

fibrblasts (CAFs), where NF-κB gets activated and leads to the transcription and 

expression of its target genes IL8, IL6, CXCL1 and CCL7. These proinflammatory 

cytokines are secreted by CAFs into the tumor microenvironment, which enhances the 

cell proliferation and migration of breast cancer. 
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CYTOKINE GFP (pg/ml) ING1b (pg/ml) Fold change 

IL8 11633.94 61297.9 5.3  

UPREGULATION 

IL6 6898.19 17477.99 2.5  

UPREGULATION 

CCL7 965.32 2228.96 2.3 

UPREGULATION 

CXCL1 29951.1033 57138.6 1.9 

UPREGULATION 

G-CSF 1370.83 3923.10 2.86  

UPREGULATION 

GM-CSF 142.15 324.34 2.28  

UPREGULATION 

GROα 28303.46 54609.42 1.92 

 UPREGULATION 

PDGF-AA 7.9 3.67 2.15  

DOWNREGULATION 

 

TABLE 2. Cytokines regulated >1.5 fold by ING1b overexpression on HS68 cells. 


