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Abstract 

 
Despite therapeutic advancement, ductal carcinoma in situ (DCIS) remains the 

most common form of pre- invasive breast cancer diagnosed among women with 

60,000 cases every year. Treatment for DCIS involves a combination of lumpectomy 

and radiotherapy in which 10-35% of patients experience disease recurrence that is 

often accompanied by invasive ductal carcinoma. By developing a molecular approach 

to evaluate the prognosis of DCIS we can identify biomarkers for DCIS patients capable 

of predicting which cases will become invasive and potentially spare women from non-

necessary surgeries.  

The CCL2/CCR2 chemokine signaling is overexpressed in breast cancer 

biopsies and malignant breast cell lines. Here we demonstrated additional molecular 

factors by which CCL2/CCR2 might drive DCIS progression, by RPPA analysis on 

DCIS.com breast cancer cells we identified that CCL2 induction phosphorylated c-MET 

tyrosine kinase. By PLA we confirmed that CCR2 interacts with c-MET and by CO-IP we 

demonstrated that this interaction is potentially mediated by SRC dependent 

mechanisms.  

Additionally, global metabolomic analysis revealed that CCL2 alters glycolysis. 

Specifically, CCL2/CCR2 regulate glycolysis by enhancing glucose consumption, 

intracellular lactate, and upregulation of Hexokinase 2. In vitro studies targeting c-MET 

induced by CCL2 with the c-MET pharmacological Merestinib, resulted in blocked 

cellular migration, proliferation, survival, growth, and glycolysis in basal like breast 

cancer cells.  
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By injecting SUM225 CCR2 overexpressing cells via the MIND Mammary 

Intraductal Injection model and dosing the animals orally with Merestinib, we 

demonstrated that c-MET inhibition mediated by CCL2/CCR2 resulted in decreased 

lesion mass, proliferation, and expression of glycolytic enzymes associated with 

formation of fewer invasive lesions compared to vehicle control. To investigate the 

effects of inhibiting c-MET pathway on metabolites involved in the glycolytic pathway in 

vivo, MIND model lesions were analyzed by IC-MS and showed that Merestinib blocked 

consumption of glycolytic intermediates.  

Lastly, we identified the physiological and clinical relevance of the CCR2 and c-

MET receptors in normal, DCIS and IDC (invasive ductal carcinoma). By datamining 

analysis of TCGA data sets we found positive and significant mRNA correlations 

between CCR2 and c-MET. We further analyzed the protein expression in TMAs from 

DCIS and DCIS patient samples and identified that there was a positive and significant 

correlation between CCR2 and c-MET in DCIS and IDC tissues. Co-staining of CCR2 

and c-MET demonstrated that co-expression of these receptors is higher in IDC tissues 

compared to DCIS and normal. These data indicate that CCR2 and c-MET mRNA, and 

protein expression have an important role in DCIS transition to IDC and that can 

potentially be identified as biomarkers use to predict DCIS progression.  

Implications: This project identifies a unique association between CCL2/CCR2 

expression, c-MET activity, and enhancement of glycolysis with important implications 

into prognosis and potential management of DCIS progression. These associations can 

be considered as novel molecular targets for alternative therapeutic for DCIS patients 

expressing high levels of CCR2 and c-MET.  
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Ductal Carcinoma in Situ (DCIS) 

 

Epidemiology and Natural History 

Ductal carcinoma in situ (DCIS) refers to the abnormal growth of the epithelial 

cells that have become “cancerous” but are still confined within the duct and lobule of the 

breast. If left untreated, DCIS can progress to invasive ductal carcinoma (IDC). DCIS is 

the most common type of pre- invasive breast cancer, with 63,410 cases diagnosed, an 

approximate of 252,710 new cases of invasive breast cancer, and 40,610 expected 

deaths in 2017 in the United States [1].  

A normal breast duct is a hollow tube made from epithelial cells and surrounded 

by myoepithelia and a basal membrane. DCIS is a heterogeneous group of lesions 

characterized for abnormal growth but that are still confined within the basal membrane 

and myoepithelia of the breast duct which serve as structural barriers between the 

stroma and duct. Progression from DCIS to IDC is characterized by the disappearance of 

the myoepithelium and appearance of invading ductal carcinoma cells into the 

surrounding stroma.  

DCIS represents an advanced or late stage tumor progression with malignant 

potential, and it is the known to be the direct precursor of most invasive breast cancers 

(IBCs). Some evidence that supports the idea that DCIS is nonobligatory precursor of 

most invasive breast cancers (IBC) is the fact that most IBCs are accompanied by DCIS 

and foci of histological continuity [2, 3]. Wellings and Jensen established a model for 

human breast cancer evolution. The model suggests that in humans, DCIS lesions start 

to develop in the terminal duct lobular units (TDLUs) and that there is a continuous from 

TDLUs to cancer through a series of acquired mutations that make increasingly 
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“abnormal: stages over time [4]. Currently, is well known that most IBCs evolved through 

a nonobligatory series of stages such as hyperplasia, also known as hyperplastic lobular 

units (HELU), atypical  ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS) and 

lobular carcinoma in situ (LCIS) [3, 4] (Fig.1).  

Laboratory and clinical data indicate that DCIS can progress to invasive disease. 

A study reported that from 179 DCIS cases of patients, if left untreated, the average 

progression rate was (~43%) to develop invasive disease [5]. Further studies 

demonstrate that the major risks for developing IBC are the same for DCIS and that they 

both share many genetic abnormalities, especially when they are in the same breast [2-

4, 6]. Therefore, if not completely removed, DCIS diagnosis represents a strong risk 

factor for developing IBC in the future. Thus, there is an urgent need in the field to 

identify molecular biomarkers and mechanisms that drive DCIS progression to IDC so 

we can accurately predict disease progression.  

The clinical conundrum of DCIS overtreatment and undertreatment 

One of the current clinical challenges is that the standard diagnostic method for 

DCIS, the mammogram, cannot predict disease progression. Since the current treatment 

for DCIS involves mastectomy or lumpectomy with or without radiation and hormonal 

treatment, there is not a clinical available tool to predict which DCIS cases will become 

invasive. About 5 to 30% of DCIS patients who are treated with breast-conserving 

therapy experience local recurrence on the same breast, about one half of the 

recurrences are invasive [7]. 
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Magnetic Resonance Spectroscopy as an alternative diagnostic approach for DCIS 

Due to the lack of an assertive prognostic tool, using a non-invasive molecular 

imaging approach to study the progression of DCIS in an animal model would be very 

useful. With the new and improved magnetic resonance imaging (MRI) and spatial 

resolution, as many as 98% DCIS cases are detected with MRI. Additionally, 6-23% 

lesions that cannot be detected via mammogram can be detected with MRI due to the 

enhancement of non-calcified DCIS which remain undetected with the standard 

mammogram [8]. MRI detects lesions as small as 2mm in transgenic mouse models of 

breast cancer and it is capable of differentiate between in situ mammary lesions from 

invasive mammary tumors [9, 10].  

 

 

Figure 1. Current model of DCIS transition to IDC. A normal breast duct is a hollow tube 

made with epithelial cells and surrounded with myoepithelia and basal membrane. DCIS 

progression and transition to invasive disease through a series of mutations that make abnormal 

stages over time.  
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Even though, MRI can provide image acquisition and identifying radiological 

characteristics that might help identify which neoplasias will likely become invasive or will 

progress, this image base method has the limitation that does not provide data on the 

molecular mechanisms that might be involved in cancer progression. However, Magnetic 

Resonance Spectroscopy (MRS) coupled with MRI can provide data on metabolite 

profiles relative to tissue morphology. Therefore, using MRI along MRS is used to study 

the metabolism of tumors and or cells by the detection of different metabolites and 

biochemicals that are involved in different metabolic pathways in vivo [11]. Therefore, the 

capability of MRS to non-invasively determine concentration of metabolites in certain 

tissues provides powerful biological information not given by any other current imaging 

diagnostic method [12].  

Challenges to assess DCIS progression in vivo  

DCIS is a multi- stage process in which genetic and molecular heterogeneity are 

involved at different steps making it a great challenge to obtain tissue samples from all 

stages of progression. This presents a great obstacle for studying the molecular 

mechanisms that could mediate the transition from pre- invasive DCIS to IDC. Therefore, 

the lack of suitable in vivo models to study DCIS makes it even more challenging to 

understand the pathobiology of DCIS. For instance, mammary fat pad injection and 

subcutaneous transplant models do not represent the heterogeneity of breast cancer and 

do not mimic DCIS progression and transition to invasive disease [13-16].  

Transplant models fail to grow primary DCIS cells elucidating another challenge in 

making it difficult to translate potential predictors of the disease or therapeutic targets to 

the clinic. Even though the establishment of molecular subtypes in IDC and the use of 
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the hormonal Estrogen (ER) and Progesterone (PR) in addition to the HER2 biomarkers 

to guide treatment has been recognized, [17 - 20] subtype alone is not a direct or 

significant predictor od DCIS progression or transition to IDC [21 - 23].  

To overcome some of these limitations, the mouse intra ductal (MIND) model was 

developed [24]. This model consists of injecting DCIS cell lines and patient derived DCIS 

epithelial cells into the mammary ducts of immunosuppressed mice (Fig. 2). The MIND 

model mimics the progression of human DCIS and can be observed in definable stages 

including ductal growth of in situ lesions that is followed by the invasion of surrounding 

microenvironment (stroma) as cancer cells cross the myoepithelial and basal membrane 

[25, 26].  

 

Figure 2. The MIND (Mouse Mammary Intraductal Injection) model mimics DCIS 
progression. The MIND model is the most physiological and clinically relevant model for DCIS 
available until this day because the cells are seeded within their native environment and it 
resembles the heterogeneity and natural progression of human disease. 
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Chemokines 

Chemotactic cytokines which are also referred to as chemokines, are a family of 

small soluble proteins (8-17 kDa). Chemokines have been recognized as critical 

mediators of the inflammatory response by forming molecular gradients to mediate the 

movement of cells from the innate and adaptive immune system to the site of injury or 

inflammation [27]. Additionally, chemokines have long been recognized as regulators of 

biological processes such as angiogenesis, immune cell trafficking during embryonic 

development, wound healing, and infection [28, 29]. 

Currently, about 47 chemokine ligands and 23 chemokine receptors have been 

identified and are classified into several categories according to the spacing of two NH2 -

terminal cysteines. Current classes of the chemokine family are referred to as CC, CXC, 

and CX3 in which the X is a non-cysteine amino acid residue [30]. While the CXC class 

of chemokines regulate recruitment of neutrophils and T cells, the CC chemokine 

regulate both T and B cells as well as the recruitment of dendritic cells and those derived 

from the bone marrow [28, 31]. 

Structure and function of the CCL2 chemokine ligand 

CCL2, also known as Monocyte Chemotactic Protein 1 (MCP1) is a small 

chemokine that  belongs to the C-C class of chemokines that has been shown to be a 

critical regulator of immunological processes including inflammation, macrophage 

recruitment during wound healing and autoimmune diseases [32,35]. CCL2 is well known 

for its role during inflammation or infection since it recruits monocytes, T cells and 

dendritic cells. Studies reveal that even though CCL2 can bind to CCR2-CCR5, it has the 

highest binding affinity for the receptor CCR2 [39].  
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Structure and function of the CCR2 Chemokine receptor 

The chemokine receptor CCR2 is a G Protein Coupled Receptor (GPCR) that 

regulates macrophage recruitment during wound healing, infection, and inflammation 

[27, 38]. Even though CCR2 is expressed as two spliced isoforms (A and B) in humans, 

one isoform is expressed in mice. CCR2A is primarily expressed in macrophages, while 

CCR2B regulates T cell signaling [39]. CCR2 signaling is activated through the binding of 

three different ligands: CCL2, 7 and 8 chemokines. However, chemokines also activate 

downstream pathway targets independently of G proteins including p38 MAPK [40], and 

JAK2/STAT3 pathway [41]. 

In normal tissues, chemokine receptor levels are maintained at low levels. In 

macrophages, prolonged binding of the ligand to the chemokine receptor leads to β-

arrestin which is a negative regulator of G- Proteins Coupled Receptors that promotes 

receptor internalization, causing desensitization and thus downregulating downstream 

signaling [42]. However, during acute inflammation, CCL2 mRNA expression and 

secretion is induced by IL6 [43], and TNF-Ƙ [44].   

 

Significance of the CCL2/CCR2 chemokine signaling in cancer 

Signaling of CCL2 through CCR2 leads to the activation of downstream signaling 

pathways including p42/44 MAPK, phospholipase C-γ, and PKC through G-protein 

dependent mechanisms which regulate cellular adhesion and motility in macrophages 

[45]. Recent studies on the signaling pathway as it related to breast cancer has found 

that CCL2 enhances expression activity of RhoA through Smad3 and MEK signaling 
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through p42/p44 MAPK signaling to regulate breast cancer cell motility and survival [46] 

(Fig. 3).  

 

Figure 3. CCL2/CCR2 Chemokine signaling pathways. Chemokine signal transduction 
starts by the binding of the CCL2 ligand at the NH2 terminus to the seven transmembrane CCR2 
G protein coupled receptor. Binding leads to phosphorylation of the intracellular region at the 
serine/threonine residues which results in conformational changes and activation on the 
heterotrimeric G protein complex that includes the subunits Gα, Gβ, and Gγ. Following activation 
of the G protein complex to a GTP bound state, dissociation of the Gα subunit from the Gβ and 
Gγ, thus activating downstream pathways. Activated pathways include PI-3 kinase (PI-3K), Rho 
family of GTPases, and p42/44 MAPK. 

 

The significance of this chemokine CCL2 and its receptor CCR2 is that they are 

both overexpressed in multiple cancer types including pancreatic, brain, prostate, colon 

and breast cancer [47-51]. Over expression of CCL2 correlated with tumor grade and 

poor patient prognosis in glioma, prostate, breast, and ovarian cancers [50-53]. 
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Mechanisms of CCL2/CCR2 in regulating breast cancer 

 

The CCL2/CCR2 chemokine signaling is highly regulated in breast cancer at 

different levels including genetic, RNA, protein and signaling via autocrine and paracrine 

mechanisms. To start, at the genomic levels, single nucleotide polymorphisms of CCL2 

(MCP1), have been associated with the risk of breast cancer development.  Such 

variations in the genome exist in the regulatory regions of the MCP-1 gene. Results 

indicate that independently of initial stage, breast cancer patients that carry at least one 

G allele were at an increased risk for metastasis [54]. On the other hand, the single 

nucleotide polymorphism in CCR2 has been implicated with an increased risk for 

developing Her2+ breast cancer and poor prognosis [55].  

In breast cancer, CCL2/CCR2 are highly expressed in DCIS compared to normal 

tissue. In breast cancer cells, epithelial CCR2 corresponds to invasive potential [46, 56] 

and it is associated with the development of sporadic breast cancer [57].    

Protein and RNA expression level alterations of CCL2 have been implicated in 

breast cancer. High expression of CCL2 correlates with tumor grade and poor patient 

prognosis demonstrated by flow cytometry studies of cell suspensions from tumor 

biopsies [58]. Increased expression of CCL2 in breast tumors by immunohistochemistry 

in the epithelium and stroma contributes to disease progression and it is highly 

correlated with increase macrophage recruitment [52].  

Analysis of blood serum levels from breast cancer patients revealed that 

increased CCL2 levels correlated with tumor stage and lymph node involvement [59]. 

CCL2 has been proposed as a potential alternative target for metastatic breast cancer 
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because high expression of CCL2 correlates with a decrease in survival in breast cancer 

patients [60,61]. On the other hand, the CCR2 chemokine receptor is highly upregulated 

in breast ductal carcinoma in cells in IDC correlates tumor grade and decreased long-

term patient survival [46]. These studies indicate that CCL2 plays a role in breast cancer 

progression by influencing growth and metastatic spread.  

Further evidence indicates that stromal CCL2 and epithelial CCR2 expression in 

breast cancer correlates with poor patient prognosis [62, 63]. CCL2/CCR2 signaling in 

breast cancer promotes invasion during early stage breast cancer progression. Ex vivo 

tissue models and in vivo mouse models have demonstrated that CCR2 expression in 

breast cancer cells is important for DCIS progression, cancer stem cell renewal and 

breast cancer survival and invasion.  

De regulated CCL2/CCR2 signaling has been implicated in inflammatory [64], 

metabolic as well as immune diseases that indicate that CCL2/CCR2 regulate monocyte 

recruitment and M2 polarization through MAPK pathways [32]. In terms of autocrine and 

paracrine signaling mechanisms, studies demonstrate that CCL2 expression in 

fibroblasts significantly reduced mammary tumor metastasis associated with decreased 

survival independently from tumor growth or macrophage recruitment [65] 

An important role for autocrine and paracrine CCL2/CCR2 chemokine signaling in 

breast cancer cells in promoting DIS progression was demonstrated using the MIND 

model and co- transplant models. The CCL2/CCR2 chemokine regulates breast cancer 

progression by signaling to breast cancer cells in promoting DCIS progression by using a 

murine mammary intra-ductal injection (MIND) to mimic DCIS progression, CCR2 
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overexpression in SUM225 breast cancer cells enhanced formation of invasive lesions 

associated with the increase presence of CCL2 expressing fibroblasts. CCR2 KD and 

knockout in DCIS.com breast cancer cells inhibited the invasive potential as well as the 

decreased presence of CCL2 expressing fibroblasts [62, 63, 66].   

Functional Studies for CCL2/CCR2  

Animal studies elucidate roles of CCL2/CCR2 in breast cancer development by 

demonstrating that blocking CCL2 activity with neutralizing antibodies in mammary tumor 

bearing mice decreases tumor growth, angiogenesis, metastasis and M2 macrophage 

recruitment. [52, 65, 67]. These studies suggest that CCL2 signaling through CCR2 may 

play a unique role in tissue homeostasis and that CCL2 regulates tumor progression 

through macrophage dependent mechanisms.   

The receptor CCR2 and its ligand, CCL2 knockout mice show similar defects in 

macrophage recruitment when inflammation is induced without any compensatory 

upregulation of CCL7 or 8 [34, 35]. Other expression analysis has shown significant 

correlations between CCL2 expression and macrophage levels [52, 66].  

Emerging roles for CCL2/CCR2 signaling in breast cancer 

The standard model for CCL2/CCR2 in cancer has been to regulate metastatic 

progression through the recruitment of immune cells to tumor tissue [48]. However, this 

paradigm has been challenged by different studies that elucidate novel roles by which 

CCL2 regulates tumor progression through additional mechanisms that are independent 

of macrophage recruitment [65, 68].  
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Recent studies have identified molecular mechanism by which CCL2 enhanced 

phosphorylation of Smad3 and MEK p-42/p44 MAPK associated with increased cell 

migration and survival and RhoA expression. An alternative mechanism for survival 

revealed that MEK-p42/44MAPK signaling induced by CCL2 function independently from 

Smad3 and therefore and alternative mechanism for cell survival [46].  

Additionally, in an ex vivo culture model that CCL2 knockdown inhibited PyVmT 

tumor cell proliferation and survival and enhanced cell necrosis and cellular autophagy, 

ultimately decreasing cell viability [66]. These studies suggest that CCL2 regulates 

cellular migration, invasion, through a variety of mechanisms that involve programmed 

cell death.  

In summary, evidence demonstrate that CCL2/CCR2 is a clinically relevant target. 

Since CCL2 regulates cell motility, growth, and survival, targeting the CCL2/CCR2 

chemokine signaling pathway can be a potential therapeutic target with direct 

implications in tumor ablation by downregulating key biological processes that occur 

during breast cancer progression and metastasis.  

The c-MET receptor 

The c-Met receptor is part of the receptor tyrosine kinase family (RTK). This family 

is characterized by having proteins that have a transmembrane protein domain with both 

extracellular binding domains and an intracellular tyrosine kinase domain.  Upon ligand 

binding, there is a conformational change in the intracellular domain that is followed by 

phosphorylation of tyrosine residues in the kinase domain. Therefore, the activation of 

the kinase domain increases accessibility of ATP and substrate binding sites. Activation 
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of tyrosine residues results in recruitment of adaptor proteins to exert specific signal 

transduction functions. In general, downstream signaling for RTKs involve many cellular 

functions that include growth, motility, invasion, differentiation, survival, and proliferation.  

Structure and function of the HGF ligand and c-MET receptor  

The receptor tyrosine kinase is the protein product of c-MET (mesenchymal- 

epithelial transition factor), proto- oncogene. Under normal conditions, c-MET along its 

ligand, HGF/SF (Hepatocyte Growth Factor/ Scatter Factor), exert fundamental biological 

processes such as embryogenesis, wound healing, tissue regeneration, and formation of 

nerve and muscle tissue which is controlled regulated by p53 [69]. The known HGF/SF 

ligand was independently identified by two different groups and named based on their 

biological functions [70-72].  

The protein c-MET forms a heterodimer at the extracellular binding site with 50kD 

α and 145 kD β subunits which are linked by a disulphide bond.  The extracellular portion 

of the c-MET receptor is made from domains that include SEMA (SEMA homology 

region) which is the HGF binding site, PSI (plexin-semaphorin-integrin) that stabilizes 

binding, and four IPT (immunoglobulin-like regions in plexins and transcription factors). 

These are followed by a transmembrane domain and the intracellular domains including, 

juxtamembrane, a tyrosine kinase, and a C-terminal docking site [69] (Fig. 4).  

HGF and c-MET expression in breast cancer 

Studies have shown that the expression of scatter factor (SF) and c-MET are both 

higher in the in situ and invasive ductal carcinomas than in the normal breast and benign 

proliferating lesions. Infiltrating ductal cancers expressed even higher SF and c-MET 
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levels than intraductal cancers [73]. Others have demonstrated with both a co-culture 

and in vivo models that HGF secreted from fibroblasts, activates c-MET and increases 

the percentage of DCIS structures with invasiveness outgrowths and degradation of 

Collagen IV [74]. These studies suggest that the paracrine mechanism of HGF(SF)/c-

MET signaling with fibroblasts enhances the transition to invasive carcinomas and 

provides further evidence of targeting the c-MET axis. Additionally, it has been reported 

that c-MET is highly associated with ductal cells and ductal structures and that an 

imbalance of c-MET expression in tumor and normal tissue is associated with an 

aggressive DCIS phenotype [75]. The clinical significance of investigating c-MET is that it 

is overexpressed in  20–30% of breast cancer cases and correlates with high risk of 

metastasis and poor prognosis making it a promising therapeutic target [76, 77]. 

 

Figure 4. Structure of the c-MET receptor Tyrosine kinase 
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c-MET signal transduction  

The kinase domain of c-MET, upon HGF binding, undergoes a conformational 

change that includes the dimerization of the tyrosine residues Y1234-1235 and Y1349 in 

the C terminal tail. Receptor phosphorylation recruits proteins such as Grb2 to activate 

different signaling downstream pathways including Ras/CDC42, Stat3 and 

p42/44_MAPK which facilitate breast cancer cell survival invasion, proliferation and 

scattering [78-80]. (Fig. 5). 

 

Figure 5. Signaling transduction pathways for the c-MET receptor. 
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Mechanisms of c-MET regulation  

Signal transduction of c-MET is highly regulated to prevent prolonged activation 

on downstream signaling. Specifically, c-MET signaling is regulated by the degradation 

and internalization of the receptor [81]. For instance, the ubiquitin ligase Cbl plays a key 

role in the downregulation of the receptor activity. Although Cbl can be recruited by the 

Grb2 adaptor protein, it can directly phosphorylate the docking site Y1003 which is a 

negative regulator of the biological activity of c-MET. Direct phosphorylation of Y1003 

leads to ubiquitination and degradation of the c-MET receptor.  Ubiquitination of the 

receptor is very important to maintain physiological activation levels. Studies have 

demonstrated that mutations in the Cbl domain result in oncogenic phenotypes [82].  

 Additional there are several other mechanisms of c-MET regulation. At the gene 

level it can be regulated by epigenetics events such as histone methylation or acetylation 

that are modulated by DNA methyltranferases (DNMT) and histone (de)acetylases 

(HDAC). Transcription factors such as Sp-1, AP-1, and PAX can act as regulators of 

gene transcription. At the mRNA level, alternative splicing which results in mature RNAs 

of different lengths leading to different products that affect biological activities. The 

Untranslated region (3’ UTR) of the MET RNA is recognized in the cytoplasm by 

microRNAs (miR-1, miR-34) that act as inhibitors of MET mRNA translation. An 

additional mechanism of regulation can occur during the translation initiation step in 

which EIf4b, Eif4e EIf3 have shown to play a role in transcriptional control. On the other 

hand, cleavage and glycosylation regulate c-MET at the protein level which occurs in the 

Golgi apparatus where the MET protein undergoes N and O linked glycosylation events 

before translocating to the membrane. Ligand binding dependent events leads to 
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phosphorylation of other RTKs including EGFR, and Src. Lastly, desensitization of the 

receptor occurs via internalization and it is recycled through endosomes or degraded by 

the ubiquitin proteosome. These events result in a complete halt of the signal 

transduction in response to biochemical cues [83].  

Mechanisms of c-MET regulation in breast cancer 

 

Unlike other cancer types, in breast cancer the mechanisms of c-MET regulation 

are mainly aberrant signaling and activity. Studies have shown by in situ hybridization 

that HGF mRNA was detected in ductal epithelial hyperplasia, adipocytes, endothelial 

cells, and stromal fibroblasts. These studies also identified HGF and c-MET mRNA co 

expression in benign ductal epithelium as well as in cases of ductal carcinoma in situ and 

infiltrating carcinoma. Even though the pattern of expression was heterogenous, at tumor 

zones such as advanced margins, there was a strong expression of HGF and c-MET 

which potentially suggest an autocrine signaling mechanism [84].  

Other have reported by IHC and in situ hybridization that expression patterns of 

HGF and c-MET was detected in cancer and stromal cells demonstrating autocrine and 

paracrine patterns. By IHC and autocrine expression pattern was detected in 46.6% of 

the breast tumors. Further analysis showed that co expression of HGF and c-MET was 

correlated with clinical features including histologic grade, high Ki67, and reduced patient 

survival [85].  

Another molecular mechanism of c-MET regulation is phosphorylation. Previous 

studies have investigated by mass spectroscopy protein phosphorylation events in basal 

breast cancer cell lines including MDA_MB_231, T-47D and MCF-7. Their findings 
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showed increased levels of tyrosine phosphorylation of c-MET, epidermal growth factor 

receptor (EGFR), and Src family kinase (SFK). This family of kinases phosphorylates the 

c-MET and EGFR receptor tyrosine kinase which promotes migration. Further evidence 

shows that inhibiting SFK reduced cellular proliferation, survival, and motility in basal 

breast cancer cell lines [86].   

By using reverse phase protein arrays, Raghav et al, measured protein levels of 

c-MET and p-c-MET in a cohort of 257 patients with invasive breast cancer.  Their 

results showed that a total of 123 (47.9%) of the samples displayed high expression of p-

c-MET (Y1235). c-MET phosphorylation was significantly correlated to clinical features 

including age (>50 years) and grade III tumors. To identify relationships between 

subtype and outcome, this group identified that both high c-MET and p-c-MET levels 

were associated with worse relapse free survival (RFS), and overall survival (OS) in 

HER-2 positive breast cancers. Overall, high levels of p-c-MET resulted in a higher risk 

of tumor recurrence [87].   

Role of energetic metabolic pathways and its intermediates in cancer progression 

Cancer cells are very distinctive in their cellular roles compared to normal cells. 

One of the most common characteristics is their ability to modify their metabolism. For 

instance, in normal mammalian cells, glucose is catabolized in several biochemical steps 

to generate pyruvate. This three-carbon molecule is oxidated and converted into acetyl 

CoA which is further metabolized in the tricarboxylic acid (TCA) cycle in the 

mitochondria. In the TCA cycle, through a series of enzymatic reactions, NADH and 

FADH2 which are reducing equivalents are generated. These molecules are essential for 

the transfer of electrons to the electron transport chain (ETC). Thus, electrons pass 
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through the ETC complexes to generate a mitochondrial membrane potential to produce 

ATP and bi products such as CO2 and water. Since this process requires oxygen, it is 

also known as oxidative phosphorylation (OXPHOS). The mitochondrial complex I, 

replenishes NAD which is produced when α-ketoglutarate is converted to succinyl CoA 

by alpha-ketoglutarate dehydrogenase. On the other hand, complex II replaces FAD 

from the conversion of succinate to fumarate by succinate dehydrogenase, which is the 

only enzyme that takes an active role in the TCA cycle and the ETC [88].  

Along with glycolysis, the TCA cycle generates building blocks for lipid, amino 

acids, and nucleotide biosynthesis. In normal cells, the balance between energy 

production and utilization is maintained to perform biological processes. However, in 

cancer cells, the rate of glucose uptake significantly increases, and pyruvate is mostly 

converted to lactate rather than converted to Acetyl CoA to enter the TCA cycle and ETC 

in the mitochondria even in the presence of Oxygen [89]. This process, known as the 

Warburg effect, which was initially observed in the 1920s by Otto Warburg. He 

questioned the source tumor cells to get energy, respiration and fermentation. He was 

the first scientist to determine that cancer cells were using glucose and fermenting 

(splitting it) to produce lactate, a process that usually occurs when Oxygen is depleted. 

Warburg also found that respiration which is the process where organic materials are 

burned to produce water and CO2 was enough for the cells to maintain tumor viability. 

Therefore, he concluded that to eradicate cancer cells, both Oxygen and glucose had to 

be removed [90].   
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Breast cancer metabolism  

 To identify specific metabolic programs of breast cancer cells, Richardson et al, 

performed analyses of carbon flux metabolism in cells that represent stages of breast 

malignant progression. These cells included the MCF10 which progresses to a malignant 

phenotype and that was obtained by different transformation events cycling in tumor in 

nude mice. MCF10-AT cells which are transformed with H-ras and that in vivo display a 

phenotype that is characterized by being mildly hyperplastic. The other cells include 

MCF10-AT1 which forms atypical hyperplasia and carcinoma in situ and the MCF10-

CA1a which have a high metastatic potential. These cells were derived from the 

spontaneously immortalized MCF10-A cell line which means that they have the same 

genetic background.  Therefore, these cells represent different stages of tumor 

progression (MCF10 transformation, MCF10-AT1 tumorigenicity, and MCF10-AT1 

metastasis).  

By using 3D NMR mass spectrometry, changes in central carbon metabolism 

related to cellular transformation were identified. These changes included an increased 

carbon flux through the pentose phosphate pathway (PPP), TCA cycle, and synthesis of 

glutamate, glutathione, and fatty acids. Additionally, de novo synthesis of glycine and 

proline were detected as major metabolic shifts upon malignant transformation. In 

contrast, in the non-transformed parental cell line MCF10 catabolized only minor fraction 

of glucose via the PPP which seemed to be significantly elevated in the transformed cell 

lines [91]. These studies demonstrate the ability of cancer cells to shift their nutrient 

preference to fuel biological processes needed to generate energy, survival, and 
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proliferation. However, these studies do not take into account the tumor 

microenvironment and might not be representative of physiological conditions.  

Morandi and Chiarugi, discuss in a very comprehensive review metabolic 

alterations during breast cancer progression in both cancer and stromal cells. In normal 

breast tissue, the epithelium and stroma undergo OXPHOS and TCA cycle. As malignant 

transformation occurs and in situ breast cancer starts to form, the tumor increases 

glucose uptake which is usually accompanied by overexpression of the glucose 

transporter GLUT1 and PKM1/2 activity. Other metabolic pathways including PPP, fatty 

acid synthesis (FAS), phosphoglycerate dehydrogenase (PHDGH) which catalyzes the 

first step of the serine biosynthesis pathway, and glutaminolysis. At this stage, the 

stroma keeps undergoing OXPHOS but an increase in glycolysis is observed and no 

longer undergoing the TCA cycle or using it as the main fuel for energy.  

During invasive breast cancer, the tumor decreases glucose uptake but it 

“preferentially” switches to other metabolic pathways including the TCA cycle, 

glutaminolysis, Cav-1, FAS, NADH/NAD+ as well as increases in proline and glycine 

fluxes. On the other hand, the stroma displays increase in glucose uptake, glycolysis and 

monocarboxylate transporter 4 (MCT4) which is a lactate transporter that facilitates 

lactate efflux from highly glycolytic cells. In contrast, there is a marked decreased in Cav-

1 in the stroma [92]. These findings are very important because they help us to 

understand that the crosstalk between tumor and stroma is very important in the 

metabolic preferences of the cells that lead to tumor progression. It also reveals 

important metabolic pathways that can be used as potential therapeutic target at specific 

stages of breast cancer progression and how it affects drug resistance.    
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On The other hand, during IDC progression, studies have revealed that the 

Warburg effect contributes via AKT/mTOR/HIF1α tamoxifen resistance in luminal breast 

cancers [93]. In other cancer subtypes, the Warburg effect drives growth through PI3-

AKT dependent mechanisms in Her2+ breast cancers [94] and promotes growth through 

EGFR and c-Myc dependent mechanisms in basal like breast cancers [95,96]. Lactate 

serves as a signal transducer to promote growth and metastasis which are highly 

associated with stromal reactivity [97].  

In summary, in tumor cells, even when oxygen in the environment is sufficient, 

cells tend to convert glucose into lactate to support the mitochondria oxidative 

phosphorylation [98]. This is because the pyruvate produced in the glycolytic pathway is 

more abundant than the cycle can process [90]. Therefore, in tumor cells, the production 

of pyruvate is replaced by lactate. This reaction is catalyzed by the lactate 

dehydrogenase enzyme (LDH) leading to no ATP production [99, 100].  
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Figure 6. Overview of glycolysis in breast cancer cells 
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Project goal and Scientific Question 

 

 
The goal of this project is to explore the functional role of c-MET mediated by 

CCL2/CCR2 in DCIS progression. 

The overall scientific question that this project seeks to answer is:  

How does the CCL2/CCR2 chemokine signaling cooperate with other molecular factors 

to promote DCIS progresion? 

Hypothesis 

To achieve this goal and based on preliminary studies, I hypothesize that c-MET 

activity mediated by CCL2/CCR2 chemokine signaling enhances cell proliferation, 

migration, survival, and growth promoting DCIS progression. (Fig 7).  

 

Figure 7. Hypothesis and model of the research project 
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Aims and outline contents 

 

To test the hypothesis, and based on the considerations above, the following 

chapters will examine different aspects of this study though in vitro, in vivo studies using 

the MIND (Mouse Mammary Intraductal Injection) that mimics DCIS progression. Lastly, 

we include analysis of breast ductal human databases and samples. Therefore, this 

dissertation is organized by five chapters that discuss the specific aims of this study and 

that are summarized below:  

Chapter II. Chemokine Signaling Facilitates Early Stage Breast Cancer Survival and 

Invasion through Fibroblasts dependent Mechanisms.  

Chapter III. CCL2/CCR2 chemokine signaling enhances glycolysis in human breast 

carcinoma cells by upregulating Hexokinase 2 expression.  

Chapter IV.  Activation of the c-MET receptor by CCL2/CCR2 chemokine signaling is 

important for breast cell migration, proliferation, survival, growth, and glycolysis.  

Chapter V. Targeting c-MET by Merestinib inhibited CCR2 mediated DCIS growth, 

proliferation, and expression of glycolytic enzymes associated with decreased invasion in 

vivo.  

Chapter VI. Physiological and clinical relevance of the c-MET tyrosine kinase receptor in 

DCIS progression to IDC.   

Chapter VII. Concluding remarks and Conclusions. 
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Chapter II. Chemokine Signaling Facilitates Early Stage Breast Cancer Survival 

and Invasion through Fibroblast dependent Mechanisms 

 

This chapter has been published as a peer reviewed open access article and it is 
reprinted here without adaptations as: Brummer, G*., Acevedo, D. S*., Hu, Q., Portsche, 
M., Fang, W. B., Yao, M., Zinda, B., Myers, M., Alvarez, N., Fields, P., Hong, Y., Behbod, 
F., & Cheng, N. (2018). “Chemokine Signaling Facilitates Early-Stage Breast Cancer 
Survival and Invasion through Fibroblast-Dependent Mechanisms.” Molecular cancer 
research: MCR, 16(2), 296–308. 
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Abstract 

Ductal carcinoma in situ (DCIS) is the most common form of breast cancer, with 

50,000 cases diagnosed every year in the United States. Overtreatment and 

undertreatment remain significant clinical challenges in patient care. Identifying key 

mechanisms associated with DCIS progression could uncover new biomarkers to better 

predict patient prognosis and improve guided treatment.  

Chemokines are small soluble molecules that regulate cellular homing through 

molecular gradients. CCL2-mediated recruitment of CCR2+ macrophages are a well-

established mechanism for metastatic progression. Although the CCL2/CCR2 pathway is 

a therapeutic target of interest, little is known about the role of CCR2 expression in 

breast cancer.  

Here, using a mammary intraductal injection (MIND) model to mimic DCIS 

formation, the role of CCR2 was explored in minimally invasive SUM225 and highly 

invasive DCIS.com breast cancer cells. CCR2 overexpression increased SUM225 breast 

cancer survival and invasion associated with accumulation of CCL2 expressing 

fibroblasts. CCR2-deficient DCIS.com breast cancer cells formed fewer invasive lesions 

with fewer CCL2+ fibroblasts. Cografting CCL2-deficient fibroblasts with DCIS.com 

breast cancer cells in the subrenal capsule model inhibited tumor invasion and survival 

associated with decreased expression of aldehyde dehydrogenase (ALDH1), a 

proinvasive factor, and decreased expression of HTRA2, a proapoptotic serine protease.  
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Through data mining analysis, high expression of CCR2 and ALDH1 and low 

HTRA2 expression were correlated with poor prognosis of breast cancer patients. 

Implications: This study demonstrates that CCR2 overexpression in breast cancer 

drives early-stage breast cancer progression through stromal-dependent expression of 

CCL2 with important insight into prognosis and treatment of DCIS.  

 

Introduction 

 

Ductal carcinoma in situ (DCIS) is the most common form of pre-invasive breast 

cancer in the United States, with over 50,000 cases diagnosed every year.  Standard 

treatment for DCIS involves a combination of lumpectomy and radiation therapy 

[101,102]. Yet, 10 to 35% of patients experience disease recurrence, often accompanied 

by invasive ductal carcinoma (IDC) [103,104], indicating that under-treatment and over-

treatment remain significant concerns in patient care. Few approaches exist to evaluate 

prognosis of DCIS. Compared with IDC, the use of biomarkers in DCIS has not been well 

studied. Small or low-grade lesions may still become invasive [104,105].  Estrogen 

receptor (ER), Her2, Ki67, p16 and Cox2 are associated with disease recurrence but not 

with development of invasive breast cancer [106]. Identifying key mechanisms 

associated with DCIS progression could lead to better prognostic factors and tailored 

treatments for patients with DCIS.  

Chemokines are small soluble molecules (8kda), which form molecular gradients 

to mediate homing of immune cells to tissues during inflammation. Chemokine signal to 

seven transmembrane receptors that couple to G protein dependent and independent 

pathways to promote cell migration [107,108]. CCL2/CCR2 chemokine signaling is a 
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critical regulator of macrophage recruitment during wound healing and infection [109]. 

CCL2 and CCR2 are overexpressed in multiple cancer types including: pancreatic, 

prostate, and colon cancers and breast cancer correlating with poor patient prognosis 

[110,111]. In breast cancer, animal models have demonstrated that CCL2 recruits 

CCR2+ macrophages to promote tumor growth and metastasis [111,112]. The 

CCL2/CCR2 pathway is a current therapeutic target of interest [111]; but little is known 

about mechanisms of this pathway in cancer beyond signaling in immune cells. 

We recently found that CCR2 is overexpressed in breast cancer cells and 

regulates CCL2-induced cell survival and migration [113], indicating a macrophage 

independent role for CCL2 in breast cancer.  Using a novel Mammary Intraductal 

injection (MIND) model of DCIS, we demonstrate that CCR2 overexpression in DCIS 

lesions enhances invasive progression associated with accumulation of CCL2 

expressing fibroblasts. Using the subrenal capsule model, we demonstrate that 

fibroblasts derived from DCIS promote breast cancer survival and invasion through 

CCL2 dependent mechanisms. Furthermore, increased CCL2/CCR2 signaling in DCIS is 

associated with increased expression of ALDH1, a pro-invasive factor, and decreased 

expression of HTRA2, a pro-apoptotic serine protease, factors associated with poor 

prognosis of breast cancer patients [114,115]. These studies identify a key mechanism 

of DCIS progression involving CCL2/CCR2 signaling between fibroblasts and breast 

epithelial cells, with important clinical implications. 

Materials and Methods 
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Cell culture 

Human fibroblasts were isolated from reduction mammoplasty or DCIS tissues 

obtained from the Biospecimen Core Facility at the University of Kansas Medical Center 

(KUMC) and immortalized by expression of human teleromerase reverse transcriptase 

as described [116]. Fibroblasts were authenticated by expression of: Platelet Derived 

Growth Factor Receptor-α (PDGFR-α, Fibroblast Specific Protein 1 (Fsp1) and α-smooth 

muscle actin (α-sma) and absence of pan-cytokeratin. DCIS.com cells originated from 

Dr. Fred Miller’s laboratory [117]. These cell lines were cultured in DMEM containing 

10% FBS (Atlas Biological cat no. FR-0500-A), 2 mmol/L L-glutamine (Cellgro cat no. 25-

005-CI), 100 IU/mL penicillin, and 100 µg/ml streptomycin (Cellgro cat. no. 10-080).  

SUM225 cells originated from Dr. Steven Ethier’s laboratory, Medical University of South 

Carolina, Charleston, SC [118], and were cultured in Ham F12 media containing 10% 

FBS, 5 µg/mL insulin, 1 µg/ml cortisone, and antibiotics. Cells were passaged no longer 

than 6 months, and tested for mycoplasma after thawing using the MycoAlert Plus Kit 

(Lonza cat no. LT07-701).   

Lentiviral transduction 

 For CCR2 overexpression, full length CCR2 cDNA was obtained from University 

of Missouri-Rolla cDNA Resource Center (clone ID no. CCR200000), and subcloned into 

pHAGE–CMV-MCS-IRES-zsgreen lentiviral plasmid (PLASMID, Harvard University) 

using NHEI and XbaI restriction sites.  pHAGE empty vector was used as a vehicle 

control. CCR2 and non-silencing control shRNAs in pGFP-c-shlenti lentivirus vectors 

were purchased from Origene (cat no. TL321181).  The CCR2 targeting sequence was: 

5’-TATTGTCATTCTCCTGAACACCTTCCAGG3’.  CCL2 and non-silencing control 
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shRNAs in pGFP-c-shlenti lentivirus vectors were obtained from OriGene (cat no. 

TL316716). The CCL2 targeting sequence (OriGene) was: 5’-

ACTTCACCAATAGGAAGATCTCAGTGCAG-3’. CCL2 and non-silencing control 

shRNAs in GIPZ shRNA lentivirus vectors were obtained from Dharmacon (cat no. 

V2LHS31298). The CCL2 targeting sequence was: 5’-TAAGTTAGCTGCAGATTCT-3’. 

 To generate lentivirus, 3.33 µg of PMD2G (Addgene cat no.12260), 6.66µg 

PDPAX2 (Addgene cat no.12259), and 10ug target vectors were co-transfected in HEK 

293T cells using Lipofectamine 2000 (ThermoFisher cat no. 11668027). Medium was 

removed 48 hours later and used to transduce cells, which were sorted for Green 

Fluorescent Protein (GFP) expression by FACS. 

Gene deletion by clustered regularly interspaced short palindromic repeats  

The CCR2 guide RNA was cloned into the pSpCAs9(BB)-2A-GFP(PX458) vector 

(Addgene cat no.48318 ) using BsmBI enzyme. The CCR2 guide RNA sequence was: 

5’-TTCACAGGGCTGTATCACATCGG-3’, which targeted the exon encoding the 

extracellular loop between the second and third transmembrane domains of human 

CCR2. The vector was transfected into DCIS.com breast cancer cells using jetPei 

transfection reagent (Polyplus cat no. 101-01), with N/P 7.5. Forty eight hours later, GFP 

positive cells were FACS sorted, cultured as single cell clones in 96 well plates, and 

expanded into 6 well plates. Genomic DNA of individual colonies was screened by PCR 

to detect mutant colonies. The detection primer pair spanning the CCR2 targeting site 

was: 5’- ACATGCTGGTCGTCCTCATC, 3’-AAACCAGCCGAGACTTCCTG. The PCR 

product of the wildtype (WT) gene was 901bp, and contained one DdeI enzyme digestion 
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site to yield 231 and 670bp fragments. Exon excision introduced an additional DdeI 

restriction site resulting in fragment sizes of 181, 231 and 468 bp upon DdeI restriction.  

ELISA 

A total of 40,000 cells/well were seeded in 24 well plates in DMEM/10% FBS for 

24 hours, washed in PBS and incubated in serum free DMEM for 24 hours in 500 

µLl/well. Conditioned media were assayed for human CCL2 by ELISA (PeproTech, 

catalog no.900-M31). Reactions were catalyzed using tetramethylbenzidine substrate 

(catalog no. 34028, Pierce). Absorbance was read at OD450 nmol/L using a BioTek 

Microplate Reader. 

MIND model 

NOD-SCID  IL receptor-γ2 null female mice 8 to 10 weeks of age were purchased 

from The Jackson Laboratory. MIND injections were performed as described [119]. 

Briefly, 4,000 cells/µL breast epithelial cells were prepared in 50 µL PBS containing 0.1% 

Trypan blue. A Y incision was made on the abdomen of mice anesthetized with 

ketamine/xylazine [100mg/Kg(K)+10mg/kg(X)] to expose the 4-5 and 9-10 inguinal 

glands. The inguinal nipples were snipped. A 30-gauge Hamilton syringe with a blunt-

ended 0.5-inch needle was used to deliver 5 µL (20,000) cells/nipple. Skin flaps were 

closed with wound clips. Mice were palpated for lesions twice weekly. SUM225 injected 

mice were sacrificed 7 weeks post-injection. DCIS.com injected mice were sacrificed 4 

weeks post-injection. 

Subrenal graft  

Transplantation into subrenal capsules of NOD–SCID female mice (6-8 weeks 

old) was performed as described [120]. Briefly, 250,000 fibroblasts were re-suspended 
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with 100,000 DCIS.com cells in 50 µL rat tail collagen I (BD Pharmingen), and cultured in 

DMEM/10% FBS for 24 hours. Mice were anesthetized by ketamine/xylazine, a 1 to 1.5 

cm midline incision was made in the back 3 cm from the base of the tail, and the lateral 

or contralateral kidney was exposed. A small incision was made in the capsule layer 

using forceps and small spring-loaded scissors. The graft was inserted using a glass 

pipette. The body wall was closed with gut absorbable sutures and the skin was closed 

with wound clips.  Mice were monitored twice weekly and sacrificed 3 weeks post-

transplantation. 

 

DAB immunostaining 

Tissues were fixed in 10 % neutral formalin buffer and embedded in wax as 

described [121]. For DAB immunostaining, 5µm sections were dewaxed and heated in 

10 mmol/L sodium citrate buffer pH 6.0 for 2 minutes. Endogenous peroxidases were 

quenched in PBS/60 % methanol/3% H2O2, blocked in PBS/3% FBS, and incubated with 

primary antibodies (1:100) overnight at 4oC: Collagen IV (Novus Biologicals NB120-

6586SS), cleaved caspase-3 Asp175 (Cell Signaling Technology catalog no. 9579), Von 

Willebrand Factor 8 (VWF8) (Millipore, catalog no. Ab7356), PDGFR-α (Cell Signaling 

Technology, catalog no. 5241), KI67 (Santa Cruz Biotechnology catalog no. 1307), 

HTRA2 (Cell Signaling Technology, catalog no.  2176), CCL2 (Santa Cruz 

Biotechnology, catalog no. 1304), or F4/80 (Abcam, catalog no. ab6640). Fsp1 

antibodies (Abcam, catalog no. 27427) were diluted 1:3.  Slides were incubated for 2 

hours at 1:1,000 with: anti-rabbit-biotinylated (Vector Laboratories, catalog no. BA-5000), 

anti-goat biotinylated (Vector Laboratories catalog no. BA-5000), or anti-rat-biotinylated 

(cat no.BA-9401, Vector Laboratories). For Laminin staining, slides were treated with 20 
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µg/ml Proteinase K for 1 hour at 370C prior to incubation with 1:100 pan-specific 

antibodies (Novus Biologicals, catalog no. NB300-144AF700). Slides were incubated 

with streptavidin peroxidase (Vector Laboratories catalog no. PK-4000), developed with 

3,3'-diaminobenzidine (DAB) substrate (Dako, catalog no. K346711), counterstained with 

Mayer hematoxylin and mounted with Cytoseal. Proliferating Cell Nuclear Antigen 

(PCNA) (catalog no. sc25280, Santa Cruz Biotechnology) and ALDH1A1 (R&D Systems, 

catalog no. MAB5869) proteins were detected using the Mouse on Mouse (MOM) kit 

(Vector Laboratories, catalog cat no. BMK-2202).   

Immunofluorescence 

For CK/α-sma co-staining, slides were heated in 10 nmol/L sodium citrate buffer 

pH 6.0 for 2 minutes. Slides were incubated with antibodies 1:100 overnight at 4oC to: α-

sma, (Spring Biosciences, catalog no. SP171) and CK5 (Thermo Fisher Scientific, cat 

no. MA5-12596) or CK19 (Thermo Fisher Scientific, cat no. MS198). Slides were 

incubated for 2 hours at 1:200 with anti-rabbit-IgG-Alexa Fluor 568 (Thermo Fisher 

Scientific, catalog no. A10042) and anti-mouse IgG-Alexa Fluor 488 (Thermo Fisher 

Scientific, cat no. A-11001). For pan-cytokeratin/phalloidin costaining, slides were heated 

in 10 mmol/L sodium citrate pH 6.8 for 5 minutes. Slides were incubated with 1:100 

Alexa Fluor 488-phalloidin (Thermo Fisher Scientific catalog no. A12379) and anti-pan-

cytokeratin (Santa Cruz Biotechnology, catalog no. 8018) overnight at 4oC, and 

incubated with secondary anti-mouse-Alexa Fluor 647 (Thermo Fisher Scientific, catalog 

no. 31571) using the MOM kit. Sections were counterstained with 4',6-diamidino-2-

phenylindole,dihydrochloride (DAPI) and mounted with PBS/glycerol.   

Image quantification 
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Five random fields/section were captured at 10x magnification using the FL-Auto 

EVOS System (Invitrogen). DAB staining was quantified as described previously [110].  

Briefly, images were imported into Adobe Photoshop, DAB staining was selected using 

the Magic Wand tool, copied and saved a separate file. Images were opened in Image J 

(NIH, Bethesda, MD), and converted to grey scale. Background pixels were removed by 

threshold adjustment. Images were subject to particle analysis. Positive DAB values 

were normalized to total area values, expressed as arbitrary units.  To quantify stromal 

staining, epithelial tissues were cropped out in Adobe Photoshop. DAB staining was 

selected in stroma, copied to a new window, and saved as a separate file. Images were 

opened in Image J and quantified. Stromal DAB values were normalized to total stromal 

values. 

Scoring of tumor invasion 

Tissues were sectioned at three depths approximately 50 µm apart. Two to three 

serial sections per depth were stained. Images were captured at 4x and 10x 

magnification and scored in a blinded fashion: 1 (non- invasive), 2 (lowly invasive), or 3 

(highly invasive). For CK/α-sma CO-IF, 1 indicated no invasion, with intact α-sma+ 

myoepithelium and confinement of epithelial cells within the duct;  2 indicated 50% or 

less disappearance of the α-sma surrounding the duct and/or appearance of three or 

fewer cells invading through the duct; 3 indicated more than 50% α-sma disappearance, 

with appearance of more than three cells invaded through the duct and making contact 

with the periductal stroma. For Collagen IV and Laminin immunostaining: 1 indicated well 

defined expression in the basement membrane, 2 indicated additional low-level 

expression in lesion; 3 indicated higher expression in epithelium, with poor definition 
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between epithelium and stroma. For phalloidin/pan-cytokeratin staining: 1 indicated a 

well-defined border between tumor and kidney, with a few tumor cells invaded into 

kidney tissue;  2 indicated some tumor cell invasion, characterized by viable tumor cells 

present in kidney tissue; the border between kidney and tumor tissue was less defined; 

and 3 indicated high invasion characterized by extensive number of tumor cells in kidney 

tissue; tumor was embedded in kidney, and the border between kidney tissue and tumor 

were undefined.  

Flow cytometry  

Flow cytometry staining for CCR2 expression was conducted as described [113]. 

Briefly, adherent cells were detached from plastic by Accutase (Thermo Fisher Scientific 

catalog no. A1110501), washed in PBS, and incubated with anti-CCR2-PE for 1 hour on 

ice. Samples were washed in PBS three times and analyzed on a LSRII Flow cytometer, 

normalized to unstained controls.   

Fibroblast proliferation assay 

 Fibroblasts were seeded 30,000/well in 24 well plates overnight. DCIS.com cells 

(500,000) were seeded in 10 cm dishes and incubated with 5 mL serum free DMEM for 

24 hours. Fibroblasts were treated with 500 µL of DMEM or tumor conditioned medium 

for 24 or 48 hours. Fibroblasts were detached through trypsinization, quenched in 

DMEM/10% FBS and pelleted by microcentrifugation. Fibroblasts were re-suspended in 

50 µL PBS and counted by hemocytometer. 

Statistical Analysis 

Cell culture experiments were repeated a minimum of three times. Data are 

expressed as mean+ SEM. Statistical analysis was determined using two-tailed t-test or 
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ANOVA with Bonferroni post-hoc comparisons for normal distributions and Kruskall-

Wallis test with Dunn post-hoc comparison for non-Gaussian distributions. Statistical 

analysis was performed using GraphPad Software. Significance was determined by 

P<0.05. (*P <0.05, ** P <0.01, *** P <0.0001, n.s., not significant or P >0.05). 

Ethics approval and consent to participate:  

All animal experiments were performed at KUMC according to guidelines from the 

Association for Assessment and Accreditation of Laboratory Animal Care. Experiments 

were approved by the Institutional Animal care and Use Committee. Patient samples 

were collected under approval by Institutional Review Board (IRB) at KUMC. All samples 

were de-identified by the Biospecimen Core, an IRB approved facility, prior to 

distribution.  

Results 

 

CCR2 overexpression in SUM225 cells enhances DCIS progression 

In DCIS, cancer cells grow, but remain within the boundaries of ducts and lobules, 

which are lined by α-sma+ myoepithelial cells and basement membrane, structural 

barriers between the stroma and duct.  Progression from DCIS to IDC is characterized 

by disappearance of the myoepithelium and appearance of invading ductal carcinoma 

cells into the surrounding stroma [122]. To clarify the role of epithelial CCR2 expression 

in DCIS progression, we utilized MIND models established through injection of SUM225 

and DCIS.com breast cancer cells. SUM225 breast cancer cells are lowly invasive, of a 

luminal/Her2+ subtype [123]. DCIS.com breast cancer cells, a basal-like subtype, are 

more highly invasive [119].  By flow cytometry, CCR2 expression was significantly lower 



 
 

39 
 

in SUM225 cells compared to DCIS.com breast cancer cells (Figure 8A).   We first 

examined the effects of CCR2 overexpression on progression of SUM225 lesions.  By 

lentivirus transduction, two different SUM225 cell lines were generated to overexpress 

CCR2 (CCR2-L and CCR2-H) and compared with SUM225 cells expressing pHAGE 

vehicle control (Figure 8A). These cells were MIND injected into NOD-SCID mice, and 

examined 7 weeks post-injection, when lesions were palpable. CCR2 overexpressing 

xenografts showed no significant changes in mammary tissue mass compared to 

pHAGE control (Figure 8B).  

Extent of epithelial invasion in the mammary gland or breast tissue has been 

determined by evaluating myoepithelial integrity through α-sma expression and 

examining for presence of carcinoma cells contacting the surrounding stroma [119, 124-

126].   To evaluate the effects of CCR2 overexpression on ductal invasion, we co-stained 

for α-sma to define ductal myoepithelium, and for human specific CK19 to define 

SUM225 cells. Lesions were scored for invasiveness. Noninvasive lesions had intact α-

sma+ myoepithelium, lowly-invasive lesions showed reduced α-sma expression, lining 

the breast duct, and a few invasive cancer. Highly invasive lesions showed minimal α-

sma expression and multiple invasive cancer cells. In the pHAGE controls, 21 % were 

noninvasive, 51% were lowly invasive and 28% were highly invasive.  Of CCR2-L MIND 

lesions, 12% were non-lowly invasive, 57% were medium invasive and 31% were highly 

invasive. Of CCR2-H MIND lesions, 8% were noninvasive, 66% were lowly invasive, and 

26% were highly invasive (Figure 8C).  The decrease in lowly invasive lesions and 

increase in lowly invasive lesions indicate a shift towards invasion.     
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To further characterize invasion, through basement membrane, mammary tissues 

were stained for laminin and collagen IV, which are basement membrane proteins 

associated with invasiveness in breast cancer [127, 128]. In non-invasive lesions, 

Laminin and Collagen IV were expressed in the basement membrane and surrounding 

stroma. In lowly invasive lesions, laminin and collagen IV were also detected in the 

epithelium, correlating with a few invading epithelial cells. In highly invasive lesions, 

laminin and collagen IV expression in lesions resulted in poorly defined borders between 

stroma and epithelium. consistent with α-asma /CK19 CO-IF, laminin and collagen IV 

staining revealed that CCR2 overexpression in SUM225 cells decreased the number of 

lowly invasive lesions and increased the number of highly invasive lesions (Figure 9A-B). 

CCR2 overexpression was also associated with increased cell proliferation and 

decreased apoptosis as indicated by Ki67 and cleaved caspase-3 staining (Figure 8D-E). 

These data indicate that CCR2 overexpression in SUM225 cells enhances the 

progression of MIND xenografts.  
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Figure 8. CCR2 overexpression in SUM225 breast cancer cells enhances invasive 
progression. A, Flow cytometry analysis for CCR2 expression in parental DCIS.com or 
SUM225 parental cells or SUM225 cells expressing vehicle pHAGE control or CCR2 (CCR2-L, 
CCR2-H). Histogram analysis shown on left. Graph shows percentages of positive cells. B, 
Tissue mass of SUM225 MIND injected mammary glands C. SUM225 lesions were co-stained 
for CK-19 (red) and α-sma (green), and scored for the number of invasive lesions n=252 lesions 
for control pHAGE, 272 lesions for CCR2-L and n=231 for CCR2-H group. Representative 
images are shown with secondary antibody control panel of anti-rabbit-Alexa-fluor488/anti-
mouse-Alexa-fluor-568/DAPI overlay. Arrows indicate invasive foci. D and E, Image J 
quantification of immunostaining for Ki67 (D) or cleaved caspase-3 (E) in SUM225 lesions 
(arbitrary units). Arrows point to examples of positive staining. Statistical analysis was performed 
using One-way ANOVA with Bonferroni post-hoc comparison (B, D, E) or χ² test (C). Statistical 
significance was determined by P<0.05. *P<0.05. ns, not significant. Mean+SEM values are 
shown. Scale bar=200 µm  
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Figure 9. Collagen and laminin expression in SUM225 MIND lesions. CCR2 
overexpressing or control SUM225 MIND lesions were immunostained for A. collagen IV or B. 
laminin expression. Lesions were scored for invasiveness based on collagen or laminin 
expression. Arrows point to areas of invasiveness. Total sample size per group (N) are shown 
below graphs. Scale bar= 200 microns. Statistical analysis was performed using χ² test. 
Statistical significance was determined by P<0.05. 

 



 
 

43 
 

Knockdown or knockout of CCR2 in DCIS.com cells inhibits DCIS progression 

We next examined the effects of CCR2 deficiency on progression of DCIS.com 

lesions. Of the four shRNA sequences tested, one induced significant knockdown of 

CCR2 expression in DCIS.com cells (Figure 10A). MIND injection of DCIS.com cells in 

NOD-SCID mice resulted in palpable mammary lesions at 4 weeks.  CCR2 knockdown 

(CCR2-KD) decreased mammary tissue tumor growth compared to control shRNA 

expressing xenografts (Figure 10B). To examine for changes in ductal invasion, sections 

were CO-IF stained for α-sma and human specific CK5 to identify DCIS.com cells and 

scored. Although the percentage of lowly invasive lesions (75%) was higher in the 

CCR2-KD group compared with control (68%), the percentage of highly invasive lesions 

dropped from 20% in the control shRNA group to 6% in the CCR2-KD group. The 

percentage of noninvasive lesions increased from 12% in controls to 19% in the CCR2-

KD group. These data indicated a shift from high to less invasive lesions with CCR2-KD 

(Figure 10C).  This trend was also observed in analysis of collagen IV and laminin 

expression in DCIS.com MIND lesions (Figure 11A-B). CCR2-KD was also associated 

with decreased tumor cell proliferation and increased apoptosis (Figure 10D-E).   

To validate the effects of CCR2-KD on DCIS.com progression, the CCR2 gene 

was knocked out by CRISPR. Two WT clones and one homozygous knockout clone 

(CCR2-KO) were identified from 70 clones (Figure 12A).  By flow cytometry, WT clones 

showed similar CCR2 expression levels to parental cells, while CCR2-KO cells showed a 

significant reduction in CCR2 expression (Figure 12B). MIND injection of CCR2-KO cells 

resulted in a significant reduction in mammary tissue mass and fewer invasive lesions 

(Figure 12C-D), compared to WT xenografts.  These data indicate that CCR2 KD or KO 

inhibits progression from DCIS to IDC in DCIS.com MIND xenografts.   
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Figure 10. shRNA mediated CCR2-KD in DCIS.com breast cancer cells inhibits 
invasive progression. A. Flow cytometry analysis for CCR2 expression in Parental (Par) or 
DCIS.com cells expressing control (Con) or CCR2 shRNA (CCR2-KD). B, Tissue mass of 
DCIS.com MIND injected mammary glands C, DCIS.com MIND lesions were co-stained for CK5 
(red) and α-sma (green) and counterstained with DAPI (blue). Representative images are shown 
with arrows pointing to invading tumor cells. Lesions were scored for invasiveness. n=152 
lesions for control shRNA group, 193 lesions for CCR2-KD group.  n=8 mice/group. D and E. 
Image J quantification of Ki67 (D) or cleaved caspase-3 (E) immunostaining in DCIS.com 
lesions. Arbitrary units are shown. Arrows point to examples of positive staining. Statistical 
analysis was performed using one way ANOVA with Bonferroni post-hoc comparison (B, D, E) or 
χ² test (C). Statistical significance was determined by P<0.05. *P<0.05, **P<0.01. Scale 
bar=200µm. 
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Figure 11.Collagen and laminin expression in DCIS.com MIND lesions. CCR2 or 
control shRNA expressing DCIS.com MIND lesions were immunostained for A. collagen IV or B. 
laminin expression. Lesions were scored for invasiveness based on collagen or laminin 
expression. Total sample size per group (N) are shown below graphs. Arrows point to areas of 
invasiveness. Scale bar= 200 microns. Statistical analysis was performed using χ² test. 
Statistical significance was determined by P<0.05. 
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Figure 12. CRISP/R mediated knockout of CCR2 inhibits DCIS.com breast cancer 
progression. A. PCR identification of wildtype (WT1, WT2) or CCR2 knockout (KO) cut (C) or 
uncut (U) clones. The presence of fragments, 468, 231and 181 bp in size indicates exon 
excision. B. Flow cytometry analysis of WT and KO cells in comparison with parental (Par) cells. 
C-D. MIND model injection of WT1 or KO cells were examined for changes in mammary gland 
weight (C) or invasion (D). Statistical analysis was performed using One-way ANOVA with 
Bonferroni post-hoc comparison (B), Two Tailed test (C), or χ² test (D). Statistical significance 
was determined by p<0.05. *P<0.05. Mean±SEM values are shown. 
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Increased angiogenesis, fibrosis and macrophage recruitment are associated with 

invasive breast cancer [122]. To determine how epithelial CCR2 expression affected the 

surrounding mammary stroma, immunostaining was performed to analyze expression of 

biomarkers for macrophages (F4/80) and endothelial cells (VWF8). To account for 

fibroblast heterogeneity, we immunostained for two different markers: Fsp1 and PDGFR-

α [129, 130].   DAB expression of stromal biomarkers was quantified by pixel density 

analysis and normalized to total stromal area, using an Image J protocol described 

previously [110]. There were no significant changes in VWF8 or F4/80 expression with 

CCR2 overexpression or knockdown (Figure 13A-B).  Fsp1 and PDGR-α were 

expressed in fibroblastic stroma and in epithelial cells, consistent with studies showing 

mesenchymal marker expression in breast cancer cells [110, 131].  CCR2 

overexpressing SUM225 xenografts showed increased stromal expression of Fsp1 and 

PDGFR-α (Figure 14A-B), associated with stromal CCL2 expression (Figure 14C).  

Conversely, CCR2 deficient DCIS.com MIND xenografts showed a significant decrease 

in fibroblastic cells and decreased CCL2 expression in the stroma (Figure 15A-B). These 

data indicate that CCR2 overexpression or knockdown is associated with changes in 

CCL2 expressing fibroblasts in the DCIS stroma.   
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Figure 13. Effect of CCR2 overexpression and knockdown on stromal reactivity. 
Immunostaining for VWF8 or F4/80 expression was performed in A. SUM225 MIND lesions or B. 
DCIS.com MIND lesions. Secondary rabbit biotinylated antibody staining shown as a control. 
Scale bar=200 microns. Statistical analysis was determined using One Way ANOVA with 
Bonferroni post-hoc comparisons to all groups. Statistical significance was determined by 
p<0.05. n.s=not significant. Mean±SEM values are shown.  
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Figure 14. CCR2 overexpression in SUM225 MIND xenografts increases the levels 
of CCL2 expressing fibroblasts. Sum 225 MIND lesions were immunostained for Fibroblast 
Specific Protein 1 (Fsp1; A.) and Progesterone Growth Factor Receptor-α (PDGFR-α; B); or 
CCL2 expression (C). Representative images are shown with magnified image underneath. The 
stroma is marked with an asterisk in the magnified image.  Expression in the stroma was 
quantified by Image J, in arbitrary units.  Statistical analysis was performed using one-way 
ANOVA with Bonferroni post-hoc comparison.  Statistical significance was determined by 
P<0.05. *P<0.05, ***P<0.001. Mean+SEM values are shown. Scale bar=400 microns. 
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Figure 15. CCR2 shRNA knockdown in DCIS.com MIND xenografts reduces the 
levels of CCL2 expressing fibroblasts. DCIS.com MIND lesions were immunostained for 
Fibroblast Specific Protein 1 (Fsp1; A.), Progesterone Growth Factor Receptor-α (PDGFR-α; B) 
or CCL2 expression C. Representative images are shown with magnified image underneath. The 
stroma is marked with an asterisk in the magnified image.  Expression in the stroma was 
quantified by Image J, in arbitrary units. Statistical analysis was performed using two-tailed t-test 
(B). Statistical significance was determined by P<0.05. *P<0.05. Mean+SEM values are shown. 
Scale bar= 400 µm. 

 



 
 

51 
 

CCL2 from DCIS fibroblasts is important for CCR2 mediated breast cancer survival and 

invasion 

To further characterize the expression of CCL2 in DCIS stroma, fibroblasts were 

isolated from patient samples of normal breast or DCIS tissues and analyzed for CCL2 

expression. By ELISA, two out of three DCIS fibroblast lines (1213-249, 80H) expressed 

higher levels of CCL2 compared to normal fibroblasts (hNAF2525, hNAF8727) and 

DCIS.com breast cancer cells (Figure 16A).  Although previous studies have established 

an important role for carcinoma associated fibroblasts from invasive breast cancers [132, 

133], the role of fibroblasts derived from DCIS tissues remain poorly understood. To 

determine the functional role of CCL2 derived from DCIS fibroblasts to CCR2 mediated 

breast cancer progression, we utilized the subrenal capsule model. The advantage of 

this model is that it is devoid of fibroblasts, enabling us to determine the relative 

contribution of cografted fibroblasts without interference from host stroma. Mammary 

carcinoma cells grafted in the subrenal capsule form tumors consistently and similarly to 

orthotopic injection [134,135].  1213-249 DCIS derived fibroblasts, which showed the 

highest level of CCL2, were co-grafted with DCIS.com breast cancer cells in the renal 

capsule of NOD-SCID mice and analyzed for changes in tumor growth and invasion.  

Fibroblasts co-grafted with parental DCIS.com cells showed increased tumor mass 

compared to DCIS.com cells grafted alone (Figure 16B).  CCR2 deficient DCIS.com cells 

co-grafted with 1213-249 fibroblasts showed a significant 20% decrease in tumor mass 

compared with fibroblasts co-grafted with control DCIS.com cells (Figure 16B).   

To examine for changes in tumor invasion into normal kidney tissue, we 

performed CO-IF staining for pan-cytokeratin and phalloidin to distinguish tumor cells 

from kidney tissues. In the subrenal capsule model, pan-cytokeratin antibodies stained 
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DCIS.com tumors more clearly than CK5 antibodies used in the MIND model.  Pan-

cytokeratin antibodies recognized CK: 4, 5, 6, 8, 10, 13 and 18, and preferentially stained 

breast cancer cells over kidney tissues, which expressed fewer of the cytokeratins [136]. 

Using this approach, tumor invasion was characterized by a lack of defined border 

between tumor and kidney tissues, and scattering of tumor cells throughout the kidney, 

as observed in control lesions (Figure 16C). CCR2 deficient cells co-grafted with 

fibroblasts showed a reduction in tumor invasion, characterized by more cohesive tumors 

and a clearer delineation between tumor and kidney tissues (Figure 16C).  Decreased 

invasiveness was associated with decreased tumor cell proliferation and increased 

apoptosis as indicated by PCNA and cleaved caspase-3 immunostaining (Figure 16D-E).  

CCR2-KD DCIS.com cells grafted alone did not show significant differences in tumor 

growth or invasion compared to control shRNA cells grafted alone (Figure. 17 A-C). 

These studies indicate that CCR2 KD in DCIS.com breast cancer cells inhibit fibroblast 

mediated tumor growth and invasion. 

To determine the relevance of CCL2 expression in DCIS fibroblasts, fibroblasts 

were immortalized by hTERT expression to enable stable shRNA expression.  Two 

CCL2 deficient fibroblast lines were generated from two different shRNA systems. A 47% 

decrease in CCL2 expression was observed using the GFP-c-shLenti OriGene system 

(CCL2-pLenti). A 30% decrease in CCL2 expression using the GIPZ Dharmacon system 

(CCL2/GIPZ) (Figure 18A). CCL2 deficient or control fibroblasts were co-grafted with 

DCIS.com breast cancer cells in the kidney capsule and analyzed for changes in tumor 

progression.  CCL2 deficient fibroblasts co-grafted with DCIS.com cells resulted in 

smaller tumors and reduced tumor invasion, associated with decreased tumor cell 
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proliferation and increased apoptosis (Figures 18B-C).  These studies indicate that CCL2 

derived from DCIS fibroblasts modulates progression of DCIS.com breast cancer cells.  

 

Figure 16. CCR2 knockdown in DCIS.com cells inhibit fibroblast mediated cancer 
progression. A. CCL2 ELISA of conditioned medium from fibroblasts derived from normal 
breast (hNAF2525, hNAF8727) or DCIS tissues (1213-249, 80H, HPO70213), in comparison 
with DCIS.com breast cancer cells. B-E. 1213-249 fibroblasts (Fbs) were co-grafted with parental 
(Par) DCIS.com cells or DCIS.com cells expressing control (Con) or CCR2 shRNAs (CCR2-KD) 
in the subrenal capsule of NOD-SCID mice for 21 days. Kidney tissues were measured for tumor 
mass (B),  scored for tumor invasion into normal kidney by pan-cytokeratin (red) and phalloidin 
(green) staining (C), tumor cell proliferation by PCNA immunostaining (D), tumor cell apoptosis 
by cleaved caspase-3 immunostaining (E). Scale bar=400 microns. Magnified insets shown. 
Arrows point to examples of positive staining. Expression in tissues was quantified by Image J. 
n=7 mice per group.  Statistical analysis was performed using One way ANOVA with Bonferroni 
post-hoc comparison (B) or Two tailed t-test (D, E).  Statistical significance was determined by 
P<0.05. *P<0.05, ***P<0.001. Mean+SEM are shown.  
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Figure 17. CCR2 knockdown alone does not significantly affect progression of 
DCIS.com breast cancer cells. A. CCL2 ELISA of conditioned medium from Control shRNA 
(Con) or CCR2 shRNA expressing (CCR2-KD) DCIS.com breast cancer cells B. Tumor mass of 
DCIS.com cells grafted alone in the kidney capsule of NOD-SCID mice. C. Scoring of tumor 
sections immunostained with antibodies to pan-cytokeratin (red) and phalloidin (green). 3 
sections/tumor, n=5 samples/group. T=tumor, K=Kidney. Scale bars = 200 microns. Statistical 
analysis was performed using Two Tailed t test. Statistical significance was determined by 
P<0.05. *P<0.05, n.s= not significant. Mean+SEM are shown.  
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Figure 18. CCL2 derived from DCIS fibroblasts is important for progression of 
DCIS.com breast cancer cells. A. CCL2 ELISA of 1213-249 fibroblasts expressing control 
shRNA (Con) or CCL2 shRNAs from pLenti or GIPZ lentivirus systems. B and C, Control or 
CCL2 deficient 1213-249 fibroblasts were co-grafted with DCIS.com breast cancer cells in the 
subrenal capsule and analyzed for changes in tumor growth (B), and scored for tumor invasion 
into normal kidney tissue by pan-cytokeratin (red) and phalloidin (green) staining (C). n=7 
mice/group. Scale bar=400 microns. K=kidney, T=tumor. Statistical analysis was performed 
using One-way ANOVA with Bonferroni post-hoc comparison. Statistical significance was 
determined by p<0.05. **p<0.01. Mean+SEM are shown. 
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CCL2/CCR2 mediated invasion is associated with increased ALDHA11 and decreased 

HTRA2 expression 

 Lastly, we analyzed the relationship between expression of downstream 

CCL2/CCR2 signaling proteins and increased breast cancer survival and invasion. 

Through candidate screening of factors related to breast cancer survival and invasion, 

we found that CCL2 treatment of DCIS.com breast cancer cells over time increased 

expression of ALDH1A1, a stem cell and pro-invasive factor [114], and reduced 

expression of HTRA2,  a pro-apoptotic mitochondrial serine protease [115] (Figure 19A-

B).  

 

Figure 19. CCL2 treatment of DCIS.com breast cancer cells increase ALDH1 and 
decreases HTRA2 expression. Immunoblot for A. HTRA2 and B. ALDH1A1 expression in 
DCIS.com breast cancer cells treated with 60 ng/ml CCL2 for up to 24 hours. Expression levels 
were determined by densitometry analysis. Experiments were performed in triplicate. Statistical 
analysis was performed using One Way ANOVA with Bonferroni post-hoc comparison. Statistical 
significance was determined by P<0.05. *P<0.05, ***P<0.001. Mean+SEM are shown. 
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CCR2 KD in DCIS.com breast cancer cells decreased expression of ALDH1A1 and 

increased HTRA2 in MIND xenografts by IHC staining (Figure 21A-B). Conversely, 

CCR2 overexpression in Sum255 MIND xenografts enhanced ALDH1A1 expression and 

decreased HTRA2 expression (Figure 20A-B), indicating that epithelial CCR2 was 

important for regulating ALDH1A1 and HTRA2. Furthermore, CCL2 KD in fibroblasts 

increased HTRA2 expression and decreased ALDH1 expression in DCIS.com cells in 

the subrenal capsule model (Figure 21C-D), indicating that paracrine CCL2 signaling 

from the fibroblastic stroma was important for regulating ALDH1A1 and HTRA2 

expression. Through Kaplan – Meier Plotter analysis [137], increased CCR2 and 

ALDH1A1 and decreased HTRA2 expression were significantly associated with 

decreased metastasis free survival of breast cancer patients (Figure 21E). These data 

demonstrate a clinical relevance for CCL2/CCR2 signaling proteins in breast cancer. 
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Figure 20. Effect of CCR2 overexpression on ALDH1 and HTRA2 expression in 
SUM225 MIND xenografts. Sum225 MIND xenografts were immunostained for A. ALDH1 or 
B. HTRA2 expression. Expression was measured by Image J (arbitrary units). Statistical analysis 
was performed using One Way ANOVA with Bonferroni post-hoc comparison. Statistical 
significance was determined by P<0.05. *P<0.05, ***P<0.001. Mean+SEM are shown. n=8 mice 
per group. 
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Figure 21. CCL2/CCR2 mediated DCIS progression is associated with increased 
ALDH1 and decreased HTRA2 expression. A-D. ALDH1 and HTRA2 expression was 
examined by immunostaining of tumor tissues in the DCIS.com MIND Model (A and B) and 
subrenal capsule model (C and D). Expression in tissues was quantified by Image J. K=kidney 
tissue; T= tumor. Scale bar= 400 microns. E. RNA Expression of CCR2 (Affyid 207794_at), 
ALDH1A1 (Affyid 212224_at) and HTRA2 (Afftyid 2030809_s_at) were analyzed for associations 
with Distance Metastasis Free Survival (DMFS) through Kaplan Meier Plotter. Statistical analysis 
was performed using Two Tailed-T-test (A and B) or Log-rank Test (C). Statistical significance 
was determined by P<0.05.  *P<0.05, **P<0.01. Mean+SEM are shown. 
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Discussion 

 

The role of fibroblasts in DCIS progression have remained poorly understood. 

Fibroblasts derived from invasive breast ductal carcinomas promote tumor growth, 

invasion, metastasis and chemoresistance [132,133]. One study showed that fibroblasts 

from normal, IDC or arthritic tissues enhanced progression of MCF10A cell lines in a 

subcutaneous injection model through Transforming Growth Factor-β and Hedgehog 

dependent mechanisms [138]. For the first time, we show that fibroblasts derived from 

DCIS patient samples accelerate progression from DCIS to IDC through CCR2 

dependent mechanisms.  Moreover, CCL2/CCR2 mediated breast cancer progression is 

associated with increased expression of clinical relevant pro-invasive factors (ALDH1A1) 

and decreased expression of pro-apoptotic factors (HTRA2). 

Here, we noted some complementary and conflicting phenotypes through CCR2 

overexpression and knockdown.  CCR2 overexpression in SUM225 cells enhanced 

formation of invasive lesions and increased the presence of CCL2+ fibroblasts, 

associated with increased ALDH1 and decreased HTRA2. CCR2 KD and knockout in 

DCIS.com cells inhibited invasive progression and decreased the presence of CCL2+ 

fibroblasts, associated with decreased ALDH1 and increased HTRA2 expression.  

However, although CCR2 KD significantly affected mammary tumor mass, CCR2 

overexpression did not.  Although CCR2 overexpression increased tumor cell 

proliferation and survival of SUM225 lesions, these levels were still lower than the cell 

proliferation and survival detected in DCIS.com MIND xenografts.  CCR2 expression 

levels in overexpressing cells did not reach the levels detected in DCIS.com breast 

cancer cells. Therefore, it is possible that the increase in cell proliferation and survival in 
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CCR2 overexpressing cells was not sufficient to affect overall mammary tissue mass. 

The levels of CCR2 expression in DCIS.com cells are consistent with previous studies 

showing that CCR2 expression levels are higher in basal like breast cancer cells 

compared to luminal breast cancer cells [113]. Because SUM225 cells are 

luminal/Her2+, additional oncogenic pathways may be important to DCIS progression of 

this subtype. Regardless of subtype, by analyzing the effects of CCR2 overexpression in 

SUM225 cells with CCR2 KD in DCIS.com cells, we demonstrate a critical role for 

epithelial CCR2 receptor expression in DCIS progression.    

Despite a 2-fold increase in the number of CCR2+ cells in the CCR2-H SUM225 

cell line, CCR2-H cells did not show increased invasion, proliferation or survival 

compared to CCR2-L cells. It is possible a threshold of receptor expression modulates 

cellular activity. Such a threshold has been detected in T cells whereby 8000 T cell 

receptors/cell are needed for a commitment to proliferate [139,140]. A threshold also 

exists for EGFR levels in regulating Cbl and Grb2 dependent signaling in epithelial cells 

[141].  In our studies, CCR2-L cells may have reached a threshold for CCR2 expression 

in determining cellular invasion. Although more cells expressed CCR2 in the CCR2-H 

cell line, the level of expression may not have been sufficient to commit these cells to 

invade.  Histogram analysis revealed that while more cells overexpressed CCR2 in the 

CCR2-H cell line, expression levels did not vary highly between CCR2-L and CCR2-H 

cells. In addition to a receptor threshold, heterogeneity in expression of intracellular 

signaling components in breast cancer [142] may also explain why CCR2-H cells did not 

result in further DCIS progression. As we are unable to control which SUM225 cells 

express CCR2, it is possible some CCR2 overexpressing cells did not exhibit the 
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necessary downstream signaling components to induce invasion.  As CCR2 

overexpression in SUM225 cells did not reach the levels of invasion detected in 

DCIS.com cells, it is likely that other oncogenic factors would be required to further 

enhance carcinoma invasion. Several oncogenic signaling pathways including Notch, 

EGF, and HGF signaling are associated with DCIS progression [143,144]. It would be of 

interest to further understand how CCL2/CCR2 coordinates DCIS progression with other 

oncogenic factors. 

We also observed that CCR2 overexpression and knockdown affected the levels 

of fibroblasts in DCIS stroma.  We expected that CCR2 signaling in breast cancers 

modulated fibroblast growth through expression of soluble growth factors such as PDGF 

and WNT5A, positive regulators of fibroblast proliferation [145,146]. However, cultured 

DCIS fibroblasts treated with conditioned medium from CCR2 deficient or control 

DCIS.com control cells showed no significant changes in cell growth (Figure 22).  

Furthermore, there were no changes in blood vessel density or macrophage 

recruitment, indicating that epithelial CCR2 would not regulate fibroblast accumulation 

indirectly through these stromal cell types.  It is possible that epithelial CCR2 acts on 

other stromal components to indirectly modulate fibroblast growth, including adipocytes 

or granulocytes.  Another possibility may involve the extracellular matrix. Hyaluronan and 

fibronectin increase fibroblast cell growth, while collagen suppresses fibroblast growth 

through mechano-signal transduction mechanisms [147,148].  These factors would be 

present in mammary tissues, but not in conditioned medium. Studies are currently 

underway to understand how CCL2/CCR2 signaling breast cancer cells modulate the 

surrounding breast tumor microenvironment.  
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We show that increased ALDH1 and decreased HTRA2 expression are 

associated with CCL2/CCR2 mediated DCIS progression. Previous studies have 

implicated ALDH1 expression in cancer stem cell renewal, invasion, and drug resistance 

[149]. Emerging studies indicate an important role for HTRA2 in positively regulating 

mitochondrial dependent apoptosis [150]. The increased expression of HTRA2 in CCR2 

deficient lesions is consistent with the increased expression of cleaved caspase 3, as an 

indicator of apoptosis. CCL2/CCR2 signaling in breast cancer cells may promote DCIS 

progression by enhancing ALDH1+ tumor initiating cells or activating invasive pathways 

through ALDH1 activity in breast cancer cells.  CCL2/CCR2 signaling may facilitate 

survival of DCIS lesions through suppression of HTRA2 mediated apoptosis pathways.  

 

Figure 22. CCR2 deficiency in DCIS.com breast cancer cells does not affect 
fibroblast growth. Conditioned medium from control shRNA or CCR2-KD DCIS.com cells 
were used to treat 1213-249 DCIS fibroblasts. Fibroblasts were counted after 24 and 48 hours of 
treatment by hemocytometer. Serum free medium was used as a vehicle control Statistical 
analysis was determined by One-way ANOVA with Bonferroni post-hoc comparison test. 
Statistical significance was determined by P<0.05. n.s= not significant. Mean+SEM are shown. 
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In summary, these studies identify a novel role for CCL2/CCR2 signaling in 

cancer progression, identify potentially new prognostic factors for DCIS, and potentially 

new molecular targets for the prevention of invasive breast cancer. 
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Chapter III. The CCL2/CCR2 chemokine signaling enhances glycolysis in human 

breast cancer cells by upregulating Hexokinase 2 expression 
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Abstract 

 

Altered metabolism is a hallmark of cancer cells. In this chapter we discuss how 

the search to identify additional molecular factors that might cooperate with CCL2/CCR2 

chemokine signaling pathway to coordinate DCIS progression, we identified an 

enhancement in glucose metabolism. By global metabolomic analysis we found that 

CCL2 enhances glycolysis by increasing glucose uptake and lactate secretion. Additional 

studies revealed that the CCL2/CCR2 chemokine signaling regulates Hexokinase II 

expression in vitro and in vivo.  

To further evaluate the clinical significance of Hexokinase II expression in DCIS 

progression, we performed immunostaining on breast tissue microarrays containing 

matching in situ, invasive ductal carcinomas, and normal adjacent to invasive ductal 

carcinoma breast tissue. Immunostaining analysis showed increased HKII expression in 

DCIS and IDC compared to normal adjacent breast tissue.  

Taken together, this data indicates that the CCL2/CCR2 chemokine plays a role in 

regulating glycolysis in part by modulating Hexokinase II expression and with important 

associations with disease progression. Overall, these studies demonstrate a novel 

relationship between chemokine signaling altering glucose metabolism with important 

implications in therapeutic targeting. 
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Introduction 

 

In breast cancer, CCL2/CCR2 are highly expressed in DCIS compared to normal 

tissue. In breast cancer cells, epithelial CCR2 corresponds to invasive potential [46,65]. 

Previous studies have demonstrated that CCL2-induced cell survival, and migration with 

increased phosphorylation of Smad3 and P-42/44 MAPK proteins [46]. Increased 

expression of stromal CCL2 has been associated decreased recurrence free survival 

and with basal like breast cancer subtype [47]. Further characterization of the clinical 

relevance of the CCL2/CCR2 chemokine signaling pathway related proteins in TMAs 

containing DCIS, IDC, and normal tissue showed that CCR2 and phospho SMAD-3  

expression was significantly higher in IDC compared to DCIS tissues indicating that 

proteins related to CCL2/CCR2 signaling are highly expressed in DCIS, and further 

upregulated in IDC (Fang et al, 2020 under review). These data suggest that there is an 

important association between CCL2/CCR2 related signaling proteins, that corresponds 

to DCIS progression to invasive disease.  

Functional in vivo studies of epithelial CCR2 using the Mammary Intraductal 

Injection (MIND) as a model of DCIS, demonstrated that CCR2 overexpression was 

associated with enhanced survival, invasion, and accumulation of CCL2 expressing 

fibroblast. In contrast, ablating CCR2 function, decreased survival, and formation of 

invasive lesions [62]. However, targeting CCR2 alone was not sufficient to ablate 

invasive phenotype which might indicate that other oncogenic factors are necessary to 

further drive DCIS progression and eventually leading to invasion.  
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In the search to identify additional molecular factors that might cooperate with 

CCL2/CCR2 chemokine signaling pathway to coordinate DCIS progression, we identified 

an enhancement in glucose metabolism. Altered metabolism is a hallmark of cancer 

cells. By a global metabolomic analysis we found that CCL2 enhances glycolysis by 

increasing glucose uptake and lactate secretion. Additional studies revealed that the 

CCL2/CCR2 chemokine signaling regulates Hexokinase II expression in vitro and in vivo. 

These studies demonstrate a novel relationship between chemokine signaling altering 

glucose metabolism with important implications in therapeutic targeting. 

 

Materials and Methods 

 

Cell culture 

DCIS.com cells which originated from Dr. Fred Miller’s laboratory [117] were 

provided by Dr. Fariba Behbod (University of Kansas Medical Center). MDA-MB-231 

were obtained from the American Tissue Culture Collection. These cells were cultured 

and maintained in DMEM containing 10% FBS, 2mmol/L L-glutamine, and 1% penicillin-

streptomycin. HCC1937 cells were provided by Dr. Roy Jensen (University of Kansas 

Medical Center). The cells were cultured in RPMI containing 10% FBS, 2mmol/L L-

glutamine, and 1% penicillin-streptomycin. SUM225 cells were originated at the Medical 

University of South Carolina, Charleston, SC, at Dr. Steven Ethier’s laboratory [118]. 

These cells were cultured and maintained in Ham F12 media containing 10% FBS, 

5ug/mL insulin, 1ug/mL cortisone and 1% penicillin – streptomycin. Cell lines were 

cultured for no longer than 6 months and analyzed for mycoplasm after thawing using 

the MycoAlert™ Mycoplasm Detection Kit (Lonza, cat no. LT07-703).  



 
 

69 
 

Measurements from the Extracellular acidification rate (ECAR) and oxygen consumption 

rate (OCR) 

Breast cancer cells were evaluated using an extracellular Flux analyzer (XF24; 

Seahorse Bioscience, Billerica, MA, USA). Cells were seeded in 24-well plates (30,000 

cells/well) (using the standard manufacturer recommended two step seeding procedure. 

Mitochondrial respiration was evaluated with the XF Cell Mito Stress Kit and glycolytic 

metabolism with the XF Glycolysis stress test.  

To perform the mitochondrial stress test, after plating the cells, the microplate was 

kept overnight at 37◦C, 5% CO2 incubator, the following day cells were serum starved 

overnight. Cartridges equipped with Oxygen and pH sensitive probes were hydrated with 

1ml of hydrating solution and incubated overnight at 37◦C without CO2. On the day of 

the assay, cells were treated with CCL2 (100ng/ul) CCL2 was purchased from 

PeproTech, Inc (cat# 300-04) in complete media for 4 hours. One hour prior the assay, 

the medium was replaced placed in Agilent XF asay medium with (1mM Pyruvate), 

(25mM Glucose) and (2mM Glutamine). Each plate was incubated at  37◦C, without CO2 

for 1 hour and then transferred to the microplate stage of the Seahose XF24 flux 

analyzer with the cartrige of probes.  

Oxygen consumption rates (OCR) readings were evaluated after injection of the 

following compounds: 1) oligomycin (1µM final concentration);  2) (FCCP) (carbonyl 

cyanide-p-(trifluoromethoxy) phenylhydrazone; 0.75µM final concentration); 3) antimycin 

A + rotenone (1.5µM each final concentration). Three separate readings were taken to 

ensure stability. The glycolysis stress test was performed as describe aboved, except 

that the XF SeaHorse Glycolysis Stress Base Medium was used. This media is 
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supplemented with 2mM L-glutamine, and the readings are evaluated after injection of 

the following compounds: 1) glucose (10nM final concentration); 2) oligomycin (1µM final 

concentration); 3) 2-deoxyglucose (2D-G; 100mM final concentration). Data for each 

experimental condition derived from values obtained from a minimum of six separate 

wells. 

Glucose consumption and lactate secretion 

60,000 DCIS.COM breast cancer cells were plated in 24 well plates and serum 

starved overnight. Cells were treated with DMSO, Merestinib, HGF±Merestinib, and 

CCL2±Merestinib for 24 hours and another set was plated for assessment at 48 hours 

treatments. Extracellular glucose consumption was determined by using the Glucose-

Glow™ Assay (Cat # J6021 from Promega). This assay includes glucose 

dehydrogenase which uses glucose and NAD+ to produce NADH. When NADH is 

present the pro-luciferin reductase substrate is converted to luciferin by reductase. This 

product is then used by the recombinant luciferase from Ultra-Glo™ to produce light. 

This assay was performed according to manufacturer’s instructions and as previously 

described [46].  

For lactate detection the Lactate- Glo™ Assay (Cat # J5021) was used. This 

assay includes lactate dehydrogenase which uses lactate and NAD+ to produce NADH 

and pyruvate. In the presence of NADH, pro-luciferin reductase substrate is converted by 

Reductase to luciferin. This luciferase reaction produces light in the presence of Ultra-

Glo™ that is detected by a luminometer. This assay is specific to L-Lactate which is the 
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major stereoisomer found in mammalian cells. The assay was performed according to 

manufacturer’s instructions and as previously described [157].  

Immunoblot 

Breast ductal mammary carcinoma cells were plated in 6-well plates (500,000 

cells/well) in DMEM 10%FBS. Cells were serum deprived for 24 hours and incubated 

with serum free media with or without recombinant CCL2 (100ng/ml) ± Merestinib (203 

nM), HGF (100ng/ml) ± Merestinib (203 nM) for 24 hours. Cells were lysed in RIPA 

buffer containing: 1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS with 

protease and phosphatase inhibitors (Sigma-Aldrich, Cat # P8340). Lysates were 

sonicated and 20ug of protein were resolved on 8 or 10% SDS-PAGE gels and 

transferred to nitrocellulose membranes. The membranes were blocked in PBS/0.05% 

Tween-20 /3% milk and probed with primary antibodies [1:1000] to: Hexokinase II (Cell 

Signaling Technology®, Cat # 2867). were detected with rabbit secondary antibodies 

conjugated to horseradish peroxidase (HRP). β-actin Sigma (Cat #A5441) was detected 

with ani-rabbit-hrp. Membranes were developed with West Pico ECL chemiluminescent 

substrate and imaged using a Biospectrum Imaging System.  

Immunohistochemistry by DAB staining 

MIND injection tissues were fixed in 10% neutral formalin buffer and embedded in 

wax as previously described [120]. Sections were cut 5 microns thick, dewaxed and 

heated in 10mM sodium Citrate buffer pH 6.0 for 5 minutes. Followed washing the slides, 

a endogenous peroxidase blocking step was performed with 60% cold methanol/3% 

H202  in PBS, blocked for at least one hour in 3% FBS in PBS for rabbit antibodies, and 
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incubated with primary antibodies [1:100] overnight at 4ºC for; Hexokinase II (Cell 

Signaling Technology®, Cat # 2867). Antigen retrieval for HKII 2M UREA pH 6.8 was 

used. Slides were incubated with streptavidin peroxidase (Vector Laboratories Cat # PK-

6200) for 30 minutes. Slides were developed with 3,3’-diaminobenzidine (DAB) substrate 

Kit (Vector Laboratories Cat # SK-4100) and counterstained with Mayer’s hematoxylin 

and mounted with cytoseal.  

Biospecimens 

Patient samples were collected under approval of the Institutional Review Board 

(IRB) at KUMC. Tissue microarrays (TMAs) consisted of de-identified patient tissue were 

provided by the Biospecimen Core Repository Facility (BCRF) from the University of 

Kansas Center (KUMC). TMAs were arrayed in duplicate. Core sections were 1.5 mm in 

diameter and 5 microns thickness. DCIS tissue was graded using the Van Nuys 

Prognostic Index (VNPI). Samples were collected between 2007 and 2012, with 3 to 5 

year follow up. Tissue microarray pathology information included age, stage, grade, 

tumor size, expression of KI67, ER, PR and Her2. Additional information included 

treatment, recurrence, and survival. Clinical pathological features for all breast samples 

is summarized (Table 1). The mean age of patients was 56 years.  

Image Quantification  

Images were captured at 10X magnification using the FL-Auto EVOS system 

(Invitrogen) including 5-10 random fields per section. DAB staining was quantified as 

previously described [121]. In summary, the images were uploaded in Adobe Photoshop, 

positive DAB staining was selected by using the Magic wand tool, copied, and saved into 
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a new layer which makes a separate file. These images were opened in Image J (NIH), 

converted to gray scale, and adjusted with threshold adjustment to remove nonspecific 

background. Staining was quantified by using the particle analysis feature. Positive DAB 

staining values were normalized to total area values which were expressed as arbitrary 

units. Normalized arbitrary units were subjected to statistical analysis with GraphPad 

Prism. The same principle was used to quantify the fluorescent staining. The staining of 

interest was selected and normalized to DAPI.  

Statistical Analysis  

Experiments involving cell cultures were repeated a minimum of three times. Data 

is expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed by using GraphPad software. Two-tailed Student t test was used to compared 

two groups. One-way ANOVA with Bonferroni post hoc multiple comparisons test was 

used for normal distributions. For non- Gaussian distributions the Kruskall-Wallis Test 

with Dunn’s post hoc comparisons test was used. Statistical significance was determined 

by P <0.05. P<0.05 *, P<0.01 **, P<0.001 ***, n.s= not significant or P>0.05.  

 

Results 

 

CCL2/CCR2 chemokine signaling regulates glycolysis by modulating Hexokinase II 

expression 

By exploring possible molecular mechanisms by which the CCL2/CCR2 

chemokine signaling pathway coordinate DCIS progression with other biological 

processes, we identified an effect on breast cancer cell’s metabolism. We first detected 
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an association between CCL2/CCR2 chemokine signaling and altered metabolism 

through observational changes in acidity of the media of MDA MB 231 breast carcinoma 

cells mediated by modulation of CCL2 and CCR2 (data not shown). 

 To determine how CCL2 treatment specifically affects DCIS.com breast cancer 

cells metabolite production over time, we performed an unbiased global metabolomic 

analysis performed by mass spectrometry analysis. DCIS.com parental cells were 

treated with 100ng/ml of CCL2 at (1, 4, 8h). The global metabolic profile indicated that 

CCL2 mainly affected the levels of metabolites that are directly associated with 

glycolysis, TCA cycle, fatty acid synthesis and redox related metabolite production 

(Figure 23).  

The TCA cycle and glycolysis are the two major metabolic pathways that are 

involved in energy production in the cell. To evaluate the effects of CCL2 on bioenergetic 

profile of the cells, we performed the cell energy phenotype test with a SeaHorse X24 

analyzer instrument (Figure 24A). In this assay both glycolysis and mitochondrial 

respiration can be assessed in real time in response to metabolic modulators. Treating 

DCIS.om breast cancer cells with CCL2 increased their glycolytic potential as shown by 

the significant increase in baseline and stressed Extracellular Acidification Rate (ECAR) 

between serum free and CCL2 treatment group (Figure 24B).   

Upon CCL2 induction, DCIS.com breast cells display a more glycolytic like 

phenotype compared to untreated cells demonstrated by a significant increase in ECAR, 

a proxy for glycolysis compared to OCR (Oxygen consumption rate) which reflects 
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mitochondrial respiration. These results indicate that CCL2 enhances glycolysis but not 

oxidative phosphorylation (Figure 24 C and D).   

 

Figure 23. CCL2 modulates TCA cycle, Fatty acid synthesis and Redox related 
metabolite production in breast cancer cells. DCIS.com breast cancer cells were 
incubated in serum free media (SF), with/without 100 ng/ml CCL2 for 1, 4h and 8 hours in 
quadruplicate samples, and analyzed for metabolite production by LC/MS (Metabolon Inc). 
*glutathione shows increased levels at 8h but not statistically significant Statistical analysis was 
performed by One Way ANOVA. Statistical significance was determined by p<0.05.  Statistically 
significant metabolites are shown. 
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Next, we decided to investigate the effect of CCL2 and CCR2 on the hallmarks of 

glycolysis which are glucose consumption and lactate secretion. Therefore, to determine 

the effect of CCL2 on glucose consumption in breast cancer cells with high levels of 

CCR2, DCIS.com and HCC1937 cells were treated with CCL2 for 24 hours and 

evaluated for changes in glucose consumption. Results indicate that CCL2 treatment 

significantly enhanced glucose consumption in both breast cancer cells compared to SF 

(Figure 25A). To characterize the importance of CCR2 expression in glucose 

consumption, we analyzed CCR2 overexpressing cells (CCR2-H) compared to pHAGE 

control and determined that following CCL2 induction, glucose consumption was 

significantly higher in CCR2 overexpressing cells compared to pHAGE control (Figure 

25B). To investigate the effects of CCL2 on lactate secretion, DCIS.com cells treated 

with CCL2 in a time course of 24 hours display significant differences in intracellular 

lactate but not extracellular (Figure 25C and D). These data suggest that both CCL2 and 

CCR2 influence glycolysis by enhancing glucose consumption and intracellular lactate 

secretion.  

To further identify a potential mechanism by which CCL2/CCR2 regulates 

glycolysis, we analyzed the expression of glycolytic enzymes and identified that 

Hexokinase II (HKII), the enzyme in the first concomitant step of glycolysis, was 

overexpressed in DCIS.com breast cancer cells after CCL2 treatment and 

downregulated in CCR2 KO breast cancer cells (Figure 26A). To validate the contribution 

of CCR2 overexpression to Hexokinase 2 expression, we treated SUM225 pHAGE 

control cells and SUM225 CCR2 overexpressing cells (CCR2-H) with CCL2 for up to 30 



 
 

77 
 

min and by immunoblot observed that Hexokinase 2 expression was highly expressed in 

CCR2 overexpressing cells compared to the pHAGE control (Figure 26B).  

 

Figure 24. CCL2 significantly increases extracellular acidification rate (ECAR) and 
decreases oxygen consumption rate (OCR) in DCIS.com breast cancer cells. Cell 
Energy phenotype test for DCIS.com breast cancer cells induced for 4hrs with CCL2. Open 
square represents measurements at baseline and full square after the endpoint of the assay (A). 
Histogram representing the Extracellular Acidification Rate (ECAR) at baseline (before injection 
of metabolic modulators) and stressed (endpoint of the assay) in DCIS.com breast cancer cells 
treated with CCL2 (B). Real-time respiration stress tests tracings for metabolic profile of 
DCIS.com breast cancer cells with the mitochondrial stress test DCIS.com breast cancer cells 
that were incubated in serum free media (SF) with/without CCL2 (100 ng/ml) for 4 hours. Cells 
were analyzed for rate of oxygen consumption (D) and extracellular acidification rate (ECAR) (E). 
Three independent experiments with the Sea Horse XF analyzer.  Three separate readings were 
taken to ensure stability. Data for each experimental condition derive from values obtained from 
a minimum of six separate wells and the data represent readings from three independent plates. 
Statistical analysis was determined by Two Tailed t Test. Statistical significance was determined 
by P<0.05. Cells plated in triplicate. Mean+stdev are shown.  
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In vivo studies from the MIND model showed that mice injected with generated 

SUM225 breast cancer cells that overexpress CCR2 which were associated with 

increased number of invasive lesions, displayed increased HKII expression compared to 

pHAGE control. In contrast, CCR2 KO MIND lesions which displayed lower number of 

invasive lesions, showed that HKII expression was downregulated compared to WT 

control (Figure 26C). These data indicate that Hexokinase expression is modulated by 

CCL2/CCR2 expression which suggests an important association with DCIS progression 

in the MIND model. 

To further evaluate the clinical significance of Hexokinase II expression in DCIS 

progression, we performed immunostaining on breast tissue microarrays containing 

matching in situ, invasive ductal carcinomas, and normal adjacent to invasive ductal 

carcinoma breast tissue. Immunostaining analysis showed increased HKII expression in 

DCIS and IDC compared to normal adjacent breast tissue (Figure 27A). Taken together, 

this data indicates that the CCL2/CCR2 chemokine plays a role in regulating glycolysis in 

part by modulating Hexokinase II expression and with important associations with 

disease progression. 

 

 

 

 

 



 
 

79 
 

 

Figure 25. CCL2/CCR2 enhances glycolysis by increases glucose uptake and 
intracellular lactate secretion. Glucose consumption of DCIS.com, and HCC1937 breast 
cancer cells treated with CCL2 for 24 hours compared to SF (A). Glucose consumption of 
SUM225 overexpressing cells (CCR2 H) compared to pHAGE control treated with CCL2 and 
compared to SF (B). Extracellular lactate secretion of DCIS.com breast cancer cells treated 
±CCL2 for 24 hours (C). Measurement of intracellular lactate in DCIS.com breast cancer cells 
treated with CCL2 at different time intervals up to 1 hour (D). Statistical analysis was determined 
by Two Tailed t Test. Statistical significance was determined by P<0.05. n. s. = not significant. 
Cells plated in triplicate. Mean+stdev are shown.  
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Figure 26. CCR2 expression modulates Hexokinase 2 expression human breast 
cancer cells. Immunoblot of DCIS.com wildtype (WT) or CCR2 knockout (KO) breast cancer 
cells for Hexokinase II (HKII) and β-Actin control (A). Immunoblot of SUM225 pHAGE Control 
and CCR2 Overexpressing cells (CCR2-H) for Hexokinase II (HKII) and β-Actin control (B). 
MIND model tissue was analyzed by immunohistochemistry to detect the expression of 
Hexokinase II in DCIS.com WT, CCR2 KO, SUMM225 (CCR2-H) and pHAGE control (C).  
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Figure 27. Hexokinase 2 expression increases as DCIS progresses to IDC in 
human samples. TMAs containing core sections; DCIS (n=45), matching IDC (n=47) and 
normal adjacent breast tissues to IDC (n=46) were immunostained with antibodies Hexokinase II 
(A). Expression was analyzed by Image J (arbitrary units). Whisker box plots are shown. 
Whiskers indicate min and max values. Box indicates upper and lower quartile range. Line 
indicates median Statistical analysis was performed using Two- Way ANOVA. Statistical 
significance was determined by P<0.01, **P<0.05, ***P<0.001, and n.s; not significant. Scale 
bar=400 microns.  
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Figure 28. Model for the molecular mechanisms by which CCL2/CCR2 signaling 
mediates metabolism in breast cancer cells. By a global metabolomic analysis we 
identified that CCL2 affects glycolysis, TCA cycle, fatty acid synthesis, redox, and glutaminolysis. 
Metabolic enzymes in red are affected by CCL2/CCR2. Enzymes that regulate glycolysis are in 
orange. Steps where reactive oxygen species inhibit glycolysis are show in purple.   
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Table 1. Clinical Features for patient samples. TMAs with matched DCIS (N=45), IDC 
(N=45) and normal matched to IDC (N=46). Percent of total are shown with actual number of 
cases in parentheses. a25% percentile, bmedian, c75th percentile are shown for Estrogen 
Receptor (ER) and Progesterone Receptor (PR). 
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Discussion 

 

By global metabolomic analysis, we demonstrated that the CCL2/CCR2 

chemokine pathway directly affects glycolysis by enhancing glucose consumption, 

lactate secretion, and by modulating hexokinase II expression (Figure 28). Previous 

studies have reported that other cytokines including CCL5 enhance aerobic glycolysis in 

breast cancer cells through AMPK dependent mechanisms [158]. Others have identified 

that there is a strong association and correlation between increase glycolysis as well as 

genes involved in the MAPK pathway which are known to promote aerobic glycolysis 

[159].  CCL2 mediated by PKM2 in colorectal cancer cells contribute to an increase in 

macrophage recruitment [160]. However, to our knowledge, this is the first time that a 

study focuses on the importance of CCL2/CCR2 chemokine signaling regulating the 

glycolytic pathway in breast ductal cancer progression. 

Some interesting results we observed was that upon CCL2 stimulation there were 

no significant differences in lactate secretion when compared to serum free but CCL2 

increased intracellular lactate concentrations significantly. A possible explanation for the 

lactate differences could be due to the fact that lactate is released from the cells by the 

monocarboxylate transporter MCT4 in glycolytic tumor cells and it can be taken up by the 

cells by the MCT1 transporter [161]. It is possible that there is an influx of lactate into the 

cells. The importance of intracellular lactate is that the oxidative tumor cells can convert 

the lactate back to pyruvate mediated by the lactate dehydrogenase enzyme and 

pyruvate can go back to the mitochondria to feed the TCA cycle through Acetyl CoA 

enzyme, or can be converted to alanine through a transamination reaction.   

 



 
 

85 
 

 

 

 

 

 

 

 

Chapter IV.  Activation of the c-MET receptor by CCL2/CCR2 chemokine signaling 

is important for breast cell migration, proliferation, survival, growth, and 

glycolysis.  
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Abstract 

 

To further understand the potential mechanisms by which CCL2/CCR2 chemokine 

signaling manages DCIS progression with other oncogenic factors, we identified by 

reverse phase protein array analysis (RPPA) that in MCF10CA1d WT cells CCL2 

induction enhanced c-MET phosphorylation compared to CCR2 knockout (KO) breast 

cancer cells.  

The RPPA results were validated by immunoblot and confirmed that CCL2 

induction in DCIS.com breast cancer cells enhanced c-MET phosphorylation in a time 

and CCR2 dependent manner. This activation was specific at the tyrosine site Y1349, 

located at the intracellular multifunctional docking site which is the binding site for 

adaptor proteins and that is important for intracellular signaling. The data suggests that 

the induction of CCL2 and expression of the CCR2 chemokine receptor correspond to 

enhanced c-MET activation with potential important roles in signal transduction.  

To identify the biological role of c-MET inhibition mediated by CCL2, in biological 

processes crucial for DCIS progression, we tested three basal like triple negative breast 

cancer cell lines. Inhibition of c-MET resulted in a significant decrease in collective cell 

migration, proliferation, survival, and growth across the breast cancer cells.  However, 

MET inhibition resulted in a significant reduction of cell migration induced by CCL2 
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compared to CCL2 treatment alone across DCIS.com, HCC1937 and MDA-MB-231 

breast carcinoma cells. CCL2 treatment enhanced PCNA expression as previously 

described [34]. Inhibiting c-MET significantly blocked induced CCL2 cell proliferation in 

DCIS.com. HCC1937 and MDA_MB-231. CCL2 significantly reduced apoptosis and c-

Met inhibition blocked CCL2 induced survival of DCIS.com, HCC1937 and MDA-MB-231.   

These data indicate that CCL2 has pro-survival effects on different human breast 

cancer cell lines by blocking apoptosis and that c-MET inhibition mediated by CCL2 

blocked breast cancer cell motility, proliferation, and survival in vitro.  

 

Introduction 

 

The lack of assertive diagnoses capable to predict which DCIS lesions will 

become invasive still represents a major clinical challenge, and a limitation for guiding 

treatment. It is essential to identify molecular mechanisms that are associated with DCIS 

progression to identify prognostic markers and potential therapeutic targets. A factor that 

adds a layer of complexity into guiding treatment is the presence of molecular subtypes. 

By gene expression analysis five distinct groups of breast cancer types have been 

identified including, Luminal A/B which express estrogen receptor (ER), progesterone 

receptor (PR), and or Her2 which are more responsive to endocrine therapy. Another 

group include Her2 enriched, and the most common and aggressive, the basal like 

breast cancer subtype also known as triple negative which lacks ER, PR, and Her2 [18] 

is usually treated with chemotherapy.  
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Therefore, understanding the molecular mechanisms by which ductal carcinoma 

in situ lesions from triple negative subtype progresses to invasive disease is essential to 

identify molecular markers that can predict the malignant nature of the disease. This 

would help us get closer to detect molecular targets that can be used as alternative 

tailored therapies for DCIS patients and help them avoid unnecessary and drastic 

treatment regimes.  

We recently identified by RPPA analysis that the CCL2/CCR2 chemokine 

signaling modulates the activation of the c-MET tyrosine kinase receptor at the 

multifunctional docking site Y1349 (data not shown). After validation by western blot we 

confirmed this activation and by PLA and CO-IP, we identified that CCL2/CCR2 

modulate c-MET activation through potential Src dependent mechanisms. The c-MET 

receptor tyrosine kinase is a proto oncogene that regulates mammary gland 

development [162].  

Previous studies have demonstrated that through canonical HGF binding, c-MET 

regulates mammary gland ductal morphogenesis [163, 164]. Protein and gene 

expression profiling have identified the c-MET receptor as an emergent biomarker for 

basal like breast cancers [165, 166] which could make it a promising therapeutic target. 

However, the role of c-MET activation in the progression of breast ductal carcinoma to 

invasive disease has not yet been identified. 

  Inhibiting c-MET activity induced by CCL2 in vitro resulted in blocked cell 

migration, proliferation, survival, and growth associated with decreased glycolysis in 

three breast cancer cell lines of basal like subtype. The effects of c-MET inhibition were 
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validated by ablating MET gene expression by CRISP/R Cas9. The generated cells 

displayed similar results to the pharmacological inhibition indicating that blocking c-MET 

activity mediated by CCL2/CCR2 is relevant to halt biological processes related to DCIS 

progression.  

Materials and Methods 

 

Cell culture 

DCIS.com cells which originated from Dr. Fred Miller’s laboratory [117] were 

provided by Dr. Fariba Behbod (University of Kansas Medical Center). MDA-MB-231 

were obtained from the American Tissue Culture Collection. These cells were cultured 

and maintained in DMEM containing 10% FBS, 2mmol/L L-glutamine, and 1% penicillin-

streptomycin. HCC1937 cells were provided by Dr. Roy Jensen (University of Kansas 

Medical Center). The cells were cultured in RPMI containing 10% FBS, 2mmol/L L-

glutamine, and 1% penicillin-streptomycin. Cell lines were cultured for no longer than 6 

months and analyzed for mycoplasm after thawing using the MycoAlert™ Mycoplasm 

Detection Kit (Lonza, cat no. LT07-703).  

 

Recombinant Proteins/ inhibitors 

Recombinant human Hepatocyte Growth Factor (HGF) was obtained from 

PeproTech, Inc (cat# 100-39H). Recombinant human CCL2 was purchased from 

PeproTech, Inc (cat# 300-04. For in vitro experiments, the MET inhibitor Merestinib 

(LY2801653) was kindly provided by E. Lilly and company.  
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Wound Closure 

Wound closure Assays were conducted as follows: human breast carcinoma cells 

(60,000 cells/well) were seeded in 24 well plates. Upon confluency, the cells were serum 

starved for 24h and then stimulated with HGF (100ng/ml) as a positive control for c-MET 

activity ± Merestinib (203 nM) or CCL2 (100ng/ml) ± Merestinib for 24h. A vertical wound 

was made to the cell monolayer in each well with a sterile pipette tip. Four phase - 

contrast images per well were taken of each sample at 0 and 24h at 10x magnification 

using the EVOS imaging system. Wound closure was assessed by five measurements of 

the wound per image using the NIH ImageJ software analysis as previously described 

[46].  

Proliferation Determination 

Cells from the wound closure assay were washed with PBS and fixed with 10% 

neutral formalin buffer. Fixed cells were washed with PBS and permeabilized with ice-

cold methanol for 10 min at -20°C. The cells were washed and blocked with 3% FBS in 

PBS for at least one hour at room temperature. Cells were immunostained for PCNA 

from BioLegend (Cat #3 07902) at a dilution of [1:500] overnight at 4°C in blocking 

buffer. Donkey anti-mouse Alexa Fluor 568 (Cat # A10037) at [1:500] dilution was used 

to visualize the protein. Samples were counterstained with DAPI at 1:5000 in 50% 

glycerol/PBS. Four images were captured at 10x magnification using a FL- Auto EVOS 

microscope.  
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Cleaved Caspase- 3 Assay 

Cells were seeded in 24 well plates at a density of 50,000 cells/well. Apoptosis 

was induced by serum starvation for a period of 48 h as previously described [167] in the 

presence or absence of the treatments mentioned above. Cells were washed with PBS 

and then fixed with 10% neutral formalin buffer. Fixed cells were washed with PBS and 

permeabilized with ice-cold methanol for 10 min at -20°C. The cells were washed and 

blocked with 3% FBS in PBS for at least one hour at room temperature. Cells were 

immunostained for Cleaved Caspase 3 (Asp-175) from Cell Signaling Technologies (Cat 

# 9661) at a dilution of [1:500] overnight at 4°C in blocking buffer. Donkey anti-rabbit 

Alexa Fluor 647 (Cat # A-31573) at [1:500] dilution was used to visualize the protein. 

Samples were counterstained with DAPI at 1:5000 in 50% glycerol/PBS. Four images 

were captured at 10x magnification using a FL- Auto EVOS microscope.  

 

3D Matrigel: Collagen cell cultures 

One million cells were seeded in 10-cm dishes in 10 mL DMEM/10% FBS for 24 

hours. Cells were cultured in a Collagen: Matrigel matrix as previously described [168]. 

Briefly, Rat tail collagen (3.5 mg/ml) Corning, (Cat# 354236) was mixed at a 4:1 ratio 

with setting solution containing: 1X EBSS, 75 mM NaOH and 290 mM NaHCO3. The rat 

tail collagen solution was mixed 1:1 with Growth Factor Reduced Matrigel, BD 

Biosciences (Cat # 354230) in ice. The 96-well plates were coated with 40ul/well of the 

Collagen: Matrigel mixture for 30 min at 37°C. Breast cancer cells were seeded (2500 

cells/well) in 200ul of growth medium: DMEM/10% FBS/ 2.5% Matrigel. For the 

pharmaceutical inhibition experiments, cells were treated with HGF (100ng/ml) ± 
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Merestinib (203 nM) or CCL2 (100ng/ml) ± Merestinib (203 nM). For the MET ablation 

experiments, the cells were treated with HGF (100ng/ml) and CCL2 (100ng/ml). 

Spheroids were cultured for up to 10 days and the media was replaced every 3 days. 

Images were captured using the EVOS-FL Auto Imaging System (Invitrogen) at 10x with 

the Bright Field setting. Four fields per well were captured and the sphere size was 

quantified using Image J.  Growth was compared measured by taking the area of each 

spheroid and was normalized to the total number of spheroids and compared to 

untreated control. 

 

Immunofluorescence Staining of 3D cell cultures 

At day 10, the 3D cell culture spheroids were fixed with 10% neutral buffered 

formalin at 4°C overnight. The Matrigel: Collagen plug that contains the samples were 

carefully removed from each well and triplicate samples were pooled into a 4% agarose 

onto a glass slide on ice. Samples were placed in embedding cassettes and dehydrated 

in 70, 90, 100% ethanols and Isopropanol for 1 h each at room temperature. Samples 

were transferred to isopropanol: paraffin 50:50 for 2h at 60°C and embedded in paraffin 

blocks. Samples were sectioned at 5µm and de-waxed for detection of proteins by 

immunofluorescence.  As antigen retrieval was performed by heating antibody specific 

solution for 5 min at low pressure in a pressure cooker. Slides were permeabilized in 

10% Methanol in PBS for 20 min. Sections were blocked in 3% FBS in PBS and 

incubated overnight with antibodies [1:500] to PCNA (BioLegend, Cat# 307902), Cleaved 

Caspase-3 (Cell Signaling Technologies, Cat # 9661). Sections were counterstained with 

DAPI and mounted in PBS: Glycerol 1:1. Four fields per section were captured using the 
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EVOS-FL Auto Imaging system at a 10X magnification. Antibody specificity was 

determined by omission of primary antibody staining. Protein expression was quantified 

by Image J. Expression of each protein was normalized to DAPI.  

 

Gene ablation by clustered regularly interspaced short palindromic repeats (CRISP/R) 

The c-MET guide RNA was obtained from Addgene (Cat # 76061). The guide 

RNA sequence was: CCGATCGCACACATTTGTCG. MET gRNA (BRDN0001147560) 

was a gift from John Doench & David Root (Addgene plasmid #76061; 

http://n2t.net/addgene:76061; RRID: Addgene_76061) which encodes for the IPT 

domain ranging from 808 to 827. pLenti-MetGFP was a gift from David Rimm (Addgene 

plasmid # 37560, http://n2t.net/addgene:37560; from the Homo sapients MET proto-

onvogene, receptor tyrosine kinase (MET), transcript variant 2, mRNA.  NCBI Reference 

Sequence: NM_000245.2. DCIS.com, HCC1937, and MDA_MB 231 breast cancer cells 

were transfected with lentivirus containing Cas9 and a Blasticidin selection marker 

(Addgene, Cat # 57822). Cells were selected with Blasticidin (4ug/ml-10ug/ml) and 

transduced with the MET gRNA lentivirus or EGFP vector control and selected with 

puromycin (5ug/ml). Cells were flow sorted for GFP expression and seeded to allow to 

reach confluency for downstream applications. The efficiency of the KO was confirmed 

by western blot.  

 

Measurements from the Extracellular acidification rate (ECAR)  

Breast cancer cells were evaluated using an extracellular Flux analyzer (XF24; 

Seahorse Bioscience, Billerica, MA, USA). Cells were seeded in 24-well plates (30,000 

http://n2t.net/addgene:76061
http://n2t.net/addgene:37560
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cells/well) (using the standard manufacturer recommended two step seeding procedure. 

Glycolytic metabolism was assessed with the XF Glycolysis stress test.  

To perform the mitochondrial stress test, after plating the cells, the microplate was kept 

overnight at 37◦C, 5% CO2  incubator, the following day cells were serum starved 

overnight. Cartridges equipped with Oxygen and pH sensitive probes were hydrated with 

1ml of hydrating solution and incubated overnight at 37◦C without CO2. On the day of 

the assay, cells were treated with CCL2 (100ng/ul) in complete media for 4 hours. One 

hour prior the assay, the medium was replaced placed in Agilent XF asay medium with 

2mM L-glutamine, and the readings are evaluated after injection of the following 

compounds: 1) glucose (10nM final concentration); 2) oligomycin (1µM final 

concentration); 3) 2-deoxyglucose (2D-G; 100mM final concentration). Each plate was 

incubated at  37◦C, without CO2 for 1 hour and then transferred to the microplate stage 

of the Seahose XF24 flux analyzer with the cartrige of probes. Three separate readings 

were taken to ensure stability. Data for each experimental condition derived from values 

obtained from a minimum of six separate wells. 

 

Proximity Ligation Assay (PLA) 

The Duolink™proximity ligation assay (PLA®) was used to perform proximity 

ligation assays according to the manufacturer’s protocol. Briefly, DCIS.com breast 

carcinoma cells were treated with CCL2 for up to 15 minutes and analyzed for CCR2-

MET interactions by proximity ligation assay in 96 well plates. Fixed DCIS.com cells 

were incubated with CCR2 and MET antibodies. Cells were incubated with Duolink® In 

Situ PLA®Probe Anti-Mouse MINUS affinity purified Donkey anti-mouse IgG (H+L) 
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Sigma (Cat # DUO92004) and Duolink® In Situ PLA®Probe Anti-Mouse MINUS affinity 

purified Donkey anti-rabbit IgG (H+L) Sigma (Cat # DUO92002). A pair of oligo labeled 

secondary antibodies (PLA probes) Duolink®In Situ PLA®Probe anti-rabbit MINUS 

Sigma (Cat # DUO92005) and Duolink®In Situ PLA®Probe anti-Mouse PLUS Sigma 

(Cat # DUO92001) were bound to the primary antibodies. If CCR2 and c-MET are in 

close proximity, a hybridizing connector would join the PLA probes, forming circle DNA 

template to be amplified by DNA polymerase. The amplicons were then bound to 

complementary detection oligos conjugated to fluorochromes and detected by 

fluorescence microscopy. Technical control including untreated, no secondary control 

and no antibody controls were included. Whole wells were imaged for fluorescence using 

EVOS FlAuto Imager.  

Determination of enzymatic activities 

DCIS.com MET gRNA KO and EGFP controls were seeded and serum starved 

overnight. On the day of the assay, the cells were treated with CCL2 up to 1 hour and 

compared to serum free. The enzymatic activity of Hexokinase 2 enzyme assay was 

determined by using the Hexokinase/ Glucokinase assay kit (Cat # E-111). This assay 

recognizes all the Hexokinase 2 isoforms.  

This assay is based on the reduction of tetrazolium salt INT in a NADH-coupled 

enzymatic reaction which exhibits an absorption at 492 nm. The assay was performed 

according to manufacturer’s instructions and as previously described [159, 169]. 

Pyruvate Kinase activity was determined with the assay kit (Cat # E-117). Both assays 

were obtained from Biomedical Research Service Center (Buffalo, NY, USA). The PK 
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assay measures luciferase activity in the presence of luciferin that is derived from the PK 

reaction driven ATP. The PK assay was performed according to manufacturer’s 

description and as previously described [170].  

Glucose consumption and lactate secretion 

60,000 DCIS.COM breast cancer cells were plated in 24 well plates and serum 

starved overnight. Cells were treated with DMSO, Merestinib, HGF±Merestinib, and 

CCL2±Merestinib for 24 hours and another set was plated for assessment at 48 hours 

treatments. Extracellular glucose consumption was determined by using the Glucose-

Glow™ Assay (Cat # J6021 from Promega). This assay includes glucose 

dehydrogenase which uses glucose and NAD+ to produce NADH. When NADH is 

present the pro-luciferin reductase substrate is converted to luciferin by reductase. This 

product is then used by the recombinant luciferase from Ultra-Glo™ to produce light. 

This assay was performed according to manufacturer’s instructions and as previously 

described [171].  

For lactate detection the Lactate- Glo™ Assay (Cat # J5021) was used. This 

assay includes lactate dehydrogenase which uses lactate and NAD+ to produce NADH 

and pyruvate. In the presence of NADH, pro-luciferin reductase substrate is converted by 

Reductase to luciferin. This luciferase reaction produces light in the presence of Ultra-

Glo™ that is detected by a luminometer. This assay is specific to L-Lactate which is the 

major stereoisomer found in mammalian cells. The assay was performed according to 

manufacturer’s instructions and as previously described [172].  
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Immunoblot 

Breast ductal mammary carcinoma cells were plated in 6-well plates (500,000 

cells/well) in DMEM 10%FBS. Cells were serum deprived for 24 hours and incubated 

with serum free media with or without recombinant CCL2 (100ng/ml) ± Merestinib (203 

nM), HGF (100ng/ml) ± Merestinib (203 nM) for 24 hours. Cells were lysed in RIPA 

buffer containing: 1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS with 

protease and phosphatase inhibitors (Sigma-Aldrich, Cat # P8340). Lysates were 

sonicated and 20ug of protein were resolved on 8 or 10% SDS-PAGE gels and 

transferred to nitrocellulose membranes. The membranes were blocked in PBS/0.05% 

Tween-20 /3% milk and probed with primary antibodies [1:1000] to: phospho c-Met 

Y1234-1235 (Cell Signaling Technology®, Cat # 3077), phospho c-Met Y1349 (Cell 

Signaling Technology®, Cat # 3121), Met  (Cell Signaling Technology®, Cat # 4560), 

Hexokinase II (Cell Signaling Technology®, Cat # 2867), CCR2 (Cell Signaling 

Technology®, Cat # 12199), were detected with rabbit secondary antibodies conjugated 

to horseradish peroxidase (HRP). β-actin Sigma (Cat #A5441) was detected with ani-

rabbit-hrp. Membranes were developed with West Pico ECL chemiluminescent substrate 

and imaged using a Biospectrum Imaging System.  

Immunohistochemistry by DAB staining 

MIND injection tissues were fixed in 10% neutral formalin buffer and embedded in 

wax as previously described [121]. Sections were cut 5 microns thick, dewaxed and 

heated in 10mM sodium Citrate buffer pH 6.0 for 5 minutes. Followed washing the slides, 

a endogenous peroxidase blocking step was performed with 60% cold methanol/3% 
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H202  in PBS, blocked for at least one hour in 3% FBS in PBS for rabbit antibodies, and 

incubated with primary antibodies [1:100] overnight at 4ºC for; phospho c-Met Y1234-

1235 (Cell Signaling Technology®, Cat # 3077), phospho c-Met Y1349 (Cell Signaling 

Technology®, Cat # 3121), and Met  (Cell Signaling Technology®, Cat # 4560). Slides 

were incubated with streptavidin peroxidase (Vector Laboratories Cat # PK-6200) for 30 

minutes. Slides were developed with 3,3’-diaminobenzidine (DAB) substrate Kit (Vector 

Laboratories Cat # SK-4100) and counterstained with Mayer’s hematoxylin and mounted 

with cytoseal.  

Biospecimens 

Patient samples were collected under approval of the Institutional Review Board 

(IRB) at KUMC. Tissue microarrays (TMAs) consisted of de-identified patient tissue were 

provided by the Biospecimen Core Repository Facility (BCRF) from the University of 

Kansas Center (KUMC). TMAs were arrayed in duplicate. Core sections were 1.5 mm in 

diameter and 5 microns thickness. DCIS tissue was graded using the Van Nuys 

Prognostic Index (VNPI). Samples were collected between 2007 and 2012, with 3 to 5 

year follow up. Tissue microarray pathology information included age, stage, grade, 

tumor size, expression of KI67, ER, PR and Her2. Additional information included 

treatment, recurrence, and survival. Clinical pathological features for all breast samples 

is summarized (Table 1). Samples sizes include DCIS (n= 81), IDC (n= 82), and normal 

matching to IDC (n=87). The mean age of patients was 56 years.  
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Image Quantification  

Images were captured at 10X magnification using the FL-Auto EVOS system 

(Invitrogen) including 5-10 random fields per section. DAB staining was quantified as 

previously described [47]. In summary, the images were uploaded in Adobe Photoshop, 

positive DAB staining was selected by using the Magic wand tool, copied, and saved into 

a new layer which makes a separate file. These images were opened in Image J (NIH), 

converted to gray scale and adjusted with threshold adjustment to remove nonspecific 

background. Staining was quantified by using the particle analysis feature. Positive DAB 

staining values were normalized to total area values which were expressed as arbitrary 

units. Normalized arbitrary units were subjected to statistical analysis with GraphPad 

Prism. The same principle was used to quantify the fluorescent staining. The staining of 

interest was selected and normalized to DAPI.  

Statistical Analysis  

Experiments involving cell cultures were repeated a minimum of three times. Data 

is expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed by using GraphPad software. Two-tailed Student t test was used to compared 

two groups. One-way ANOVA with Bonferroni post hoc multiple comparisons test was 

used for normal distributions. For non- Gaussian distributions the Kruskall-Wallis Test 

with Dunn’s post hoc comparisons test was used. Statistical significance was determined 

by P <0.05. P<0.05 *, P<0.01 **, P<0.001 ***, n.s= not significant or P>0.05.  
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Results  

 

CCL2 enhances c-MET phosphorylation through potential interactions with CCR2 and 

SRC 

To further understand the potential mechanisms by which CCL2/CCR2 chemokine 

signaling manages DCIS progression with other oncogenic factors, we identified by 

reverse phase protein array analysis (RPPA) that in MCF10CA1d WT cells CCL2 

induction enhanced c-MET phosphorylation compared to CCR2 knockout (KO) breast 

cancer cells (data not shown).  

The RPPA results were validated by immunoblot and confirmed that CCL2 

induction in DCIS.com breast cancer cells enhanced c-MET phosphorylation in a time 

dependent manner (Figure 29A). This activation was specific at the tyrosine site Y1349, 

located at the intracellular multifunctional docking site which is the binding site for 

adaptor proteins and that is important for intracellular signaling [173].  

To evaluate the role of CCR2 in c-MET activation, DCIS.com CCR2 KO and WT 

were treated with and without CCL2. Immunoblot showed that in DCIS.com WT breast 

cancer cells treated with CCL2 enhanced c-MET activation compared to SF and 

abrogation of c-MET phosphorylation in CCR2-KO even after CCL2 stimulation (Figure   

29B). The data suggests that the induction of CCL2 and expression of the CCR2 

chemokine receptor correspond to enhanced c-MET activation with potential important 

roles in signal transduction.  
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To evaluate the protein expression of c-MET and phospho c-MET mediated by 

CCR2 expression in vivo, we analyzed by immunohistochemistry tissues from the MIND 

model. Tissues from the parental DCIS.com cells that have high CCR2 levels, displayed  

enhanced expression of total c-MET compared to parental SUM225 which have lower 

CCR2 (Figure 29C). The MIND lesions that resulted from SUM225 CCR2 overexpressed 

injected cells which resulted in lesions that were associated with invasiveness, showed 

increased expression of phospho and total c-MET compared to the pHAGE control 

(Figure 29D). In addition, the DCIS.com CCR2 KO MIND model lesions which resulted in 

fewer number of invasive lesions, displayed a decreased expression of phospho and 

total c-MET expression compared to WT control (Figure 29E).  

Taken together, we have identified an important association between c-MET 

protein expression and activation that corresponds to increased CCR2 levels. These 

data indicate that c-MET expression and signaling might be influenced in part by 

CCL2/CCR2 dependent mechanisms which suggest an important role for CCR2 

modulating c-MET activity with an important association in DCIS progression.  
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Figure 29. CCL2 and CCR2 modulate c-MET protein expression in cells and MIND 
model tissue. Parental DCIS.com cells treated with 100ng/ml of CCL2 blotted for phospho or 
total c-Met expression in a time course of 5, 15, 30 and 60 minutes (A). DCIS.com WT or CCR2 
knockout (KO) were treated with 100ng/ml CCL2 and immunoblotted for phospho or total c-Met 
expression for 1 hour (B).  Immunostaining of c-Met in parental SUM225 and DCIS.com MIND 
model lesions (C). Immunostaining of phospho c-Met of DCIS lesions formed from SUM225 
control phage cells or CCR2 overexpressing cells (CCR2-L) (D). Immunostaining of Phospho c-
Met of DCIS lesions formed from DCIS.com CCR2 knockout (KO) or WT control. Mean ±SEM 
(E).  n=8 mice.  
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To further examine possible protein protein interactions between CCR2 and c-

MET, we performed a Proximity Ligation Assay (PLA) using Duolink ™ PLA probes and 

antibodies. DCIS.com breast cancer cells were treated with CCL2 for 5 and 15 minutes 

and incubated with c-MET and CCR2 antibodies. Unstimulated and no antibody 

treatments were used as negative controls. To control for antibody specificity, MET only 

and CCR2 only antibody was used respectively. A close association among these two 

proteins was confirmed with by green fluorescence spots observed by the EVOS FIAuto 

Imager (Figure 30A). These results suggest that CCR2 and c-MET might have a close 

interaction.  

Previous studies in basal-like breast cancer cells demonstrated that CCL2 

enhanced the activity of Src and PKC associated with proliferation and cell-cycle 

progression [174]. To investigate possible signaling mechanism that could facilitate 

potential protein interactions induced by CCL2 between CCR2 and c-MET, whole cell 

protein lysates of DCIS.com cells stimulated with CCL2 for up to 30 minutes were co-

immunoprecipitated (Co-IP) with anti c-MET and anti Src antibodies. The IP for c-MET 

showed a positive signal for CCR2 and Src expression as early as 5 minutes, and even 

higher at 15 minutes after CCL2 induction (Figure 30B). A reverse IP where Src was 

pulled down confirmed that CCR2 and c-MET expression were highly up regulated at 5 

min. As an assay control, total lysates (input control) were immunoblotted for expression 

of indicated proteins. These results indicate that there might be a transient but important 

protein-protein interaction between CCR2 and c-MET through Src dependent 

mechanisms.  
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Figure 30. CCL2 enhances c-MET phosphorylation through potential interactions 
with CCR2 and Src. PLA: DCIS.com cells were treated with CCL2 for up to 15 minutes and 
analyzed for CCR2-MET interactions by proximity ligation assay in 96 well plates. Fixed 
DCIS.com cells were incubated with CCR2 and MET antibodies. A pair of oligo labeled 
secondary antibodies (PLA probes) were bound to the primary antibodies. If CCR2 and c-MET 
are in close proximity, a hybridizing connector would join the PLA probes, forming circle DNA 
template to be amplified by DNA polymerase. The amplicons were then bound to complementary 
detection oligos conjugated to fluorochromes and detected by fluorescence microscopy. Whole 
wells were imaged for fluorescence using EVOS Fl Auto Imager. Cropped images are shown for 
clarity. Scale bar=200 microns (A). CO-IP: DCIS.com cells were treated with CCL2 for up to 30 
minutes, immunoprecipitated for c-MET or SRC and immunoblotted for expression of indicated 
proteins. Total lysates (input control) were immunoblotted for expression of indicated proteins 
(B).  DCIS.com cells were treated with/without 100 ng/ml CCL2 or 10 mM PP2 (SRC inhibitor) for 
up to 60 minutes and immunoblotted for expression of the indicated proteins. RIgG =rabbit IgG 
(C). Experiments were performed in triplicate, repeated three times.  
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To determine the importance of CCR2 and c-MET protein interaction induced by 

CCL2 and mediated by Src, DCIS.com breast cancer cells were treated with or without 

100ng/ml CCL2 or 10mM PP2, a small molecule inhibitor that targets Src kinase [175] for 

up to 60 minutes and immunoblotted for c-MET Y1349, c-MET, P-Src and Actin. PP2 

inhibition was confirmed by immunoblot which showed a decreased in P-Src expression 

compared to DMSO. CCL2 induced phosphorylation of c-MET Y1349 overtime but the 

expression was downregulated in the presence of PP2 in all the time points compared to 

DMSO treatment. PP2 treatment even in the presence of CCL2 decreased c-MET 

expression over time with a notable lack of expression at 60 minutes (Figure 30C).  

Previous studies have demonstrated that the Src tyrosine kinase protein binds 

directly to the carboxy terminal docking site of c-MET (Y1349) [176,177]. However, the 

expression of P-Src is not completely downregulated by PP2 in the presence of CCL2, 

these results are consistent with previous findings in which breast cancer cells treated 

with CCL2 and PP2 at [10 and 20µmol/L] showed increased P-Src expression compared 

to cells treated with PP2 alone [174].  

Even though studies that explore the interaction between c-MET and CCR2 and 

ongoing, these results confirm that CCL2 modulates p-Src activity which could be 

important for mediating c-MET phosphorylation at Y1349. To our knowledge this is the 

first time that an alternative signaling mechanism for modulating c-MET phosphorylation 

at the Y1349 site induced by CCL2 independently of canonical HGF is reported. CCL2 

phosphorylated c-MET through Src dependent mechanisms and corresponds to high 

levels of CCR2 expression. Taken together, this data suggests that c-MET 
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phosphorylation can be modulated through CCL2/CCR2 dependent and independent 

mechanisms and mediated through Src. 

Targeting c-MET by pharmacological inhibition blocks CCL2 induced collective cell 

migration, proliferation, survival, and growth in human mammary carcinoma cells.  

We next sought to determine the relevance of c-MET activity induced by CCL2 in 

biological processes that are crucial for DCIS progression. The c-MET receptor was 

targeted with a pharmacological inhibitor; Merestinib which is a type II ATP competitive 

inhibitor meaning that it binds to the intracellular kinase portion of the receptor in the 

inactive form [178, 179]. Merestinib is an FDA approved drug, that has been used to 

treat non-small cell lung cancer, and acute myeloid leukemia [180, 181]. However, to our 

knowledge the efficacy of Merestinib to manage breast ductal carcinoma in situ 

progression has not yet been explored.  

Therefore, we used three different human breast cancer cells that by flow 

cytometry display high levels of CCR2 and c-MET and are highly associated with 

invasiveness including DCIS.com, HCC1937, and MDA_MB_231. DCIS.com which was 

originated from a xenotransplantation is a basal like subtype breast cancer cell line that 

is a model of DCIS [117]. The HCC1937 is a cell line isolated from a primary tumor after 

surgical resection of a ductal carcinoma of TNB stage IIB, and of triple negative, basal A 

subtype [182, 183]. MDA_MB_231 is a breast cancer cell line isolated from a pleural 

effusion of an adenocarcinoma of metastatic origin and of triple negative basal B subtype 

[184-186].  
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Cultured DCIS.com, HCC1937 and MDA_MB_231 were treated with HGF (as a 

positive control for c-MET activity) ± Merestinib or CCL2 ± Merestinib and evaluated for 

changes in cellular migration, proliferation, survival, and growth. The effect of c-MET 

inhibition induced by CCL2 on the motility of mammary carcinoma cells was assessed by 

wound closure assay. CCL2 treatment significantly enhanced migration on all three cell 

lines over a period of 24 h, consistent with the effects that CCL2 has on migration 

previously published [46].  

However, MET inhibition resulted in a significant reduction of cell migration 

induced by CCL2 compared to CCL2 treatment alone across DCIS.com breast 

carcinoma cells (Figure 31A), HCC1937 (Figure 32A), and MDA-MB-231 (Figure 33A).  

CCL2 treatment enhanced PCNA expression as previously described [174]. Inhibiting c-

MET significantly blocked induced CCL2 cell proliferation in DCIS.com. (Figure 31B) 

HCC1937 (Figure 32B), and MDA_MB-231 (Figure 33B). CCL2 significantly reduced 

apoptosis and c-Met inhibition blocked CCL2 induced survival of DCIS.com (Figure 31C), 

HCC1937 (Figure 32C), and MDA-MB-231 (Figure 33C).  These data indicate that CCL2 

has pro-survival effects on different human breast cancer cell lines by blocking 

apoptosis, and that c-MET inhibition mediated by CCL2 blocked breast cancer cell 

motility, proliferation, and survival in vitro.  
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Figure 31. Targeting c-MET by pharmacological inhibition blocks CCL2 induced 
collective cell migration, proliferation, and survival in DCIS.com human mammary 
carcinoma cells. DCIS.com parental breast cancer cells were seeded and upon monolayer 
confluence scratched and treated with 100ng/ml of HGF as a positive control for c-Met, 
HGF±203nM Merestinib, a c-Met inhibitor, or 100ng/ml of CCL2±203nM Merestinib for 24 hours 
to assess collective cell migration. Wound closure was analyzed by measuring the distance of 
the scratch at t=0 and t=24 by Image J software and plotted as % wound closure (A). Cells were 
seeded, and serum deprived for 48 hours to induce apoptosis and treated as above for 24 hours. 
Cells were analyzed for Cleaved-Caspase 3 expression by immunofluorescence (B). To assess 
for proliferation, cells were serum starved overnight, treated as above, and evaluated for PCNA 
expression by immunofluorescence (C). Each experimental group was plated in triplicate and 
experiments were performed three times. Four image fields per slide were taken with an EVOS-
FL system. Statistical analysis was performed using a ONE-WAY ANOVA with Bonferroni post-
hoc comparison.  Statistical significance was determined by *p<0.05, **p<0.01, ***p< 0.0001., 
n.s. not significant or p>0.05. Mean ± SEM values are shown. Scale bar = 400 microns. 
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Figure 32. Targeting c-MET by pharmacological inhibition blocks CCL2 induced 
collective cell migration, proliferation, and survival in HCC1937 human mammary 
carcinoma cells. HCC1937 parental breast cancer cells were seeded and upon monolayer 
confluence scratched and treated with 100ng/ml of HGF as a positive control for c-Met, 
HGF±203nM Merestinib, a c-Met inhibitor, or 100ng/ml of CCL2±203nM Merestinib for 24 hours 
to assess collective cell migration. Wound closure was analyzed by measuring the distance of 
the scratch at t=0 and t=24 by Image J software and plotted as % wound closure (A). Cells were 
seeded, and serum deprived for 48 hours to induce apoptosis and treated as above for 24 hours. 
Cells were analyzed for Cleaved-Caspase 3 expression by immunofluorescence (B). To assess 
for proliferation, cells were serum starved overnight, treated as above, and evaluated for PCNA 
expression by immunofluorescence (C). Each experimental group was plated in triplicate and 
experiments were performed three times. Four image fields per slide were taken with an EVOS-
FL system. Statistical analysis was performed using a ONE-WAY ANOVA with Bonferroni post-
hoc comparison.  Statistical significance was determined by *p<0.05, **p<0.01, ***p< 0.0001., 
n.s. not significant or p>0.05. Mean ± SEM values are shown. Scale bar = 400 microns. 
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Figure 33. Targeting c-MET by pharmacological inhibition blocks CCL2 induced 
collective cell migration, proliferation, and survival in MDA_MB_231 human 
mammary carcinoma cells. MDA_MB_231 parental breast cancer cells were seeded and 
upon monolayer confluence scratched and treated with 100ng/ml of HGF as a positive control for 
c-Met, HGF±203nM Merestinib, a c-Met inhibitor, or 100ng/ml of CCL2±203nM Merestinib for 24 
hours to assess collective cell migration. Wound closure was analyzed by measuring the 
distance of the scratch at t=0 and t=24 by Image J software and plotted as % wound closure (A). 
Cells were seeded, and serum deprived for 48 hours to induce apoptosis and treated as above 
for 24 hours. Cells were analyzed for Cleaved-Caspase 3 expression by immunofluorescence 
(B). To assess for proliferation, cells were serum starved overnight, treated as above, and 
evaluated for PCNA expression by immunofluorescence (C). Each experimental group was 
plated in triplicate and experiments were performed three times. Four image fields per slide were 
taken with an EVOS-FL system. Statistical analysis was performed using a ONE-WAY ANOVA 
with Bonferroni post-hoc comparison.  Statistical significance was determined by *p<0.05, 
**p<0.01, ***p< 0.0001., n.s. not significant or p>0.05. Mean ± SEM values are shown. Scale bar 
= 400 microns. 
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To further characterize the molecular mechanisms through which c-Met inhibition 

regulates CCL2 induced cell growth, we used a 3D Matrigel collagen assay. In this cell 

culture model, DCIS.com breast cancer cells show abnormal spheres that grow in a 

period of 10 days [168]. Inhibiting c-Met decreased the growth of CCL2 induced 

spheroids (Figure 34A). To determine whether differences in spheroid size were related 

to cell proliferation, we fixed, embedded, and sectioned these spheroids for PCNA 

analysis by immunofluorescence. Results showed that inhibiting c-Met decreased PCNA 

expression induced by CCL2 which is associated to decreased spheroid growth (Figure 

34B). In summary, these data demonstrated that c-Met inhibition blocks CCL2 induced 

growth associated with decreased proliferation of DCIS.com mammary carcinoma cells.  

Targeting c-MET by gene ablation blocks CCL2 induced collective cell migration, 

proliferation, survival, and growth in human mammary carcinoma cells.  

To further validate the effects of c-MET targeting by pharmacological inhibition 

with a genetic stable approach, we characterized the significance of in vitro c-MET 

ablation on migration, survival, proliferation, and growth in DCIS progression. The c-MET 

gene was ablated by CRISP/R Cas9 targeting the extracellular Immunoglobin-Plexin- 

transcription (IPT) domain in DCIS.com, HCC1937 and MDA_MB_231 breast carcinoma 

cells (Figure 35A).  The knockout gene was compared to EGFP control. Breast cancer 

cells were treated with HGF, CCL2 and compared to vehicle control.  
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Figure 34. Targeting c-MET by pharmacological inhibition blocks CCL2 induced 
growth by reducing proliferation in DCIS.com breast carcinoma cells. DCIS.com 
breast cancer cells were cultured in a Collagen: Matrigel matrix in the presence of the treatments 
mentioned above. Changes in spheroid size were analyzed for a period of 10 days. 
Representative images of the spheroids at the end point are shown in the magnified field (A). 
Spheroid size was calculated using image J and plotted as the total area / spheroid size 
(microns³). 3D cell culture sections were immunostained for expression of PCNA and 
counterstained with DAPI at day 10. White arrows point to positive staining (B). Each 
experimental group was plated in triplicate and experiments were performed three times. Four 
image fields per slide were taken with an EVOS-FL system. Statistical analysis was performed 
using a ONE-WAY ANOVA with Bonferroni post-hoc comparison.  Statistical significance was 
determined by *p<0.05, **p<0.01, ***p< 0.0001., n.s. not significant or p>0.05. Mean ± SEM 
values are shown. Scale bar = 400 microns. 
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Consistent with the results obtained from the pharmacological inhibitor, targeting 

MET by KO in DCIS.com breast cancer cell lines mediated by CCL2 showed a significant 

decrease in cell migration (Figure 356B), proliferation (Figure 35C), and survival (Figure 

35D). To further characterize the effect of c-MET ablation in growth compared to their 

EGFP controls in DCIS.com. Targeting the c-Met by gene ablation decreased the growth 

of CCL2 induced spheroids CCL2 (Figure 36A).  

The effects of c-MET ablation on HCC1937 breast cancer cells were evaluated. 

CCL2 treatment enhanced cell migration (Figure 37A), proliferation (Figure 37B), and 

survival (Figure 37C). These trends are very similar to the ones found in MDA_MB_231 

breast cancer cells where targeting c-MET induced by CCL2 blocked migration (Figure 

38A), proliferation (Figure 38B), and survival (Figure 38C). 

These results are consistent with the results from pharmacological inhibition. Here 

we have demonstrated by both, pharmacological inhibition, and genetic ablation that 

targeting c-MET blocks induced CCL2 migration, proliferation, survival, and growth 

induced by CCL2. These data suggest that c-MET activity induced by CCL2 is very 

important for modulating biological processes that are crucial for DCIS progression.  

 

 

 

 

 



 
 

114 
 

 

Figure 35. Gene targeting of epithelial c-MET blocks CCL2 induced collective cell 
migration, proliferation, and survival in DCIS.com human mammary carcinoma 
cells. The c-MET gene was ablated by CRISP/R Cas9 targeting the extracellular Immunoglobin-
Plexin- transcription (IPT) domain (A). DCIS.com MET gRNA and EGFP control breast cancer 
cells were seeded and upon monolayer confluence scratched and treated with 100ng/ml of HGF 
as a positive control for c-Met or 100ng/ml of CCL2 for 24 hours to assess collective cell 
migration, wound closure was analyzed by measuring the distance of the scratch at t=0 and t=24 
by Image J software. (B), Cells were analyzed for proliferation by quantifying the expression of 
PCNA by immunofluorescence (C), Cells were seeded and serum deprived for 48 hours to 
induce apoptosis and treated with serum free media containing 100ng/ml of HGF as a positive 
control or 100ng/ml of CCL2 for 24 hours. Cells were analyzed for Cleaved-Caspase 3 
expression by immunofluorescence (D). Each experimental group was plated in triplicate and 
experiments were performed three times. Four image fields per slide were taken with an EVOS-
FL system. Statistical analysis was performed using a ONE-WAY ANOVA with Bonferroni post-
hoc comparison.  Statistical significance was determined by *p<0.05, **p<0.01, ***p< 0.0001., 
n.s. not significant or p>0.05. Mean ± values are shown. Scale bar = 400  microns.  
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Figure 36. Gene targeting of epithelial c-MET blocks CCL2 induced growth in 
DCIS.com human mammary carcinoma cells. DCIS.com breast cancer cells were 
cultured in a Collagen: Matrigel matrix in the presence of the treatments mentioned above. 
Changes in spheroid size were analyzed for a period of 10 days. Representative images of the 
spheroids at the end point are shown in the magnified field. Spheroid size was calculated using 
image J and plotted as the total area / spheroid size (microns³) (A). Each experimental group 
was plated in triplicate and experiments were performed three times. Four image fields per slide 
were taken with an EVOS-FL system. Statistical analysis was performed using a ONE-WAY 
ANOVA with Bonferroni post-hoc comparison.  Statistical significance was determined by 
*p<0.05, **p<0.01, ***p< 0.0001., n.s. not significant or p>0.05. Mean ± values are shown. Scale 
bar = 400 microns.  
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Figure 37. Gene targeting of epithelial c-MET blocks CCL2 induced collective cell 
migration, proliferation, and survival in HCC1937 human mammary carcinoma 
cells. HCC1937 MET gRNA and EGFP control breast cancer cells were seeded and upon 
monolayer confluence scratched and treated with 100ng/ml of HGF as a positive control for c-
Met or 100ng/ml of CCL2 for 24 hours to assess collective cell migration, wound closure was 
analyzed by measuring the distance of the scratch at t=0 and t=24 by Image J software. (A), 
Cells were analyzed for proliferation by quantifying the expression of PCNA by 
immunofluorescence (B), Cells were seeded and serum deprived for 48 hours to induce 
apoptosis and treated with serum free media containing 100ng/ml of HGF as a positive control or 
100ng/ml of CCL2 for 24 hours. Cells were analyzed for Cleaved-Caspase 3 expression by 
immunofluorescence (C). Each experimental group was plated in triplicate and experiments were 
performed three times. Four image fields per slide were taken with an EVOS-FL system. 
Statistical analysis was performed using a ONE-WAY ANOVA with Bonferroni post-hoc 
comparison.  Statistical significance was determined by *p<0.05, **p<0.01, ***p< 0.0001., n.s. not 
significant or p>0.05. Mean ± values are shown. Scale bar = 400 microns. 
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Figure 38. Gene targeting of epithelial c-MET blocks CCL2 induced collective cell 
migration, proliferation, and survival in MDA_MB_231 human mammary carcinoma 
cells. MDA_MB_231 MET gRNA and EGFP control breast cancer cells were seeded and upon 
monolayer confluence scratched and treated with 100ng/ml of HGF as a positive control for c-
Met or 100ng/ml of CCL2 for 24 hours to assess collective cell migration, wound closure was 
analyzed by measuring the distance of the scratch at t=0 and t=24 by Image J software. (A), 
Cells were analyzed for proliferation by quantifying the expression of PCNA by 
immunofluorescence (B), Cells were seeded and serum deprived for 48 hours to induce 
apoptosis and treated with serum free media containing 100ng/ml of HGF as a positive control or 
100ng/ml of CCL2 for 24 hours. Cells were analyzed for Cleaved-Caspase 3 expression by 
immunofluorescence (C). Each experimental group was plated in triplicate and experiments were 
performed three times. Four image fields per slide were taken with an EVOS-FL system. 
Statistical analysis was performed using a ONE-WAY ANOVA with Bonferroni post-hoc 
comparison.  Statistical significance was determined by *p<0.05, **p<0.01, ***p< 0.0001., n.s. not 
significant or p>0.05. Mean ± values are shown. Scale bar = 400 microns. 
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Inhibiting c-MET mediated by CCL2 results in decreased glycolysis and glycolytic flux 

capacity in human mammary carcinoma cells. 

To examine the effects of c-Met inhibition mediated by CCL2 induction in 

glycolysis, we performed the glycolysis stress test in DCIS.com breast cancer cells. The 

glycolysis stress test evaluates glycolytic function of the cells by using metabolic 

inhibitors of energetic pathways. The cells are seeded in base media which is devoid of 

glucose or pyruvate. At the time of the assay, cells are stimulated with acute injections 

including, glucose which stimulate the cells to undergo glycolysis.  

The uptake of glucose results in pyruvate which can have two fates either be 

converted to lactate or undergo oxidative decarboxylation and enter the mitochondria as 

acetyl CoA which eventually leads to oxidative phosphorylation. Therefore, the second 

acute injection (oligomycin) is an ATPase inhibitor which shuts down oxidative 

phosphorylation to only account for the glycolysis that results in lactate. The final 

injection is 2- Deoxy-D-glucose which blocks hexokinase II function by acting as a 

competitive inhibitor for glucose 6 phosphate thus shutting down glycolysis.  

Therefore, the parameters that the glycolysis stress test measures include, non-

glycolytic acidification which corresponds to extracellular acidification that is not directly 

related to glycolysis, glycolysis, glycolytic capacity which is the maximum rate of glycose 

conversion to exclusively pyruvate, and the glycolytic reserve which refers to the ability 

of the cell to respond to a demand in energy in response to the metabolic modulators 

(Figure 39A).  
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Figure 39. Inhibiting c-MET mediated by CCL2 results in decreased glycolysis and 
glycolytic flux capacity in human mammary carcinoma cells. Scheme representing 
different parameters measured in the glycolysis stress test in response to metabolic modulators 
in real time. Extracellular Acidification Rate (ECAR) is measured prior and after the addition of 
the following injections: 10nM Glucose, 1µM Oligomycin, 100mM 2-DG, obtained for DCIS.com 
breast cancer cells treated with CCL2, Merestinib, CCL2+ Merestinib and compared to serum 
free control (A). Area under the curve analysis of non-glycolysis ECAR, glycolysis ECAR, 
glycolysis flux capacity, and glycolysis flux spare capacity from cells treated for 4 hours with 
either serum free (white bars), c-Met inhibitor Merestinib (blue bars), 100ug/ul CCL2 (red bars), 
and CCL2 + Merestinib (green bars). Three separate readings were taken to ensure stability. 
Data for each experimental condition derive from values obtained from a minimum of six 
separate wells and the data represent readings from three independent plates (B). DCIS.com 
cells were plated, serum starved overnight and then treated with Merestinib, HGF±Merestinib, 
CCL2±Merestinib for 4 hours, and compared to serum free. Conditional media was collected and 
assayed for glucose consumption (C) and lactate secretion (D) at 24 and 48 hours after 
treatment. Statistical analysis was determined by One-Way ANOVA with Bonferroni post hoc 
test. Statistical significance was determined by p<0.05. Cells plated in triplicate; experiments 
repeated 3 times. Mean+Stdev are shown. 
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Inhibiting c-MET induced by CCL2 resulted in a significant decrease in glycolysis, 

glycolytic capacity and glycolytic reserved demonstrated by the glycolysis stress test 

(Figure 39B). To further examine the role of c-MET inhibition mediated by CCL2 on 

glycolytic flux, we measured glucose consumption and lactate secretion in DCIS.com 

breast cancer cells. CCL2 induction results in an increase glucose consumption as 

previously observed. Inhibiting c-MET mediated by CCL2 resulted in a significant 

decrease in glucose consumption (Figure 39C), and extracellular lactate secretion at 24 

and 48 hours (Figure 39D).  

c-MET KO mediated by CCL2 abrogates glycolytic enzyme activity and protein 

expression.  

To determine the effect of c-MET ablation on glycolysis, we analyzed the 

enzymatic activity of Hexokinase II (HK2) and Pyruvate Kinase (PK). These glycolytic 

enzymes are crucial for regulating glycolytic flux since they are both rate limiting.   

Hexokinase 2 is the first enzyme involved in glycolysis, converts glucose to 

glucose 6 phosphate making it an irreversible step because glucose gets “trapped” in the 

cell within the cytoplasm. There are four distinct isoforms for hexokinase HK1-4. 

Hexokinases 1-3 are allosterically regulated by its product glucose 6-phosphate [187]. 

Hexokinase 4 also known as glucokinase for its high specificity for glucose than other 

hexoses in humans, is not sensitive to glucose 6 phosphate concentrations [188]. 

Specifically, in breast cancer hexokinase 2 has been shown to be regulated by miR-

155/miR-143 through signal transduction mechanisms [189]. DCIS.com MET KO and 



 
 

121 
 

EGFP control breast cancer cells were stimulated with CCL2 for up to 1 hour, compared 

to unstimulated and evaluated for the activity of Hexokinase 2.  

Analysis of the enzymatic activity shows that there is a steady and significant 

decrease in Hexokinase 2 activity in MET KO cells compared to EGFP control at 5, 15 

and 30 minutes followed CCL2 induction. When evaluating Hexokinase 2 activity in 

CCL2 induced MET-KO and EGFP breast cancer cells compared to untreated controls, 

there was a significant difference at 15 min on the EGFP CCL2 treated cells only. These 

data indicate that CCL2 enhances Hexokinase 2 activity that is exclusive in EGFP 

controls. In addition, by targeting MET by genetic approaches, Hexokinase II activity 

decreases even in the presence of CCL2 (Figure 40A).  

On the other hand, pyruvate kinase (PK), is a glycolytic enzyme in the lower 

portion of the glycolysis pathway. It catalyzes the conversion of phosphoenolpyruvate 

(PEP) to pyruvate and ATP by transferring a phosphoryl group from ADP. The activity of 

PK is allosterically inhibited by different metabolites and co-factors including, long-chain 

fatty acids, ATP, and acetyl CoA [190]. Pyruvate kinase can be allosterically activated by 

fructose 1,6-bisphosphate [191]. Pyruvate kinase has four isoforms; PKM1, PKM2, PKL 

found in liver, and PKR which is found in the red blood cells. In breast cancer, previous 

studies have identified that the pyruvate kinase isoform M2 is highly expressed in 

advanced breast cancer patients compared to healthy controls [192].  DCIS.com MET 

KO and EGFP control were evaluated for the activity of Pyruvate Kinase in a similar 

fashion as described for Hexokinase II. The enzymatic activity of pyruvate kinase 

significantly decreased in the MET-KO breast cancer cells compared to the EGFP 

controls at all time points.  
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Figure 40. c-MET KO mediated by CCL2 abrogates glycolytic enzyme activity. 
DCIS.com breast cancer cells targeting c-MET by CRISP/R Cas9 and EGFP controls were 
treated with CCL2 for up to 60 minutes and compared to untreated. These cells were evaluated 
for the enzymatic activity of Hexokinase 2 (A) and Pyruvate Kinase (B). MET KO and EGFP 
control DCIS.com breast cancer cells were treated ±CCL2 for 30 and 60 minutes. Protein 
expression of p-MET, MET, HK2, and PKM1/2 were detected by western blot (C). Statistical 
analysis was performed by a student’s t test to compare between MET KO and EGFP for each 
time point. For multiple comparisons, One- WAY ANOVA with Bonferroni post hoc test was used. 
Statistical significance was determined by p<0.05. Cells plated in triplicate; experiments repeated 
3 times. Mean+Stdev are shown. 
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Figure 41. Activation of c-MET by CCL2/CCR2 is important for cell migration, 
proliferation, survival, growth, and glycolysis in breast cancer cells. CCL2/CCR2 
activates the c-MET receptor tyrosine kinase at Y1349 by Src dependent mechanisms 
independently of canonical HGF binding. Targeting c-MET with the pharmacological inhibitor 
Merestinib, blocks CCL2 induced cell migration, proliferation, survival, growth, and glycolysis in 
basal like, triple negative breast cancer cells including DCIS.com, HCC1937, and MDA MB 231. 
In terms of glycolysis, inhibiting c-MET results in decreased glycolysis, glycolytic capacity, and 
glycolytic flux. Gene targeting of c-MET results in a decrease in expression and enzymatic 
activity of Hexokinase 2 and PKM1/2.  
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When evaluating the effects of CCL2 treatment on the genetically stable cells 

compared to untreated, results showed that there is a significant increase in pyruvate 

kinase activity in the EGFP control cells induced with CCL2 at 5 min and in the untreated 

samples (Figure 40B). These results are very similar to those observed in Hexokinase 2 

in which MET KO cells correspond to a decrease in enzyme activity at all time points. 

Interestingly the decreased in enzyme activity remains in the untreated MET KO cells 

even when compared to the untreated EGFP. This data indicates that MET ablation acts 

as a negative regulator of enzymatic activity independently from CCL2 induction and that 

perhaps due to enzyme kinetics significant differences are found at specific time points. 

In addition, CCL2 acts as a positive regulator for glycolytic enzyme activity only on the 

EGFP control cells.    

To further evaluate additional mechanisms by which MET ablation mediated by 

CCL2 regulates glycolysis, we evaluated the protein expression of Hexokinase 2 (HK2) 

and Pyruvate Kinase isoforms 1 and 2 (PKM1/2). DCIS.com MET KO and EGFP control 

cells were treated with and without CCL2 for 30 and 60 min and evaluated for protein 

expression of our glycolytic enzymes of interest by western blot. Hexokinase 2 

expression was downregulated by MET KO even in the presence of CCL2 at 30 and 60 

minutes (Figure 40C).  

These results are consistent with enzyme activity data that was significantly 

downregulated by MET KO from 5 to 30 minutes. The difference between protein 

expression and enzymatic activity at 60 minutes could be to kinetic or allosteric 

mechanisms of the enzyme. When looking at the protein expression of pyruvate kinase, 

the differences in expression are not as distinct as HK2. However, there is a decrease in 
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protein expression at 60 min in the MET KO cells compared to EGFP control. This could 

indicate that the mechanisms of regulation of pyruvate kinase by MET KO are based on 

allosteric control or alteration at the co- factor level to impact enzyme activity but not 

necessarily protein expression. Taken together, this data indicates an important 

relationship in c-MET regulation of glycolysis by decreasing enzymatic activity of 

Hexokinase 2 and pyruvate kinase 2 in breast cancer cells. The data suggests that the 

mechanism of enzyme and protein regulation of HK2 and PKM1/2 is CCL2 independent 

(Figure 41). 

 

Discussion 

 

The CCL2/CCR2 chemokine signaling is overexpressed in breast cancer biopsies 

and malignant breast cell lines. Here we demonstrated additional molecular factors by 

which CCL2/CCR2 might drive DCIS progression, by RPPA analysis on DCIS.com 

breast cancer cells we identified that CCL2 induction phosphorylated c-MET tyrosine 

kinase. By PLA we confirmed that CCR2 interacts with c-MET and by CO-IP we 

demonstrated that this interaction is potentially mediated by SRC dependent 

mechanisms. In vitro studies targeting c-MET induced by CCL2 with the c-MET 

pharmacological Merestinib, resulted in blocked cellular migration, proliferation, survival, 

growth, and glycolysis in basal like breast cancer cells.  

By RPPA analysis we identified that CCL2/CCR2 chemokine signaling activates 

the receptor tyrosine kinase c-MET. We provided evidence that CCL2/CCR2 serve as an 

alternative modulative mechanism for c-MET activation mediated by Src with relevant 
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clinical implications in DICS progression. Previous studies have demonstrated that 

followed CCL2 induction in basal- like breast carcinoma cell lines enhanced proliferation, 

and cell cycle progression by activating PKC and SRC [174].  

Receptor tyrosine kinases (RTKs) are a subclass of tyrosine kinases that have 

high affinity for specific ligands and are involved in biological processes including, cell 

migration, growth, and metabolism. In cancer, next generation sequence has revealed 

alterations in genes that encode for receptor tyrosine kinases including EGFR, 

HER2/Erb2, and MET [193]. 

The notion that GPCRs activation enhances the signaling activity of RTKs is a 

molecular mechanism known as transactivation. This term was first described by Daub et 

al., 1996 and demonstrated by IP in Rat -1 fibroblasts where GPCR was activated by 

various ligands including thrombin, endothelin- 1, and lysophosphatidic acid which 

induced the phosphorylation of EGFR [194].  Even though G protein coupled receptors 

do not directly exert kinase activity, studies in the brain have demonstrated that upon 

ligand binding GPCRs activate receptor tyrosine kinases (RTKs) including Src, PI3K and 

Pyk [195].  

The mechanism of ligand independent transactivation involves the Gα subunit 

from GCPR mediating signaling of effector proteins including Src and PKC [196]. By 

using resonance energy transfer techniques to measure the real – time recruitment of 

adaptor proteins in transactivation events, protein – protein interactions in live cells have 

been identified. Studies using Förster Resonance Energy Transfer (FRET) have shown 

that transactivation of the GCPR β2-AR (Beta 2 adrenergic receptor), transactivates 
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EGFR by PI3K – dependent phosphorylation of Src at the serine residue 70 (S70) [197]. 

In PC3 prostate epithelial cells the chemokine CXCL12 induced EGFR activation by 

mediating ADAM activation and Src phosphorylation at CXCR4 dependent and 

independent mechanisms demonstrated by IP and Src ELISA [198].  

Additionally, recent studies in gastric cancer cells have shown that CXCL12/ 

CXCR4 induced c-MET activation contributing to EMT phenotype through crosstalk of 

Cav-1 with c-MET in lipid rafts demonstrated by PLA assay [199].  Our results are 

consistent with previous studies that indicate that chemokine ligands can result in the 

transactivation of RTKs mediated by Src dependent mechanisms as we observed by 

PLA in which CCR2 and MET were found to be in close proximity, and by IP indicating 

that this protein – protein interaction might be mediated by Src.  

We demonstrated by pharmacological inhibition and genetic targeting approaches 

that c-MET activity induced by CCL2 is important for biological processes that are 

relevant to DCIS progression. In vitro targeting of c-MET by pharmacological approaches 

showed that c-MET inhibition induced by CCL2 blocked migration, proliferation, survival, 

and growth in DCIS.com, HCC1937, and MDA_MB_231 breast carcinoma cells. This 

data provides a validation of the effectiveness of the inhibitor across the different cell 

lines. Two important factors to note are first, all these cell lines are triple negative further 

classified as basal like subtype which is clinically relevant because as this subtype is 

more aggressive and has the worst prognosis. 

 Previous studies have identified that gene expression profile of c-MET is enriched 

and displays high protein expression in triple negative specifically basal like breast 
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cancers [200, 201]. This demonstrates the clinical and physiological relevance of our 

studies in targeting c-MET in ductal breast cancer. Another consideration is the 

evaluation of the effect of inhibiting c-MET dependent of CCL2 autocrine, paracrine 

signaling, and CCR2 receptor status. Previously, we have identified an association in 

CCR2 positive cells with invasive potential, and that all the tested cell lines mentioned 

above display high levels of CCR2 therefore a greater response to CCL2 induction. 

When we targeted c-MET with the pharmacological inhibitor, we did not see a significant 

effect of the inhibitor alone, that could mean that autocrine levels of CCL2 on the breast 

cancer cells are not sufficient to promote c-MET activation mediated by Src.  

To validate the effects of inhibiting c-MET, we ablated the gene using CRISPR 

Cas9 and overall, we saw the same trends in migration, proliferation, and growth. 

However, we found a conflicting result when we were measuring Cleaved Caspase 3 

levels. We saw that targeting MET did not significantly reduced survival. Therefore, it is 

possible that the mechanisms by which c-MET regulates survival is independent from the 

ones of the CCL2/CCR2 chemokine signaling. As previously demonstrated, CCL2 binds 

to CCR2 signaling to MEK, p42/44MAPK pathways to promote survival. An alternative 

signaling pathway to promote migration and survival is dependent on RhoA mechanisms 

[46]. On the other hand, studies have demonstrated that c-MET regulates survival 

dependent of PI3k, ATK and transcriptional factors including p53 [176]. Additionally, the 

discrepancy of results from in vitro and in vivo can be further explain effects of paracrine 

secretion in the microenvironment, ROS production and potential changes in hypoxia as 

disease progresses. 
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Previous studies have shown that cell apoptosis induced by serum starvation 

previously reported to have a direct effect in the arrest of G1 phase of the cell cycle on 

tongue squamous carcinoma cells [167].  Even though all the tested cells were of a basal 

like subtype, it is possible that they respond different to cell starvation by affecting other 

phases of the cell cycle different than mentioned above. It is also possible that the 

genetic background of each cell type influences the response of serum starvation [202]. 
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Chapter V. Targeting c-MET by Merestinib inhibited CCR2 mediated DCIS growth, 

proliferation, and expression of glycolytic enzymes associated with decreased 

invasion in vivo 
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Abstract 

 

In this chapter we evaluate the biological contribution of c-MET to CCL2/CCR2 

mediated DCIS progression in the MIND model. By using the SUM225 CCR2 

overexpression cells injected via MIND model, we demonstrated that c-MET inhibition 

mediated by CCL2/CCR2 chemokine resulted in decreased lesion mass, and stromal 

reactivity associated with decreased expression of markers of proliferation, glycolytic 

enzymes and fewer number of invasive lesions. By IC-MS we further evaluated the effect 

of c-MET inhibition on systemic metabolism and identified that compared to normal 

tissue, MIND model lesions that mimic DCIS progression use more metabolites that are 

involved in glycolysis and that drug treatment blocks the consumption of such 

metabolites.  

These studies demonstrate that CCL2/CCR2 chemokine signaling modulates 

early breast cancer progression by enhancing glycolysis and c-MET activity with 

important implications for potential alternative treatment of basal like breast ductal 

carcinoma cases that present an increased expression of CCR2 and c-MET.  
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Introduction 

 

Despite therapeutic improvements, Ductal carcinoma in situ (DCIS) remains the 

most common type of pre-invasive cancer among women in the United States, with 

48,100 new diagnosed cases in 2019  which accounts for 18% of the total of all 

diagnosed breast tumors [151]. DCIS is a non - invasive heterogeneous group of cells 

confined in the lumen of the breast duct. In addition,  DCIS has been described as a non-

obligatory precursor of invasive disease, if left untreated about 40% of the lesions 

progress to invasive disease [152]. Standard treatment for patients involve lumpectomy 

with or without radiotherapy or mastectomy [153].  However, about 5- 20% of patients 

that undergo lumpectomy will still experience disease relapse and one half of the cases 

will have invasive disease [154, 155]. This presents a clinical conundrum that includes 

overtreatment reflected in potentially unnecessary surgeries for some patients or 

undertreatment if these surgeries are not performed in patients that would eventually 

develop invasive disease.  

By developing a molecular approach to evaluate the prognosis of DCIS we can 

identify therapeutic alternatives for DCIS patients capable of predicting which cases will 

become invasive and potentially spare women from non-necessary surgeries.  

Functional in vivo studies of epithelial CCR2 using the Mammary Intraductal 

Injection (MIND) as a model of DCIS, demonstrated that CCR2 overexpression was 

associated with enhanced survival, invasion, and accumulation of CCL2 expressing 

fibroblast. In contrast, ablating CCR2 function, decreased survival, and formation of 

invasive lesions [62]. However, targeting CCR2 alone was not sufficient to ablate 
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invasive phenotype which might indicate that other oncogenic factors are necessary to 

further drive DCIS progression and eventually leading to invasion.  

By using the SUM225 CCR2 overexpression cells injected via MIND model, we 

demonstrated that c-MET inhibition mediated by CCL2/CCR2 chemokine resulted in 

decreased lesion mass, and stromal reactivity associated with decreased expression of 

markers of proliferation, glycolytic enzymes and fewer number of invasive lesions. By IC-

MS we further evaluated the effect of c-MET inhibition on systemic metabolism and 

identified that compared to normal tissue, MIND model lesions that mimic DCIS 

progression use more metabolites that are involved in glycolysis and that drug treatment 

blocks the consumption of such metabolites. These studies demonstrate that 

CCL2/CCR2 chemokine signaling modulates early breast cancer progression by 

enhancing glycolysis and c-MET activity with important implications for prognosis or 

treatment of basal like breast ductal carcinoma cases that present an increased 

expression of CCR2 and c-MET.  

 

Materials and Methods 

 

Mammary Intraductal (MIND) model 

In vivo studies were performed at KUMC according to guidelines from the 

Association for assessment and Accreditation of Laboratory Animal Care. Experiments 

were approved and in accordance with the Institutional Animal Care and Use Committee 

guidelines. Briefly, SUM225 breast cancer cells that are overexpressed for CCR2 were 

injected into NOD-SCID female mice (Non-Obese Diabetic Severe Combined 
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Immunodeficient interleukin receptor- γ2 null between 8 – 10 weeks of age and 

purchased from Jackson Laboratories (Bar Harbor, ME). MIND injections were 

performed as previously described [119, 124] with some modifications. Briefly, 4,000 

cells/µL were prepared in 50µL of 0.1% Trypan blue in PBS.  

Each mouse was anesthetized with an intraperitoneal injection of Ketamine 

(100mg/kg body weight) and Xylazine (10mg/kg body weight). Following complete 

sedation, the hair of the lower abdomen was removed to expose the 4-5 and 9-10 

inguinal mammary fat pads. To prepare for surgery, the mouse was placed in a surgical 

platform and the area close to the inguinal glands was cleaned with 70% ethanol and 

betadine solution. While holding the base of the nipple with fine forceps the nipple was 

cut with spring scissors. The mouse was placed at the base of a dissection microscope 

and the cells were injected in 5µL (20,000) cells/nipple, with a 30-gauge Hamilton 

syringe with a blunt ended 0.5-inch needle. Successful injection was visually confirmed 

by the cell/trypan blue in the ductal tree of the mouse. After the injections the mice were 

placed on a heating pad for recovery and compensate possible loss of body 

temperature. Post operation mice were injected intraperitoneally with Ketoprofen 

(5mg/kg body weight) for seven consecutive days. Mice were monitored twice a week 

and palpated for lesions. Merestinib was solubilized in 20% Captisol in water and 

formulated in 10% PEG 400/90% (vehicle). Merestinib was obtained from Selleckchem 

(Cat # S7014). Captisol was obtained from Cydex Pharmaceuticals (Lenexa, Kansas).as 

previously described [178]. Four weeks following the MIND injection, mice were orally 

dosed with 12mg/Kg of Merestinib once daily in a 5/2 schedule as previously described 

for 4 weeks. [203]. Mice were sacrificed at 8 weeks post MIND injection.  
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Immunohistochemistry by DAB staining 

MIND injection tissues were fixed in 10% neutral formalin buffer and embedded in 

wax as previously described [121]. Sections were cut 5 microns thick, dewaxed and 

heated in 10mM sodium Citrate buffer pH 6.0 for 5 minutes. Followed washing the slides, 

a endogenous peroxidase blocking step was performed with 60% cold methanol/3% 

H202  in PBS, blocked for at least one hour in 3% FBS in PBS for rabbit antibodies, and 

incubated with primary antibodies [1:100] overnight at 4ºC for; PCNA (BioLegend, Cat # 

307902), Cleaved Caspase-3 (Cell Signaling Technologies, Cat # 9661), Hexokinase II 

(Cell Signaling Technology®, Cat # 2867), PKM1/2  (Cell Signaling Technology®, Cat # 

3190S),  GLS1 (Proteintech Cat # 20170-1-AP), TWIST (Santa Cruz Cat # 81417), E-

Cadherin (BD Transduction Laboratories™(Cat # 610181). Antigen retrieval for CC3 and 

PCNA was performed by using decloaker. For HKII and PKM1/2, TWIST and E-

Cadherin, 2M UREA pH 6.8 was used. For GLS1 10mM of Na Citrate pH 6.0 was used. 

Slides were incubated with streptavidin peroxidase (Vector Laboratories Cat # PK-6200) 

for 30 minutes. Slides were developed with 3,3’-diaminobenzidine (DAB) substrate Kit 

(Vector Laboratories Cat # SK-4100) and counterstained with Mayer’s hematoxylin and 

mounted with cytoseal. PCNA, TWIST and E Cadherin proteins were blocked for and 

detected using the AffiniPure FAB Fragment Goat Anti-Mouse IgG (H+L) (Jackson 

immunoResearch Laboratories Inc. Cat # 115-007-003)  

Co-immunofluorescence and invasion assessment 

Co-staining of cytokeratin and α-sma was performed as previously described [62]. 

Briefly, slides were heated in 10mM sodium citrate pH 6.0 for 5 minutes and incubated 
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with solution to quench endogenous peroxidases PBS/60%methanol/3%H202. Slides 

were washed with PBS, blocked, and incubated with primary antibodies 1:100 overnight 

at 4ºC to: sma (Cat # SP171, Spring Biosciences), and cytokeratin was detected with 

(Cat # MS198, Thermo Fisher Scientific). Slides were incubated for 2 hours 1:200 with 

anti-rabbit- IgG- Alexa Fluor®568 (Cat # A10042, Thermo Fisher Scientific) and anti-

mouse IgG Alexa Fluor®488 (Cat # A-11001 Thermo Fisher Scientific). Sections were 

washed and counterstained with 4’, 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) 

and mounted with 50% PBS/Glycerol.  

Tissue sections were imaged at 10x, and blinded scored as previously described 

[62]. Briefly, we score each lesion by the level of the myoepithelial being intact as 

follows: 1 was assigned for no invasive lesions (DCIS) which corresponded to intact α-

sma+myoepithelium and the presence of epithelial cells within the duct; 2 was assigned 

for lowly invasive lesions (DCIS+Mi) with 50% or less disruption of the α-sma 

surrounding the duct and/or presence of three or fewer cells invading through the duct; a 

scoring of 3 described a highly invasive lesion (IDC) which displayed more than 50% α-

sma disappearance and the presence of more than three cells invading through the duct 

and making contact with the periductal stroma.  

Analysis of Anionic Metabolites by Ion Chromatography Mass Spectrometry (IC-MS) 

  MIND model tissue was harvested 24 hours after oral dosage of Merestinib and 

flashed frozen. Approximately, 10mg of tissue were placed in a pre-weighted cryotube 

(Bertin # CK28-R). Samples were analyzed for using ion chromatography mass 

spectroscopy (IC-MS) at the University of Texas MD Anderson Cancer Center’s 



 
 

137 
 

proteomics and metabolomics core facility. Samples were prepared and analyzed as 

previously described by reconstituting the polar franctions in 100 µL water and 10 µL 

used for analysis in the Dionex ICS-5000 (Thermo Fisher Scientific) and operating at a 

resolution and acquisition as previously described [204, 205].  

Image Quantification  

Images were captured at 10X magnification using the FL-Auto EVOS system 

(Invitrogen) including 5-10 random fields per section. DAB staining was quantified as 

previously described [47]. In summary, the images were uploaded in Adobe Photoshop, 

positive DAB staining was selected by using the Magic wand tool, copied, and saved into 

a new layer which makes a separate file. These images were opened in Image J (NIH), 

converted to gray scale, and adjusted with threshold adjustment to remove nonspecific 

background. Staining was quantified by using the particle analysis feature. Positive DAB 

staining values were normalized to total area values which were expressed as arbitrary 

units. Normalized arbitrary units were subjected to statistical analysis with GraphPad 

Prism. The same principle was used to quantify the fluorescent staining. The staining of 

interest was selected and normalized to DAPI.  

Statistical Analysis  

Experiments involving cell cultures were repeated a minimum of three times. Data 

is expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed by using GraphPad software. Two-tailed Student t test was used to compared 

two groups. One-way ANOVA with Bonferroni post hoc multiple comparisons test was 
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used for normal distributions. For non- Gaussian distributions the Kruskall-Wallis Test 

with Dunn’s post hoc comparisons test was used.  

 

Results 

 

Targeting c-MET with Merestinib inhibited CCR2 mediated DCIS growth, proliferation, 

and expression of glycolytic enzymes associated with decreased invasion in vivo.  

 We sought to investigate the biological significance of the c-MET pathway 

mediated by CCL2/CCR2 chemokine signaling in DCIS progression in vivo. SUM225 

breast cancer cells that overexpress CCR2 were injected via MIND model in NOD-SCID 

mice, 4 weeks post MIND injection, mice were orally dosed with Merestinib for an 

additional four weeks (Fig. 42A). To determine the effect of disrupting the c-MET 

pathway by pharmacological inhibition in DCIS progression in vivo, we analyzed lesion 

mass, proliferation, survival, expression of glycolytic enzymes, and invasion. Inhibiting 

the c-MET pathway mediated by CCL2/CCR2, significantly reduced lesion mass in the 

MIND model compared to vehicle control (Fig. 42B).  

These results correspond to reduced appearance of stromal reactivity, lesion 

density shown by H&E (Fig. 42C), and PCNA levels in the mice dosed orally with the 

pharmacological inhibitor (Fig. 42D). These results are consistent with reduced growth 

and proliferation observed in the 3D cell culture models. This data indicates that 

targeting c-Met has a direct effect in cell proliferation and therefore lesion growth arrest. 

Interestingly, inhibiting c-MET in vivo, did not have a significant effect in cleaved caspase 

3 expression which indicates no changes in apoptosis (Fig. 43A).  These results could be 
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due to contributions of the microenvironment in secreting antiapoptotic molecules or 

changes in hypoxia.  

 

Figure 42. Targeting c-MET by Merestinib inhibited CCR2 mediated DCIS growth, 
proliferation, and associated with increased expression of glycolytic enzymes in 
the MIND model. SUMM225 Breast cancer cells overexpressing CCR2 were injected via 
Mammary Intraductal Model in NOD SCID female mice for 8 weeks. Representative diagram of 
the experimental design for the MIND model. One group of mice was dosed orally with 
Merestinib, a c-MET pharmacological inhibitor in a non-continuous dose schedule of 5/2 at a 
concentration of 12mg/Kg. (A). Tissue mass of SUM225 CCR2-High MIND injected lesions of 
mice treated with oral dose of Merestinib compared to vehicle control. Representative pictures of 
each group are shown (B). Histological analysis of the tissue by H&E (C), PCNA (D), HKII (E), 
and PKM1/2 (F). Scale bar, 200 µm. Statistical analysis was performed using unpaired student’s 
t-test with Welch’s correction (B, D, E, F).Statistical significance was determined by P<0.05.*, 
P<0.05, P<0.05***; and n.s., not significant. Mean± SEM are shown. 

 

 



 
 

140 
 

Animals dosed with Merestinib, showed a significantly lower expression of the 

glycolytic enzymes Hexokinase II (Fig. 42E), and PKM1/2 (Fig. 42F). These results 

indicate the c-MET receptor tyrosine kinase mediated by CCL2/CCR2 plays an important 

role in modulating the expression of glycolytic enzymes which might support the growth 

and proliferation of lesions that are associated with DCIS progression.  

 

We analyzed for the expression of Epithelial to Mesenchymal Transition Markers 

including E-Cadherin and Twist. Analysis of immunostaining showed that the Merestinib 

treated group displayed significantly lower E-Cadherin levels compared to vehicle control 

(Fig 43B). However, a significant difference in twist expression was not identified (Fig. 

43C). 

One of the characteristics of DCIS progression to IDC is the disappearance of 

myoepithelia and appearance of invading ductal carcinoma cells that trespass the 

myoepithelia and invade into the microenvironment [206]. To evaluate the effect of c-

MET inhibition mediated by CCL2/CCR2 expression on breast ductal invasion, we co-

stained for α-sma to identify the ductal myoepithelium, and to detect the human 

SUMM225 cells, we used Cytokeratin 19. Lesions were scored for invasiveness based 

on the extend by which the myoepithelia was intact, and presence of invading cancer 

cells contacting the periductal stroma as previously described but with minor 

modifications [62]. Briefly, noninvasive lesions denoted as DCIS, have intact α-sma+ 

myoepithelial, lowly-invasive lesions (DCIS+Micro invasion), showed low expression of α-sma 

lining the breast duct, and few invasive cancer cells. Highly invasive lesions (IDC) displayed  
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Figure 43. Targeting c-MET decreases E-Cadherin expression but not TWIST or E-
Cadherin in the MIND model. SUMM225 Breast cancer cells overexpressing CCR2 were 
injected via Mammary Intraductal Model in NOD SCID female mice for 8 weeks. 
Immunohistological analysis for CC3 (A), E-Cadherin (B), and twist (C). Scale bar, 200 µm. 
Statistical analysis was performed using unpaired student’s t-test with Welch’s correction 
Statistical significance was determined by P<0.05.*, P<0.05, P<0.05***; and n.s., not significant. 
Mean± SEM are shown.  
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reduced α-sma expression, multiple invading cancer cells, and contact with the 

periductal stroma. In the vehicle control group, 26% of the lesions were DCIS, 56% were 

DCIS+Mi and 16% were IDC. In the group dosed orally with the c-MET inhibitor, 

Merestinib, 60% were DCIS, 36% were DCIS+Mi, and 3% IDC (Fig. 44A). Inhibiting c-

MET displays more than half DCIS lesions and causes a reduction in the number of IDC 

lesions. In contrast, the vehicle control group, displayed higher number of DCIS+Mi and 

IDC lesions. Overall, the mice treated with Merestinib showed a greater number of DCIS 

lesions compared to vehicle control (Fig. 44B).  These data suggest that c-MET inhibition 

modulated by CCL2/CCR2 expression shifts the invasive phenotype to non- invasive 

halting DCIS progression in MIND xenografts.  
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Figure 44. Targeting c-MET by Merestinib inhibited CCR2 mediated DCIS invasion 
the MIND model. Representative images for DCIS, DCIS with microinvasion and IDC are 
shown with secondary antibody control of Anti- rabbit 488/anti-mouse-Alexa Fluor 568/DAPI 
overlay (A). Tissues were co-stained for CK19 (red) and α-sma (green), evaluated for 
invasiveness and normalized over the total number of lesions n= 427 for vehicle control, 948 for 
Merestinib. Scale bar, 200 µm. Statistical analysis was performed using unpaired student’s t-test 
with Welch’s correction (B) Statistical analysis was performed using the χ² test. Statistical 
significance was determined by P<0.05.*, P<0.05, P<0.05***; and n.s., not significant. Mean± 
SEM are shown.  
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Targeting c-MET blocks CCL2/CCR2 mediated consumption of glycolytic metabolites in 

the MIND model 

Next, we investigated the effects of inhibiting the c-MET pathway with Merestinib 

on metabolites involved in the glycolytic pathway in vivo. To have a deeper 

understanding of how metabolite intermediates from MIND model lesions differ to those 

in the normal mammary gland, we analyzed both tissue types by Ionic Chromatography 

Mass Spectroscopy (IC-MS) (Fig.45) 

By performing a targeted metabolite analysis, we identified significant changes 

due to Merestinib treatment in metabolites involved in glycolysis. Alpha – D- glucose 1,6-

bisphosphate is low but with no difference between normal, and tumor which indicates 

that this particular metabolite is being consumed by both tissues in a similar manner. 

However, 24 hours after the Merestinib dose, there is a drastic difference between 

normal and tumor tissue which indicates that this metabolite is driven by the tumor and 

that Merestinib is blocking its consumption (Fig. 46A).  

Glucose 6-phosphate, fructose 6-phosphate and fructose 1,6-bisphosphate have 

a very similar trend, they all display lower levels in the tumor in the vehicle control 

compared to normal tissue. This indicates that the tumors are more dependent on these 

metabolites since their consumption is higher than in the normal tissues. After treatment 

with Merestinib, the metabolites are consumed in the normal tissue compared to vehicle 

control and the consumption in the tumor is blocked as depicted by the higher levels 

compared to vehicle control (Figures 46B-D).  When looking at metabolites that are 

involved in the lower portion of the glycolytic pathway, we observed a different trend as 
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seen on the metabolites above. Glyceric acid and phosphoenolpyruvic acid are highly 

consumed in the tumors before and after  

 

Figure 45: Experimental Design for determining the effect of Merestinib in vivo 
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Figure 46. Targeting c-MET blocks CCL2/CCR2 mediated consumption of 
glycolytic metabolites in the MIND model. Ion chromatography-mass spectrometry (IC-
MS) analysis of glycolytic metabolites from the CCR2 High MIND model of normal and malignant 
ductal breast lesions of mice treated with Merestinib for 24 hours compared to vehicle control (0 
hours). Area normalized to total mass of the lesion and normal mammary gland are plotted for 
glycolytic metabolites including, Alpha-D-Glucose 1,6-bisphosphate (A), D-Glucose 6-phosphate 
(B), Fructose 6-phosphate (C), Fructose 1,6-bisphosphate (D), D-Glyceric Acid (E), 
Phosphoenolpruvic Acid (F), Pyruvic Acid (G), Lactic Acid (H). n =3 per group.  
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Merestinib treatment indicating the pharmacological inhibition has no direct effect 

in blocking the consumption of these metabolites (Fig. 46E and F). In terms of normal 

tissue, there is a decrease in the abundance of these metabolites 24 hours after 

Merestinib treatment which indicates that perhaps the treatment has an effect in 

increasing the consumption of these metabolites in normal tissue. On the other hand, 

pyruvic and lactic acid have a similar trend in the vehicle group between normal and 

tumor tissue where these metabolites are highly consumed in the tumor compared to 

normal tissue (Fig. 46G). Merestinib appears to slightly block the consumption of pyruvic 

acid in the tumor. However, merestinib treatment does not have a significant change in 

these metabolites in the normal and tumor tissue in the lactic acid (Fig. 46H). 

Since glycolysis, the pentose phosphate shunt, and the TCA cycle are highly 

interconnected, we evaluated possible effects of Merestinib in these pathways. We 

identified that metabolites involved in the pentose phosphate pathway are not 

significantly affected by merestinib treatment (Fig. 47A-D). When evaluating potential 

effects of metabolites involved in the TCA cycle, no significant differences in metabolite 

consumption due to merestinib treatment were found  (Fig. 47E-H).Taken together, this 

data indicates that merestinib treatment affects the consumption of metabolites that are 

upstream of the glycolytic pathway in the tumors. This suggests that the tumors highly 

rely on these metabolites for growth and progression of DCIS and these results are 

consistent with the tissue analysis that revealed a decreased lesion mass associated 

with decreased proliferation, expression of glycolytic enzymes, and invasiveness.  
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Figure 47. Targeting c-MET in vivo does not have an effect in pentose phosphate 
pathway and TCA cycle. Ion chromatography-mass spectrometry (IC-MS) analysis of 
glycolytic metabolites from the CCR2 High MIND model of normal and malignant ductal breast 
lesions of mice treated with Merestinib for 24 hours compared to vehicle control (0 hours). Area 
normalized to total mass of the lesion and normal mammary gland are plotted for metabolites 
involved in the pentose phosphate pathway including D-Ribose 5-phosphate (A), D- Erythrose 4-
phosphate (B), D-Sedoheptulose 7-phosphate (C), Deoxyribose 5-phosphate (D), and the TCA 
cycle including Fumaric acid (E), Isocitric Acid (F), Oxalic Acid (G), Succinic Acid (H). n=3 per 
group.  
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Figure 48. Summary of the effects of inhibiting c-MET in vivo. SUM225 breast cancer 
cells that overexpress CCR2 were injected via MIND (Mammary Intraductal Injection) model. 
Four weeks after the MIND injection mice were orally dosed with Merestinib, and FDA approved 
c-MET inhibitor at 12mg/Kg at a 5/2 schedule for 4 weeks. Upon tissue harvesting, the mice 
dosed with merestinib resulted with significant decrease in lesion mass, proliferation, expression 
of glycolytic enzymes associated by fewer number of invasive lesions compared to the vehicle 
control group. By IC-MS, we identified that mice treated with merestinib showed a blocked 
consumption of glycolytic metabolites but not those involved in the PPP or TCA cycle.  
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Discussion 

 

The molecular mechanisms by which DCIS progression occurs and becomes 

invasive is currently unknown. Previous functional studies on role of epithelial CCR2 in 

DCIS progression in vivo demonstrated that CCR2 overexpression was associated with 

enhanced invasiveness and survival. In contrast, ablating CCR2 inhibited invasiveness, 

and decreased the number of CCL2 expressing fibroblasts [62] but did not completely 

abrogated invasion. These studies led us to hypothesize that CCR2 was modulating 

DCIS progression with other oncogenic factors. As previously described on chapter IV, 

Based on RPPA data, we identify c-MET as a candidate oncogenic factor.  

Previous studies have shown that inhibition of RTKs decrease metabolic 

pathways including glycolysis mediated by PI3K/AKT which promotes AKT dependent 

Hexokinase 2 activation and membrane translocation of the GLUT1 glucose transporter 

[207]. Specifically, studies have demonstrated that inhibiting c-MET by pharmacological 

inhibitor AM7 and the tool compound SU11274 resulted in a decrease in glycolysis 

mediated by T53- induced Glycolysis and Apoptosis Regulator (TIGAR) by intracellular 

depletion of NADPH [208]. To examine the effect of c-MET inhibition in vivo, studies 

have demonstrated in xenograft models of non-small cell lung cancer (NSCLC) in Ncr- 

nu mice. Xenografts were monitored by FDG-PET (glucose analogue [¹⁸F] fluoro-2-

deoxy-D-glucose-positron emission tomography) analysis by MRI.  

Mice treated with the small molecule MET inhibitor SU11274, resulted in a 45% 

drop in glucose metabolism compared to untreated controls [209]. Our in vivo studies 

using Merestinib resulted in a decrease in lesion mass as previously described [178, 
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203], proliferation, expression of glycolytic enzymes and association with inhibited 

invasion. 

In terms of the effects of Merestinib in glycolytic in vivo, by IC-MS we observed a 

blockage in the consumption of glycolytic intermediates that was stronger in the upper 

portion of the glycolysis pathway. Interestingly the effects of Merestinib treatment was 

found in metabolites involved in glycolysis and not in the TCA cycle or the pentose 

phosphate pathway (PPP).  

One possibility is that Merestinib stimulated TCA cycle or flux, independently from 

total metabolite levels. For instance, Merestinib could modulate co factors, metabolic 

intermediates or oncogenes that affect these pathways. Another possibility is that 

Merestinib could be modulating enzymes involved in glycolysis and glycolytic metabolites 

and enzymes that produce lactate but not the enzymes or transporters that shuttle 

pyruvate in the mitochondria where the TCA cycle and the PPP take place. To examine 

these possibilities, parallel studies that incorporate stable isotope tracing and 

measurement of metabolite levels could provide more information in regards of possible 

mechanisms of regulation of the metabolic pathways.  

In summary, we demonstrated that CCL2/CCR2 chemokine signaling promotes 

DCIS progression through an increase in glycolysis, and c-MET activation dependent 

mechanisms mediated by Src. These studies have the potential to be considered as an 

alternative therapy for managing the growth and potential progression of DCIS lesions 

with high CCR2 and c-MET expression (Fig. 48).   

 



 
 

152 
 

 

 

 

 

 

 

 

 

Chapter VI. Physiological and clinical relevance of the c-MET tyrosine kinase 

receptor in DCIS progression to IDC 
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Abstract  

 

In this chapter, we explore the clinical relevance of c-MET and CCR2 mRNA and 

protein expression. By examining the TCGA data base and analyzing protein expression 

for CCR2 and c-MET, we identified a positive and significant correlation in DCIS and IDC 

samples. This data indicates that both, c-MET and CCR2 are not only highly expressed 

in DCIS and IDC tissues but that their correlation at the protein level is stronger as 

disease progresses.  

Additionally, we characterized the clinical relevance of breast ductal epithelial c-

MET expression with DCIS progression, by immunostaining analysis on matching breast 

tissue microarrays containing in situ, invasive ductal carcinomas and normal adjacent to 

invasive tissue we identified that the expression of c-MET in IDC samples was 

significantly higher in the tumor epithelium compared to normal tissue. There is an 

expression pattern that increases as the disease progresses indicating that c-MET 

expression is strongly associated with IDC. To determine the clinical significance of c-

MET in breast cancer patients, the expression of c-MET was analyzed through Kaplan- 

Meier Plotter analysis [210] [211] which showed that increased c-MET expression was 

significantly associated with decreased propability of relapse free survival..  

Previous analysis of the clinical relevance of CCR2 by Kaplan- Meier plotter 

analysis showed that that incresed CCR2 was associated with decreased metastasis-

free survival of breast cancer patients [62]. Taken together, these data indicate that 

CCR2 and c-MET have strong and possitive correlation in DCIS and IDC human tissues 

in mRNA, and protein expression, demonstrating clinical relevance.  Additionally that 
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both CCR2 and c-MET are markers of poor prognosis that could be use as a biomarker 

capable of predicting invasive potential of DCIS patients.   

Introduction 

 

In breast cancer, CCL2/CCR2 are highly expressed in DCIS compared to normal 

tissue. In breast cancer cells, epithelial CCR2 corresponds to invasive potential [46, 47] 

and it is associated with the development of sporadic breast cancer [57].    

The CCL2/CCR2 chemokine signaling is highly regulated in breast cancer at 

different levels including genetic, RNA, protein and signaling via autocrine and paracrine 

mechanisms. To start, at the genomic levels, single nucleotide polymorphisms of CCL2 

(MCP1), have been associated with the risk of breast cancer development.  Such 

variations in the genome exist in the regulatory regions of the MCP-1 gene. Results 

indicate that independently of initial stage, breast cancer patients that carry at least one 

G allele were at an increased risk for metastasis [54]. On the other hand, the single 

nucleotide polymorphism in CCR2 has been implicated with an increased risk for 

developing Her2+ breast cancer and poor prognosis [55].  

Protein and RNA expression level alterations of CCL2 have been implicated in 

breast cancer. High expression of CCL2 correlates with tumor grade and poor patient 

prognosis demonstrated by flow cytometry studies of cell suspensions from tumor 

biopsies [59]. Increased expression of CCL2 in breast tumors by immunohistochemistry 

in the epithelium and stroma contributes to disease progression and it is highly 

correlated with increase macrophage recruitment [52].  
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Analysis of blood serum levels from breast cancer patients revealed that 

increased CCL2 levels correlated with tumor stage and lymph node involvement [59]. 

CCL2 has been proposed as a potential alternative target for metastatic breast cancer 

because high expression of CCL2 correlates with a decrease in survival in breast cancer 

patients [60, 61]. On the other hand, the CCR2 chemokine receptor is highly upregulated 

in breast ductal carcinoma in cells in IDC correlates tumor grade and decreased long-

term patient survival [46]. These studies indicate that CCL2 plays a role in breast cancer 

progression by influencing growth and metastatic spread.  

Further evidence indicates that stromal CCL2 and epithelial CCR2 expression in 

breast cancer correlates with poor patient prognosis [62, 63]. CCL2/CCR2 signaling in 

breast cancer promotes invasion during early stage breast cancer progression. Ex vivo 

tissue models and in vivo mouse models have demonstrated that CCR2 expression in 

breast cancer cells is important for DCIS progression, cancer stem cell renewal and 

breast cancer survival and invasion.  

On the other hand, the c-MET receptor tyrosine kinase is a proto oncogene that 

regulates mammary gland development [162]. Previous studies have demonstrated that 

through canonical HGF binding, c-MET regulates mammary gland ductal morphogenesis 

[163, 164]. Protein and gene expression profiling have identified the c-MET receptor as 

an emergent biomarker for basal like breast cancers [165, 166] which could make it a 

promising therapeutic target. However, the role of c-MET activation in the progression of 

breast ductal carcinoma to invasive disease has not yet been identified. 
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 There are several mechanisms of aberrant c-MET regulation in breast cancer 

including gene mutation, amplification, autocrine and paracrine signaling, and c-MET 

activation. However, studies have reported that gene mutation and gene amplification 

are very rare in breast cancer. For instance, studies reported that MET overexpression 

does not result from mutations in the tyrosine kinase in breast cancer [212]. In terms of 

MET amplification, it occurs in 0 to 7% in a cohort of 150 patients of breast cancers 

including lobular, ductal, and infiltrating ductal carcinoma identified by FISH and IHC 

[213].  Other studies have evaluated correlations between MET copy number and clinical 

factors in early stage breast cancer. Significant correlations were identified in tumor size 

>2cm, grade (III), and triple negative breast cancer. Overall, high MET copy number was 

strongly associated with poorer prognosis estimated by RFS [214].  

 We demonstrated that there was a positive and significant correlation in mRNA 

and protein expression in breast cancer patient samples. Further analysis showed that c-

MET and CCR2 are highly co- expressed in invasive breast cancer cells compared to 

non – invasive. Lastly, we identified that in IDC samples, the number of co-expressing 

cells is higher than in DCIS.  

 These results indicate that there is a physiological and clinical importance for c-

MET and CCR2 co-expression that is associated with invasive disease.  
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Materials and Methods 

 

Flow Cytometry on live cells 

MCF-7, SUM225, DCIS.com and HCC1937 500,000 cells were cultured in their 

respective complete medium in 10-cm dishes as described above. Cells were washed 

with PBS twice and detached with Accutase (EMD Millipore, Cat # SCR005) for 10 min 

at 37˚C. Cells were resuspended in PBS and centrifuged at 1200 rpm for 5 min. The 

pellet was resuspended in staining buffer containing 1% BSA, 25nM HEPES and 5mM 

EDTA and incubated with anti-human c-MET (HGFR) FITC diluted 1:10 (eBioscience, 

Cat # 11-8858-41) and anti-human CCR2 PE diluted 1:50 (Biolegend, Cat# 357205) for 1 

hour. All the cells were analyzed using a BD LSRII Flow Cytometer and normalized to 

their respective unstained controls.  

Immunohistochemistry by DAB staining 

MIND injection tissues were fixed in 10% neutral formalin buffer and embedded in 

wax as previously described [121]. Sections were cut 5 microns thick, dewaxed and 

heated in 10mM sodium Citrate buffer pH 6.0 for 5 minutes. Followed washing the slides, 

a endogenous peroxidase blocking step was performed with 60% cold methanol/3% 

H202  in PBS, blocked for at least one hour in 3% FBS in PBS for rabbit antibodies, and 

incubated with primary antibodies [1:100] overnight at 4ºC for; Met  (Cell Signaling 

Technology®, Cat # 4560). Slides were incubated with streptavidin peroxidase (Vector 

Laboratories Cat # PK-6200) for 30 minutes. Slides were developed with 3,3’-

diaminobenzidine (DAB) substrate Kit (Vector Laboratories Cat # SK-4100) and 

counterstained with Mayer’s hematoxylin and mounted with cytoseal. 
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Biospecimens 

Patient samples were collected under approval of the Institutional Review Board 

(IRB) at KUMC. Tissue microarrays (TMAs) consisted of de-identified patient tissue 

including DCIS (n=81), matching IDC (n=82) and normal adjacent breast tissues to IDC 

(n=87) were provided by the Biospecimen Core Repository Facility (BCRF) from the 

University of Kansas Center (KUMC). TMAs were arrayed in duplicate. Core sections 

were 1.5 mm in diameter and 5 microns thickness. DCIS tissue was graded using the 

Van Nuys Prognostic Index (VNPI). Samples were collected between 2007 and 2012, 

with 3 to 5 year follow up. Tissue microarray pathology information included age, stage, 

grade, tumor size, expression of KI67, ER, PR and Her2. Additional information included 

treatment, recurrence, and survival. Clinical pathological features for all breast samples 

is summarized (Table 1). The mean age of patients was 56 years.  

Image Quantification  

Images were captured at 10X magnification using the FL-Auto EVOS system 

(Invitrogen) including 5-10 random fields per section. DAB staining was quantified as 

previously described [47]. In summary, the images were uploaded in Adobe Photoshop, 

positive DAB staining was selected by using the Magic wand tool, copied, and saved into 

a new layer which makes a separate file. These images were opened in Image J (NIH), 

converted to gray scale, and adjusted with threshold adjustment to remove nonspecific 

background. Staining was quantified by using the particle analysis feature. Positive DAB 

staining values were normalized to total area values which were expressed as arbitrary 

units. Normalized arbitrary units were subjected to statistical analysis with GraphPad 
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Prism. The same principle was used to quantify the fluorescent staining. The staining of 

interest was selected and normalized to DAPI.  

Statistical Analysis  

Experiments involving cell cultures were repeated a minimum of three times. Data 

is expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed by using GraphPad software. Two-tailed Student t test was used to compared 

two groups. One-way ANOVA with Bonferroni post hoc multiple comparisons test was 

used for normal distributions. For non- Gaussian distributions the Kruskall-Wallis Test 

with Dunn’s post hoc comparisons test was used. The Cancer Genome Atlas datasets 

(TCGA) were analyzed by Spearman correlation analysis to identify associations 

between continuous variables. Statistical significance was determined by P <0.05. 

P<0.05 *, P<0.01 **, P<0.001 ***, n.s= not significant or P>0.05.  
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Results 

 

The receptor tyrosine kinase c-Met correlates to CCR2 mRNA and protein expression in 

breast cancer tissues.  

To examine the clinical relevance of CCR2 and c-MET in breast cancer patients, 

we investigated the correlation in mRNA and protein expression of CCR2 and c-MET in 

breast tissues and identified important associations. TCGA database from the breast 

Invasive carcinoma, firehose legacy in cBioPortal [215, 216] containing data from 1,101 

patients out of 1108 samples showed a positive and significant association between 

CCR2 and MET mRNA expression in 10% of the queried patients and samples (Fig. 

49A).  

Further analysis of protein expression between c-MET and CCR2 in 

immunostained DCIS and IDC samples revealed a significant and positive correlation 

between CCR2 and c-MET in the DCIS cohort (N=58) (Fig. 49B). When IDC (N=67) 

samples were evaluated, a significant and positive stronger correlation was also found 

indicated by the R value doubled than the one in the DCIS cohort (Fig. 49C). This data 

indicates that both, c-MET and CCR2 are not only highly expressed in DCIS and IDC 

tissues but that their correlation at the protein level is stronger as disease progresses. 

On the other hand, a positive and significant correlation between CCL2 and c-MET was 

found in IDC tissues (N=77). but this correlation was not significant in DCIS (Fig. 49D). 

This data suggests that CCL2 could play a role in the transition from DCIS to IDC but 

that might not be enough to influence MET expression in early breast ductal carcinoma.  
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Figure 49. The receptor tyrosine kinase c-Met correlates to CCR2 mRNA 
expression and it is highly upregulated in DCIS and IDC in human samples. TCGA 
data set (cbioportal.org, Firehose Legacy, n=1101) was analyzed for CCR2 and MET mRNA 
expression through RNA seq V2 RSEM. Data are log2 transformed (A). Correlation analysis 
between C-MET and CCR2 protein expression in immunostained samples for DCIS (N=58) (B), 
IDC (N=67) (C), CCL2 and c-MET correlation in IDC (n=77) (D). Correlation analysis was 
performed using Spearman correlation. Statistical significance was determined by P<0.01, 
**P<0.05, ***P<0.001, and n.s; not significant. Scale bar=400 microns.  
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To characterize the clinical relevance of breast ductal epithelial c-MET expression 

with DCIS progression, we performed immunostaining analysis on matching breast 

tissue microarrays containing in situ, invasive ductal carcinomas and normal adjacent to 

invasive tissue. The expression of c-MET in IDC samples was significantly higher in the 

tumor epithelium compared to normal tissue. There is an expression pattern that 

increases as the disease progresses indicating that c-MET expression is strongly 

associated with IDC (Fig. 50A). To determine the clinical significance of c-MET in breast 

cancer patients, the expression of c-MET was analyzed through Kaplan- Meier Plotter 

analysis [210, 211] which showed that increased c-MET expression was significantly 

associated with decreased propability of relapse free survival (Fig. 50B).  

Previous analysis of the clinical relevance of CCR2 by Kaplan- Meier plotter 

analysis showed that that incresed CCR2 was associated with decreased metastasis-

free survival of breast cancer patients [62]. Taken together, these data indicate that 

CCR2 and c-MET have strong and possitive correlation in DCIS and IDC human tissues 

in mRNA, and protein expression, demonstrating clinical relevance.  Additionally that 

both CCR2 and c-MET are markers of poor prognosis that could be use as a biomarker 

capable of predicting invasive potential of DCIS patients.   
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Figure 50. The receptor tyrosine kinase c-Met correlates to CCR2 mRNA 
expression and it is highly upregulated in DCIS and IDC in human samples. TMAs 
containing core sections; DCIS (n=65), matching IDC (n=67) and normal adjacent breast tissues 
to IDC (n=66) were immunostained with antibodies to total c-MET (A). Protein expression was 
analyzed by Image J (arbitrary units). Whisker box plots are shown. Whiskers indicate min and 
max values. Box indicates upper and lower quartile range. Line indicates median Statistical 
analysis was performed using Two- Way ANOVA. RNA expression of c-MET (211599_X_at) was 
analyzed for associations with Relapse Free Survival (RFS) through KM Plotter for breast cancer 
(B). Statistical significance was determined by P<0.01, **P<0.05, ***P<0.001, and n.s; not 
significant. Scale bar=400 microns. 
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Co-expression of CCR2 and c-MET correlate with invasiveness in human carcinoma 

breast cells, and human tissues  

To confirm the expression patterns of CCR2, and c-MET in human carcinoma 

breast cancer cells, we analyzed by flow cytometry co- expression of CCR2/c-MET, 

CCR2, c-MET, low CCR2/c-MET in lowly invasive (MCF-7, SUM225), and cell lines that 

model breast ductal carcinoma in Situ (DCIS.com, HCC1937). Results show that highly 

invasive HCC1937 and DCIS.com cells display greater percentage of CCR2/c-MET co -

expressing positive cells than the lowly invasive cell lines SUM225 and MCF7 (Fig.  

51A). These data suggest that CCR2 and c-MET co-expression are associated with 

highly invasive breast cancer cells with important implications in disease progression.  

Previous studies have shown that expression of CCL2/CCR2 signaling proteins 

correlate with DCIS progression to IDC in human tissue (Fang et al, 2021 under 

revision). To determine the importance of CCR2 and c-MET co-expression in DCIS and 

IDC samples, co-staining analysis was performed. Results revealed that there is a higher 

mean expression of CCR2 and c-MET expressing cells in DCIS and IDC tissues 

compared to normal. Co- expression of CCR2 and c-MET indicated by overlapping 

fluorophores was higher in DCIS tissues compared to normal, and even greater in IDC 

tissues (Fig. 51B and C). These results suggest that the protein expression of these two 

receptors has a clinical relevance that is important for DCIS progression to IDC.  

To determine a physiological and genetic relevance for CCL2/CCR2 mediated 

metabolism, we analyzed associations among CCR2, MET and Hexokinase II (HK2) in 

breast tissues. By datamining analysis conducted on 3130 samples queried in 8 breast 
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cancer data bases (cbioportal.org), we identified significant co-occurrences between 

CCR2 and HK2, MET and CCR2, MET and HK2 (Fig. 51D). Taken together these data 

indicate that protein co-expression and gene co-occurrence of CCR2 and MET are 

important in ductal breast carcinoma and are associated with invasive disease.  

 

 

Figure 51. Co-expression of CCR2 and c-MET correlate with invasiveness in 
human carcinoma breast cells, and human tissues. Flow cytometry for receptor co-
expression of CCR2 and c-MET in lowly invasive breast cancer cells (MCF-7, SUM225) and 
highly invasive breast cancer cells (DCIS.com and HCC1937). Histogram represents the 
percentage of positive cells displaying; Low CCR2/c-MET, High CCR2, High c-MET, High 
CCR2/c-MET (A). Co-immunofluorescence staining of DCIS and IDC tissues for CCR2 by anti-
CCR2-647, indicated by red, and c-MET by anti c-MET FITC, indicated by green. Overlapping 
expression indicated by yellow (B). The mean of positive expressing cells was normalized to 
DAPI (C). Co-occurrence analysis of CCR2, HK2 and MET conducted on 3130 samples that 
were queried in 8 breast cancer datasets (cbioportal.org). Gene sets were altered in 326 (10.9%) 
of queried samples. Statistical analysis was preformed using Fisher’s exact test. Statistical 
significance was determined by P<0.01, **P<0.05, ***P<0.001, and n.s; not significant (D). Scale 
bar=400 microns. 
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Chapter VII. Concluding remarks and Discussion 
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Summary of findings and discoveries 

In this project we identified that the CCL2/CCR2 chemokine signaling influences 

breast cancer cell metabolism and cooperates with other oncogenic factors to promote 

DCIS progression. Specifically, we first detected a relationship in CCL2/CCR2 and 

metabolism by analyzing the effects of CCL2 shRNA in MDA_MB_231 Breast cancer 

cells where we observed a change in the media color which lead us to further examine 

the bioenergetic profile of the cells mediated by CCL2/CCR2. This led us to further 

investigate the effects of CCL2 on DCIS.com breast cancer cell and by global 

metabolomic analysis we identified that CCL2 induction had a significant effect on 

glycolysis, TCA cycle, glutaminolysis, and redox pathways. For the purposes of this 

dissertation, we decided to focus on the glycolytic pathway, and by performing the 

energy phenotype test, we identified that CCL2 treatment enhanced a glycolytic 

phenotype over oxidative phosphorylation.  

By analyzing hallmarks of glycolysis including glucose consumption and lactate 

secretion, results indicated that CCL2 significantly enhanced glucose consumption and 

lactate secretion. Further evaluation of potential mechanisms by which CCL2/CCR2 

modulate glycolysis, we demonstrated by western blot that Hexokinase II expression was 

upregulated by CCL2 treatment and downregulated in the absence of CCR2 expression.  

We confirmed these results by analyzing MIND model tissue from injected cells 

that display CCR2 overexpression which were associated by increased cell proliferation, 

survival, and, formation of invasive lesions, showed high levels of Hexokinase II 

compared to their pHAGE control. Additionally, on CCR2 KO injected lesions that were 

associated with decreased cell proliferation, survival, and fewer invasive lesions, 
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Hexokinase II levels were downregulated compared to their WT control These results 

indicate an important and novel association between CCL2/CCR2 modulating the 

glycolytic pathway specifically by regulating Hexokinase II expression. The results also 

highlight an important relationship between proliferation, DCIS progression and 

glycolysis  

We then evaluated the effects of inhibiting c-MET mediated by CCL2 in vitro in 

biological processes that are important for DCIS progression. By inhibiting c-MET 

induced by CCL2 with Merestinib, an FDA approved Type II pharmacological inhibitor 

that has been used in clinical trials for other cancer types including leukemia and non-

small lung cancer, we determined that cell migration, proliferation, survival, and growth 

was blocked.   

To determine the effect of c-MET inhibition on glycolysis, we targeted c-MET 

which resulted in the decrease of glucose consumption and lactate secretion, glycolytic 

flux and glycolytic reserve. Further studies showed that MET ablation resulted in a 

significant decrease of Hexokinase II and Pyruvate Kinase II activity and protein 

expression. These data indicate that c-MET induction by CCL2 is important for 

modulating migration, proliferation, survival, growth, and glycolysis.  

Lastly, to determine the physiological relevance of CCL2/CCR2, c-MET and 

glycolysis in DCIS progression in vivo, we used the MIND model. We injected SUM225 

breast cancer cells that overexpress CCR2, let the lesions grow and four weeks after the 

MIND injection we dosed a group of mice with the oral inhibitor Merestinib. Results 

showed that mice dosed with Merestinib resulted in decreased lesion mass, proliferation, 

expression of metabolic enzymes including Hexokinase II and Pyruvate Kinase II were 
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associated with fewer number of invasive lesions compared to vehicle control. To further 

understand how c-MET inhibition affects glycolysis in vivo, we performed IC-MS analysis 

on the MIND lesions, normal mammary glands and compared them to vehicle control. 

Data showed that the consumption of metabolites involved in glycolysis are significantly 

blocked after Merestinib treatment compared to vehicle control. This data indicates that 

glycolysis is in part driven by CCL2/CCR2 and c-MET in vivo and that DCIS lesions are 

highly dependent upon this glycolytic pathway.  

 

Limitations 

 

Although the present studies reveal important insights on molecular mechanisms 

by which CCL2/CCR2 chemokine signaling drives ductal breast cancer progression by 

enhancing glycolysis and c-MET activation, there are technical limitations worth 

mentioning.     

First, our in vivo studies focused on the epithelial expression of CCR2, c-MET and 

glycolytic enzymes. However, factors such as interaction of epithelial cells with the 

immune system need to be addressed. Previous studies from our lab demonstrated in a 

syngeneic mouse model that in breast cancer cells, CCR2 signaling regulates tumor 

growth and invasion by mediating angiogenesis, M2 macrophage recruitment, and 

suppressing CD8+ cytotoxic T cell activation [217].   

Additionally, studies have shown that the tumor microenvironment can have 

drastic metabolic shifts due to lack of Oxygen, leading to hypoxia, nutrient depletion, and 

accumulation of waste products. These processes have an effect in T cells by inhibiting 

their metabolism and thus their activity. As a result, effector T cell differentiation and 



 
 

170 
 

proper immune response is disrupted which in many cases leads to immune therapy 

resistance [218]. Therefore, using a humanized animal model would help address the 

questions regarding the effect of the immune system in response to c-MET inhibition.  

As mentioned in the introduction, one of the mechanisms of c-MET regulation in 

breast cancer is aberrant paracrine signaling. Unfortunately, with our current mouse 

model system using NOD-SCID female mice (Non-Obese Diabetic Severe Combined 

Immunodeficient interleukin receptor- γ2 null) impedes the study of paracrine c-MET 

signaling because murine HGF cannot bind to human c-MET [219]. To overcome these 

technical challenges, and to maintain the clinical relevance of this studies, a xenograft 

model that expresses HGF can be used to explore the paracrine signaling mechanism of 

c-MET and study its effects on ductal breast cancer progression and metabolism as 

previously published [220].  

Another aspect that was not addressed in this study is the effect of hypoxia in 

metabolism and c-MET expression both in vitro and in vivo. As tumors grow their 

demand for nutrients and Oxygen changes overtime and it is usually accompanied by 

malignant transformation. Hypoxia inhibits the respiratory rate downregulating ATP 

preventing ROS overproduction, and Oxygen depletion [221]. Regarding hypoxia and c-

MET expression previous studies have shown that HGF/c-MET expression is enhanced 

by hypoxia via HIF-1α dependent mechanisms [222]. In addition to overcome hypoxic 

conditions, studies have demonstrated that HGF regulated the expression of the 

vascular endothelial cell growth factor (VEGF) through c-MET downstream signaling 

pathways including PI3K/Akt, MAPK, and STAT 3 in murine colon carcinoma cells, CT26 

[223].  
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Future Directions  

 

CCR2 and c-MET interactions 

To further evaluate additional factors or oncogenes that might cooperate with 

CCL2/CCR2 to promote DCIS progression, we identify by RRPA (data not shown) 

analysis that CCL2 activates the receptor tyrosine kinase c-MET. We validated those 

results by immunoblot and confirmed that upon CCL2 induction and in the presence of 

CCR2, c-MET is phosphorylated at the Y1349 multifunctional docking site of the 

intracellular domain. To further identify potential mechanisms by which CCL2/CCR2 

activate c-MET, we performed a proximity ligation assay that resulted in fluorescent 

signal at 5 and 15 minutes after CCL2 treatment. This indicated that CCR2 and c-MET 

were in proximity. To further identify potential protein protein interactions, we performed 

a CO-IP and demonstrated that CCL2/CCR2 activates c-MET through src dependent 

mechanisms. These studies are ongoing.  

Additionally, we identified a novel association between CCL2/CCR2 and c-MET 

through src dependent mechanisms which are consistent with previous studies in the 

brain that have demonstrated that upon ligand binding GPCRs activate receptor tyrosine 

kinases (RTKs) including Src, PI3K and Pyk.  

 Future studies will involve the use of BRET techniques to further elucidate the 

nature of the protein – protein interactions mediated by Src dependent mechanisms.  
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Other metabolic studies 

 To better understand the effect of CCL2 on metabolism in human breast cancer 

cells we performed and unbiased metabolomic study. This study revealed that CCL2 

induction had a significant effect on metabolic pathways including glycolysis, TCA cycle, 

fatty acid synthesis, glutaminolysis and redox reactions. Even though in this study we 

focused on glycolysis, functional experiments are currently being performed to study the 

effects of Hexokinase II, FASN, and GLS1 in biological processes that modulate DCIS 

progression. Therefore, in the future is necessary to further evaluate the other metabolic 

pathways that are affected by CCL2.  

 

MRS/MRI studies 

To understand the biological relevance of CCR2 and c-MET co-expression, and to 

correlate metabolite concentration to DCIS progression in a non-invasive manner, we will 

use magnetic resonance spectroscopy (MRS). To address the clinical and physiological 

relevance of the heterogeneity on breast epithelial CCR2 and c-MET in metabolite 

production and DCIS progression, DCIS.com parental, HCC1937 breast cancer cells that 

express various levels of CCR2, and c-MET will be injected via MIND model. 

 

Previous pilot studies from our lab detected in the DCIS.com MIND lesions 

elevated levels of lipids, choline and glycine compared to non- injected mammary gland 

using MRI/MRS. Choline (Cho) is an essential nutrient that incorporates into 

phospholipids and glycine is a target of lipid modification in proteins. [224]. In previous 

studies, the increase of Cho peak correlates with increase cellular proliferation related to 
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malignant lesions [39]. We propose that by using MRI/MRS in live animals in a time 

course we will be able to measure and identify possible changes of these metabolites 

during DCIS progression in a non- invasive manner. In the future we want to establish a 

metabolic signature that correlates with DCIS progression and that can be used in the 

clinical setting to potentially spare women from unnecessary surgeries and guide 

treatment.  

Spatial Profiling  

One of the challenges of ductal carcinoma in situ is cell heterogeneity. In vitro studies 

cannot address biological aspects that influence the epithelial cells by the 

microenvironment. In vivo studies cannot detect differences between epithelial cells and 

microenvironment contributions to malignant transformation.  

 Therefore, to determine the differential expression between tumor and 

microenvironment we could use the GeoMx DSP platform nanoString. We could develop 

a clinically relevant molecular signature of CCL2/CCR2 signaling proteins, to DCIS 

progression.  

By spatial mapping, we can identify regions of interest within tissue compartments 

comparing tumor and stroma focusing on signaling pathways related to chemokine 

signaling, apoptosis, cell cycle, regulation of cell motility and metabolism.  We can 

potentially use matched breast patient samples of DCIS, IDC stage 2, IDC stage 3, and 

normal adjacent breast tissue. To distinguish the human epithelia and tumor, the tissue 

will be stained with Pan Cytokeratin (Red), epithelial CCR2 (Green) and CCL2 (Cyan).  
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These studies will help us to map out the specific molecular mechanisms of activation 

of the CCL2/CCR2 signaling pathway and determine how potential changes or 

interaction with other signaling pathways affect DCIS progression. The positive impact of 

this study is that it would provide important insights into prognosis by developing a 

molecular signature able to predict DCIS progression and potentially be used to identify 

therapeutic targets for alternative and tailored treatments for DCIS patients.  

  

Significance and Innovation   

The role of CCL2/CCR2 chemokine signaling in metabolic changes that occur 

during DCIS progression: In terms of cellular metabolism, CCL2/CCR2 has only been 

studied in tumor free mice and related to obesity and diabetes and studies on 

metabolism have focused on late stage breast cancer [226, 227]. However, potential 

metabolic changes that occur during DCIS progression and how chemokines might 

regulate cancer metabolism are not currently known.  

Therefore, this project is based on the conceptual and innovative idea that 

CCL2/CCR2 mediates metabolic changes in DCIS progression. Here, we demonstrate 

that c-Met, a tyrosine kinase that regulates ductal breast development and that is highly 

expressed in invasive breast cancer and activated by CCL2/CCR2.  

We suggest that c-Met receptor expression and activity play a role in CCL2 

mediated DCIS progression and metabolism. Our studies are novel because they 

incorporate different approaches that are clinically relevant. Such approaches include: 

the use of small molecule inhibitors that have been previously used and approved for 

other cancer types, the development of a metabolic signature that correlates to DCIS 
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progression and the analysis of blood serum as a potential predictive measure of DCIS 

progression. The proposed studies seek to explore the role of metabolites that can be 

altered by CCL2/CCR2 and c-Met expression in an in vitro model and the DCIS MIND 

model to follow DCIS progression.  

To our knowledge, we are the first to report evidence that CCL2/CCR2 directly 

affects glycolysis on breast cancer cells, in part by modulating Hexokinase II expression 

with important associations in DCIS progression. Previous studies have reported that 

other cytokines including CCL5 enhance aerobic glycolysis in breast cancer cells through 

AMPK dependent mechanisms [23]. Others have identified that there is a strong 

association and correlation between increased glycolysis as well as genes involved in 

the MAPK pathway which are known to promote aerobic glycolysis [24]. CCL2 mediated 

by PKM2 in colorectal cancer cells contribute to an increase in macrophage recruitment 

[25]. However, to our knowledge, this is the first time that a study focuses on the 

importance of CCL2/CCR2 chemokine signaling regulating the glycolytic pathway in 

breast ductal cancer progression. 

In this study we have developed and used novel approaches to further understand 

how the CCL2/CCR2 chemokine signaling pathway cooperates with other molecular and 

oncogenic factors to promote DCIS progression. Some of this include the generation of 

genetically stable c-MET CRISP/R Cas9 KO DCIS.com, HCC1937, and MDA_MB_231 

triple negative / basal like breast cancer cells. The use of Merestinib, a type II 

pharmacological c-MET inhibitor that we show to be effective in vitro an in vitro to block 

migration, proliferation, survival, growth, and a decrease in formation of invasive lesions 

associate with impaired consumption of glycolytic metabolites. To our knowledge, we are 
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the first ones to report the use of Merestinib to evaluate the effects of c-MET function, 

and glycolysis in breast ductal carcinoma in situ. Additionally, we have used different 

approaches to study metabolism including global metabolomic analysis, IC-MS and 

assessing metabolic flux in real time by using the SeaHorse XF24 analyzer. Taken 

together, our studies are both novel and significative and they provide alternative 

approaches to narrow our knowledge gap regarding the molecular mechanisms by which 

DCIS progresses. Such approaches include the concept of G-Coupled receptors 

activating receptor tyrosine kinases, and their effect on metabolic alteration that could 

drive the progression of the disease.  

Concluding remarks 

In summary, these results demonstrate that CCL2/CCR2 modulate c-MET activity 

and glycolysis which fuels biological processes that are crucial for DCIS progression. 

Therefore, this study elucidates potential novel therapeutic targets for ductal carcinoma 

in situ cases with high expression of CCR2 and c-MET.  

 

Implication: This project identifies a unique association between CCL2/CCR2 

expression, c-MET activity, and enhancement of glycolysis with important implications 

into prognosis and potential treatment of DCIS progression. These associations can be 

considered as novel molecular markers to predict DCIS transition to IDC. Additionally, it 

has the potential to provide alternative therapeutic targets for DCIS patients expressing 

high levels of CCR2 and c-MET.  
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