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ABSTRACT OF DISSERTATION 

The diverse roles of CDCP1 in cancer and metabolism 

By 

Heather Wright 

Doctor of Philosophy in Molecular Biology and Biochemistry 

University of California, Irvine, 2017 

Professor Olga Razorenova, Chair 

CUB Domain Containing Protein 1 (CDCP1) is a transmembrane glycoprotein that has 

mainly been implicated in driving migration and metastasis of carcinoma cells. We focus 

on its role in triple-negative breast cancer (TNBC) metastasis, liver metabolic disorders 

(metabolic syndrome, non-alcoholic fatty liver disease, and type-2 diabetes mellitus), and 

wound healing.  

In TNBC cells, we uncovered a novel mechanism of CDCP1 activation via 

cleavage and homo-dimerization to promote trans-phosphorylation of its downstream 

target, PKCδ, by Src kinase. Furthermore, we uncovered a novel role of CDCP1 as a 

regulator of lipid metabolism in TNBC. We found that CDCP1 reduces cytoplasmic lipid 

droplet (LD) abundance and promotes fatty acid β-oxidation (FAO) in TNBC cells. We 

found that CDCP1 regulates lipid metabolism partially by reducing Acyl-CoA Synthetase 

Ligases (ACSLs). All of this leads to CDCP1-induced TNBC metastasis, which can be 

inhibited by blocking CDCP1 homo-dimerization via overexpression of the extracellular 

portion of cleaved CDCP1 (ECC). ECC reduces phosphorylation of PKCδ and increases 
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ACSL activity and LD abundance in TNBC cells to reduce metastasis of TNBC tumors to 

the lungs.  

Physiologically, we found that CDCP1 regulates LD abundance in the livers of 

mice; CDCP1 knockout (KO) mice had higher LD abundance than CDCP1 heterozygous 

(Het) mice. We also found that CDCP1 KO mice had reduced wound healing capacity of 

dermal punch biopsy wounds compared to CDCP1 Het mice.  

Further, we present preliminary findings in the quest to identify important residues 

in CDCP1 dimerization and the development of a surrogate biomarker of CDCP1 activity 

in breast cancer.  

Combined, these studies give a comprehensive look at the broad range of 

pathological and physiological effects CDCP1 has and contributes groundwork for future 

investigation into these diverse  and potentially organ-type specific roles of CDCP1.  
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CHAPTER 1: INTRODUCTION 

 

Opening Statement. The work presented here focuses on the protein complement 

C1r/C1s, Uegf, Bmp1 (CUB)-domain containing protein 1 (CDCP1) primarily in the 

context of triple-negative breast cancer (TNBC). This work presents a novel mechanism 

of CDCP1 regulation through homo-dimerization and a novel pathway regulated by 

CDCP1, lipid metabolism. This work demonstrates that both CDCP1 homo-dimerization 

and regulation of lipid metabolism are interconnected and drive metastasis. The 

physiological role of CDCP1 is also demonstrated in the context of liver disease and 

wound healing. Finally, the potential of a surrogate biomarker to detect CDCP1 activity in 

breast cancer is demonstrated and discussed.  

But first to introduce our protein of interest… 

 

The discovery of CDCP1. CDCP1, also known as SIMA135 , Trask, and CD318, is a 

type-1 transmembrane glycoprotein initially identified using representational difference 

analysis and cDNA chip technology in a comparison between normal colon and colorectal 

cancer tissue1. It was then identified by subtractive immunization two years later in 

multiple carcinoma cell lines2. CDCP1 contains an N-terminal signal peptide used for its 

translocation from the endoplasmic reticulum (ER) to the cell membrane where it is 

expressed2. CDCP1 contains 12 extracellular asparagine residues that are putative sites 

of glycosylation. This is evident by the difference in the predicted molecular weight (92 

kDa) and the actual molecular weight of the full-length form of CDCP1 (flCDCP1, ~140 

kDa). The role of glycosylation in CDCP1 activity has yet to be determined. 
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CDCP1 regulation and signaling. CDCP1’s protein sequence is highly conserved 

among vertebrate species including the sites of extracellular cleavage and intracellular 

phosphorylation3 (Figure 1.1A). The full-length form of CDCP1 (flCDCP1) contains three 

CUB domains, CUB1, 2, and 3, in its extracellular domain (Figure 1.1B). CUB domains 

are known to be involved in protein-protein interactions4-6 and are the site of regulation of 

proteins containing them during development7. CDCP1 can be cleaved by serine 

proteases trypsin, plasmin, and matriptase,8-12 between CUB1 and CUB2 resulting in a 

70 kDa membrane bound fragment (cCDCP1) and a 65 kDa fragment that is released 

into the extracellular space. CDCP1 interacts with multiple proteins at the cell surface. 

Among these are membrane proteins β1-integrin13, HER214, cytoplasmic proteins Src 

family kinases (SFKs)15, 16 and PKCδ5, 17, contributing to cell migration. CDCP1 can be 

phosphorylated at five tyrosine (Y) residues on its intracellular domain by SFKs11. There 

is indication that phosphorylation of CDCP1 at multiple residues is required for Yes, SFK 

member, binding18, Y734 phosphorylation is required for its interaction with Src and 

phosphorylation of Y762 is required for its interaction with PKCδ19 (Figure 1.2). However, 

in our hands this is more of a trend than a rule.  

CDCP1 can be upregulated by hypoxia17, 20, rat sarcoma (Ras)/extracellular signal 

regulated kinase (ERK) 1/2 signaling21, ADAM9 metallopeptidase22, Calveolin-123, and 

stabilized at the cell membrane by Epidermal Growth Factor (EGF) stimulation24. It is 

possible that the effect of EGF on CDCP1 protein stability is through direct interaction of 

EGF-bound EGF receptor (EGFR) and CDCP1 as EGFR is also known as HER1 and 

CDCP1 is known to directly bind another HER family member, HER214. CDCP1 is 

downregulated by CD82/KAI125 and has been demonstrated as a target of miR-218 and  
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miR-198, which act to decrease CDCP1 translation22, 26. CDCP1 acts as an anchor to 

stimulate trans-phosphorylation of PKCδ by Src5, 17, 27. CDCP1 has been implicated in 

regulating several other pathways to induce proliferation, anoikis resistance, and 

migration. These include stimulating FAK/PI3K/Akt pathway13, 28, MT1-matrix 

metallopeptidase (MT1-MMP) activity29, reducing E-cadherin localization at the cell 

membrane30, and suppressing autophagy by an undefined mechanism31 (Figure 1.2). 

 

Physiological roles of CDCP1. The physiological role of CDCP1 remains to be fully 

established. However, CDCP1’s expression has been demonstrated in human skin 

tissue, primarily in the epidermis and is important for keratinocyte migration, as a function-

blocking antibody targeting CDCP1 reduces in vitro migration of keratinocytes32. CDCP1 

expression in blood plasma has been positively correlated with age33. CDCP1 expression 

has also been demonstrated in a CD146 negative subpopulation of bone marrow 

fibroblasts27. Furthermore, CDCP1 was demonstrated as a novel marker of immature 

hematopoietic progenitor cell subsets34. This data was validated by another group who 

showed that the promoter of CDCP1 was not methylated in the K562 hematopoietic cell 

line but highly methylated in the differentiated Jurkat lymphocyte cell line35 indicating that 

CDCP1 protein expression is higher in undifferentiated hematopoietic cells. Finally, copy 

number loss of the chromosome containing CDCP1, 3p21.31, has been associated with 

increased risk of hyperlipidemia of smooth muscle cells and myocardial infarction (heart 

attack)36. 
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“CDCP1-gate”: the debate of CDCP1’s role in cancer. CDCP1 was initially discovered 

in colorectal cancer. A debate remains about CDCP1’s role as a tumor-suppressor gene 

or an oncogene. Spassov et al. demonstrated that overexpressing CDCP1 in NIH 3T3v-

src fibroblasts reduced tumor burden of these cells in mice. Furthermore, overexpressing 

CDCP1 in MCF7 breast cancer cells reduced metastasis in an orthotopic model of breast 

cancer and knocking down CDCP1 expression in L3.6pl pancreatic cancer cells increased 

metastasis in an orthotopic model of pancreatic cancer37. The Moasser group showed 

that germ-line knockout of CDCP1 increased tumor burden in the MMTV-PyMT 

spontaneous mouse model of breast cancer38. All of these studies allude to CDCP1’s role 

as a tumor suppressor gene in cancer. Yet, these findings have not been reproducible in 

the same mouse models on different genetic backgrounds. This may indicate that their 

results were an artifact of the model being used and this discrepancy deserves further 

investigation. 

However, mounting evidence supports the role of CDCP1 as an oncogene. CDCP1 

is upregulated in multiple forms of carcinoma including colorectal39, lung40, prostate41, 

ovarian42, pancreatic43, 44, endometrioid45, gastric scirrhoous46, melanoma47, renal, triple-

negative5, 30, and non-triple negative breast cancers14, 48. CDCP1 has mainly been studied 

as a driver of anoikis resistance31, 49 correlating with survival of metastatic cells in the 

blood stream, migration/invasion5, 17, 44, 50 and multiple steps in metastasis13, 21, 22, 28, 47, 51-

53, including intravasation13 into and extravasation52 out of blood vessels. CDCP1 has 

also been implicated in stimulating proliferation of breast cancer cells48 and tumor growth 

of NIH 3T3 fibroblasts54, ovarian cancer42, renal cancer20, and HER2+ breast cancer14 

cell lines has also been described.  
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Triple-negative breast cancer. TNBCs do not express estrogen (ER) and progesterone 

(PR) hormone receptors or HER2 receptor. This makes them insensitive to hormone and 

HER2 targeted therapies that are widely used to treat non-TNBC. To date, there are no 

targeted therapies to treat TNBC. One third of TNBC patients that receive neoadjuvant 

anthracycline and taxane based chemotherapy have a pathological complete response 

(pCR), which is higher than the response of ER+ breast cancer. However, TNBC patients 

that have any residual invasive disease after neoadjuvant treatment have a significantly 

higher risk of recurrence and mortality than non-TNBC patients55.  

Many clinical trials have shown a statistically significant benefit for targeted 

therapies in combination with chemotherapies. These include everolimus, which inhibits 

the mammalian target of rapamycin (mTOR). TNBC patients have a 36% overall 

progression free survival (PFS) of 3 months in combination with carboplatin56. However, 

there was no significant benefit when combined with paclitaxel57. The efficacy of targeting 

the androgen receptor (AR) in luminal AR+ TNBCs has shown that treatment with 

bicalutamide resulted in a median PFS of 12 weeks58. Furthermore, a phase II trial using 

Enzalutamide demonstrated a PFS of 14.7 weeks in 10% of patients55, 59.  

On the other hand, there have been some disappointing trials. A Phase III trial 

using the vascular epidermal growth factor (VEGF) inhibitor, bevacizumab, failed to 

increase progression free survival60. EGFR inhibitors (gefitinib, erlotinib, afatinib, and 

osimertinib, erlotinib, necitumumab) currently approved for use in non-small cell lung, 

pancreatic, colorectal, and head and neck squamous cell carcinoma61 have failed in 

multiple clinical trials in combination with chemotherapy in adjuvant and neoadjuvant 



8 
 

settings to treat TNBC61. Pre-clinical models using the bromodomain and extra-terminal 

(BET) protein inhibitor, JQ-1, demonstrated its efficacy in treating TNBC62. However, as 

Shu et al. describe, the heterogeneity of TNBCs makes them prone to develop resistance 

to JQ-162 and it will be interesting the see how JQ-1 performs in the clinic.  

The reason for the disappointing clinical trial results may be in the fact that TNBC 

encompasses an extremely heterogeneous disease. It can be categorized into five 

clinically actionable groups: 1) basal-like TNBC with DNA-repair deficiency or growth 

factor pathways; 2) mesenchymal-like TNBC with epithelial-to-mesenchymal transition 

and cancer stem cell features; 3) immune-associated TNBC; 4) luminal/apocrine TNBC 

with androgen-receptor overexpression; and 5) HER2-enriched TNBC63. Because of this, 

it may be necessary to stratify clinical trials based on molecular subtyping in the future to 

obtain more meaningful results and personalize treatment.  

TNBC overexpresses CDCP15, 30, reported to drive metastasis in multiple in vivo 

models64. While CDCP1 expression in cancer has been correlated with invasiveness, we5 

and others13, 28, 30 have demonstrated that cleavage of CDCP1 is important for its activity 

in TNBC and prostate cancers. The studies presented in Chapter 2 focus on TNBC as 

CDCP1 is not only overexpressed but exists mostly in the cleaved form in multiple TNBC 

cell lines and primary human samples compared to normal breast cell lines5, 30, 37.  

 

Targeting CDCP1 in TNBC: To date, the CDCP1 activation cascade includes three 

levels: phosphorylation, cleavage, and dimerization. Currently there are antibody 

therapeutics developed that inhibit CDCP1 cleavage13, 28. There are also therapeutics 

capable of indirect inhibition of CDCP1 cleavage, such as dexamethasone30, a steroid 
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therapeutic, and aprotinin (Trasylol) (NCT00354900, trial in advanced breast cancer 

terminated). However, the last two therapeutics have substantial off-target effects. 

Steroids in particular not only decrease patient quality of life, but may also cause disease 

conditions like hypertension and hyperglycemia, which increase the risk of co-morbidities. 

As we will demonstrate in Chapter 2, our discovery of the involvement of cCDCP1’s 

extracellular domain (including CUB2 and CUB3) in dimerization opens up a new avenue 

for therapeutic development. This approach is justified by multiple successful FDA-

approved therapies that inhibit homo- and hetero-dimerization of cell surface receptors 

driving tumor progression. These include trastuzumab targeting extracellular domain IV 

of HER2, inhibiting ligand-independent homo-dimerization (HER2-HER2), as well as 

ligand-independent hetero-dimerization (HER2-HER3 and also HER2-HER1 and HER2-

HER4); pertuzumab targeting extracellular domain II of HER2, inhibiting ligand-

dependent hetero-dimerization with the other HER family members, especially HER3; 

cetuximab targeting domain III of EGFR/HER1 inhibiting its interaction with the ligands, 

which is needed for a conformational change stimulating HER1 homo-dimerization or 

hetero-dimerization with the other HER family members. Thus, dimerization of cell surface 

receptors represents a rational therapeutic target and further research is needed to test 

the existing antibodies recognizing cCDCP1 for their ability to block its dimerization, as 

well as development of new antibodies specifically inhibiting dimerization. In addition the 

soluble extracellular fragment of cCDCP1, identified in our study as an inhibitor of 

cCDCP1 dimerization and its downstream signaling, represents a lead compound for 

development of another potent protein-based agent. Since CDCP1 cleavage stimulates 
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its dimerization, therapeutics blocking CDCP1 cleavage should indirectly block its 

dimerization. 

Importantly, CDCP1 knock-out mice are viable, have no developmental and 

postnatal pathology, and no apparent decrease in life span as shown by Spassov et al.64 

and Wright et al. (unpublished observations), indicating that CDCP1 blocking agents 

should be well tolerated. In support of this, administration of antibodies that inhibit CDCP1 

cleavage to mice bearing prostate tumors did not cause any notable side effects, but 

reduced metastatic burden13.  Thus, CDCP1 might represent an example of a protein 

exploited by cancer cells to promote their metastatic ability, the function of which may be 

dispensable or redundant in normal cells.   

CDCP1 represents a rational therapeutic target for the treatment of TNBC, where 

current targeted therapies are failing. Since CDCP1 is expressed and cleaved in multiple 

carcinomas in addition to TNBC, including prostate, colorectal, lung and pancreatic 

carcinomas, further research is needed to evaluate its dimerization status in those 

cancers, and therapeutic potential of dimerization-blocking agents.  

 

Difficulties in targeting CDCP1 and utilizing CDCP1 as a biomarker of disease 

progression: Historically, bioactive compounds were isolated and used to treat disease 

without a complete understanding of their molecular targets65. With the development of 

X-ray diffraction in 1932 and the rapid evolution of chemical structure identification 

techniques since then, drug design and optimization is increasingly becoming structure-

based66. Structure-based drug design is defined as the means of developing drugs 

against a target based off of the crystal structure of that target.   
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 One big roadblock to optimizing therapeutics to inhibit CDCP1 cleavage or 

dimerization is that there is no structure of CDCP1 available. In Chapter 4 we describe 

our efforts to elucidate a chemical structure based on 3D modeling of extracellular portion 

of cCDCP1 (ECC), in which we believe the dimer interface lies.  

As mentioned above, CDCP1 is highly cleaved in TNBC. There is evidence 

supporting the correlation between CDCP1 expression and decreased distant disease-

free survival67. However, this is only when combined with node status. A less invasive 

measure of distant-disease free survival lies in the ability to derive the information from a 

biopsy or tumor resection without having to sample lymph nodes. We believe that the 

ability to distinguish cCDCP1 activity from flCDCP1 could solve this problem. However, 

there is no antibody that distinguishes cCDCP1 from flCDCP1. In Chapter 5 we describe 

our efforts to develop a surrogate biomarker for cCDCP1 activity, phospho-PKCδ Y311 

staining.  

 

Lipid metabolism and cancer progression. In Chapter 3, we demonstrate our 

discovery that CDCP1 regulates lipid metabolism. The initial phenotype identified in these 

studies was a significant increase in LD abundance upon knockdown of CDCP1. LDs are 

dynamic structures within the cytoplasm of cells. They can be visualized by multiple 

means (Figure 1.3A). In Chapter 3 and 6 we rely heavily on coherent anti-Stokes Raman 

scattering (CARS) microscopy to visualize endogenous lipids, as it is a label-free system. 

CARS measures the vibrational frequency in the carbon-hydrogen (C-H) bond, which is 

highly abundant in saturated lipids (Figure 1.3B). Lipids from LDs can be incorporated in 

the cell membrane, used for protein modification or enter fatty acid β–oxidation (FAO).  
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The products of FAO can feed into tricarboxylic acid (TCA) cycle, oxidative 

phosphorylation (OxPhos), biosynthetic pathways, and protein modification pathways 

(Figure 1.3B). In Chapter 3 we use two-photon excited fluorescence (TPEF) microscopy 

to measure the rate of FAO and OxPhos in the cells. We use a surrogate calculation as 

a measure of OxPhos, which we call the optical redox ratio (ORR) (Figure 1.3C). ORR 

directly correlates with OxPhos measured by the commercially available Seahorse 

metabolic flux analyzer68. 

Dysregulated lipid metabolism has recently been linked to breast cancer 

progression. Photoacoustic imaging of the MMTV-PyMT-driven breast cancer model 

demonstrated that transformation of normal breast tissue to invasive carcinoma resulted 

in a progressive decrease of cytoplasmic LD abundance69. In line with this, 

pharmacological activation of peroxisome proliferator-activated receptor γ (PPARγ) 

caused accumulation of LDs in breast cancer cells and decreased their proliferation70. 

Furthermore, Src71 and Myc72 oncogenes were recently reported to contribute to lipid 

metabolism dysregulation in TNBC.  

Lipid metabolism dysregulation has also been reported in other types of cancer. 

Pharmacological inhibition of Myc in neuroblastoma increases LD abundance, 

accompanied by growth arrest and apoptosis in vitro and increased animal survival in 

vivo73. High-passage prostate cancer cells (comparable to metastatic cells) have lower 

LD abundance than their low-passage (comparable to primary tumor) counterparts74. In 

a spontaneous mouse model of pancreatic cancer the synthesis of acyl-CoA-modified 

lipids was found to be the most downregulated metabolic pathway compared to normal 
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pancreatic tissue75. These data indicate that dysregulated lipid metabolism is 

characteristic of progression of multiple forms of cancer. 

 

Tumor cell metastasis: Approximately 90% of cancer-related mortality is due to 

dispersion and expansion of cancer cells from the primary tumor to distant organs, 

resulting in reduced organ function and systemic organ failure. The process of cancer 

cells leaving primary tumors to seed other organs and form distant tumors is termed 

metastasis. The mechanisms underlying metastasis have been studied for over a century, 

when Steven Paget first coined the “seed and soil” hypothesis to explain the propensity 

of cancer cells to colonize certain organs over others76. A wealth of clinical data has since 

substantiated this hypothesis that organ-preference is the product of favorable 

interactions between metastatic tumor cells (the “seed”) and their organ 

microenvironment (the “soil”)77. 

 Metastasis is characterized by six major steps: 1) detachment of a cancer cell from 

its primary tumor, 2) intravasation of the cancer cell into a vessel, 3) survival of the cancer 

cell in the circulatory system, 4) extravasation of the cancer cells from the vessel into the 

distant organ, 5) survival of the cancer cell within the distant organ, and 6) eventual 

colonization of the distant organ to form a metastasis78. The extensive findings of the 

molecular signaling pathways involved have been reviewed multiple times78-85. These 

include cell autonomous pathways like signaling through FAK86, ERK87, integrins88, and 

CDCP164 pathways, the mutational landscape of a tumor89, and, importantly, metabolic 

reprogramming85. Cell non-autonomous microenvironmental regulators such as 

hypoxia79, extracellular matrix composition90, and stromal cell paracrine contributions91 
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have also been strongly implicated in driving cancer progression and metastasis. All of 

these cell-autonomous and non-autonomous regulators are tightly intertwined with each 

other and the metabolic state of cancer cells83, 92, 93. As will be discussed further in 

Chapter 3, lipid metabolism has recently been highlighted as being important for 

metastatic potential of cancer cells71-73.  

 

Metabolic syndrome and wound healing. Dysregulated systemic metabolism has not 

only been demonstrated to drive late stages of tumor progression but has also been 

correlated with increased risk of developing colorectal, endometrial, renal, esophageal, 

pancreatic, liver, and postmenopausal breast cancers94 as well as non-malignant 

diseases, such as cardiovascular problems, stroke, and type 2 diabetes mellitus. The 

broad set of factors that define one’s risk for developing cardiovascular problems, 

diabetes, and cancer are referred to collectively as metabolic syndrome (Table 1.1).  

 Among the many side effects of type 2 diabetes mellitus morbidity, the most 

common cause of lower limb amputation is the establishment of chronic wounds. These 

wounds are unable to heal properly for many reasons including the dysregulated 

proliferation, migration, and differentiation of keratinocytes at the wound site95. As 

mentioned above, CDCP1 is known to be expressed in and important for the migration of 

keratinocytes. However, we have also seen that CDCP1 is expressed in the livers of mice, 

which will be discussed in more detail in Chapter 6.  

Our CDCP1 knockout mouse model has yet to be fully characterized. However, 

we have preliminary evidence that CDCP1 expression is important in both the liver and 

the skin and may play dual roles in regulating liver metabolic function and proper wound  
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repair which can both be studied in the context of type 2 diabetes mellitus and metabolic 

syndrome.  

As discussed above, CDCP1 plays a role in normal physiology and we will present 

evidence that it acts to suppress the development of metabolic syndrome, allowing us to 

hypothesize that CDCP1 may physiologically act to prevent tumorigenesis.  

 

Closing statement: These studies give novel insight into the mechanism of activation 

and signaling of CDCP1 in pathological and physiological systems. They also 

demonstrate that CDCP1 may function bimodally in the body: 1) physiologically regulating 

lipid homeostasis to suppress diseased states and 2) upon transformation of a cell into a 

cancer cell, pathologically driving cancer metastasis (Figure 1.4).  
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CHAPTER 2: CDCP1 CLEAVAGE IS NECESSARY FOR HOMO-
DIMERIZATION-INDUCED MIGRATION OF TRIPLE-NEGATIVE 

BREAST CANCER 

 

Introduction  

Breast cancer is the second leading cause of death of women in the United States; most 

of these fatalities are caused by metastatic disease. Many therapies have been 

developed to target aggressive breast cancer, including receptor-targeted therapies 

(Herceptin) and anti-hormone therapies (aromatase inhibitors). However, triple-negative 

breast cancer (TNBC) patients are not candidates for many of these therapies as they do 

not express the respective drug targets, HER2, estrogen, and progesterone receptor. 

Moreover, TNBC is a highly aggressive form of breast cancer that is associated with 

advanced stage at diagnosis, early peak of recurrence and poorer outcome in comparison 

to non-TNBCs; in the advanced setting responses to chemotherapy and radiation therapy 

lack durability 96. Finally, women who are diagnosed with TNBC tend to be younger than 

non-TNBC patients. Thus, there is an urgent need to develop a targeted therapy to inhibit 

the progression and metastasis of TNBC.  

The transmembrane protein, CUB-domain containing protein 1 (CDCP1), is 

upregulated in TNBC and is correlated with the cancer’s aggressiveness 30. Importantly, 

CDCP1 is involved in metastasis in multiple animal models of cancer, including lung 

adenocarcinoma, gastric scirrhous carcinoma, melanoma, and prostate and ovarian 

carcinomas 13, 28, 41, 42, 46, 47, 49. The many signaling pathways induced by CDCP1 have 

been described in Chapter 1. Importantly, CDCP1 activity seems to be dependent on 

cleavage. In addition to cleavage, CDCP1 activity depends on phosphorylation and both 
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flCDCP1 and cCDCP1 are phosphorylated by Src Family Kinases (SFKs), Src, Fyn, and 

Yes first at Y734 and then at Y743, Y762, Y707, and Y806 2, 11, 15, 16, 19, 48, 49, 97, 98. CDCP1 

can stimulate migration/invasion through a variety of signaling pathways, including PKCδ 

17, 44, Protein Kinase B (Akt) 13, 28, 42, β1 integrin 13, matrix metalloproteinase secretion 29, 

and others. Besides its well established role in cancer cell migration, CDCP1 was 

reported to degrade adherens junctions 15, 30, protect against anoikis 49, and inhibit 

autophagy 31 contributing to tumor progression.  

CDCP1 contains three CUB-domains located in its ectodomain, the specific role of 

which remains unclear. CUB domains are expressed in many developmentally regulated 

proteins and participate in interactions with CUB domains of other proteins 7. The first 

CUB domain is removed upon CDCP1 cleavage, potentially stimulating important protein-

protein interactions through CUB2 and CUB3, leading to the enhancement of CDCP1 

signaling. Casar et al. recently reported the decrease in metastasis upon inhibition of 

CDCP1 cleavage, hinting at the necessity of cleavage for CDCP1 activity 13, 28. In support 

of this, Law et al. showed that inhibition of CDCP1 cleavage refined the borders of ex vivo 

tumors, proposing the inhibition of CDCP1 cleavage as a rational neoadjuvant therapeutic 

for TNBC 30. Although these data indicate that CDCP1 cleavage stimulates its activity, 

the mechanism of cCDCP1 activation has not been elucidated.  

Here, we demonstrate that CDCP1 expression is upregulated in TNBC and it is 

cleaved and phosphorylated in TNBC cell lines and primary TNBC specimens. We find 

that CDCP1 cleavage leads to cCDCP1 homo-dimerization, uncovering the mechanism 

of cCDCP1 activation. The homo-dimer acts as a docking station for Src to induce 

phosphorylation of a key CDCP1 downstream target, PKCδ, stimulating pro-migratory 



21 
 

signaling. We provide evidence that dimerization is a key step in CDCP1 activation by 

breaking dimerization with the extracellular portion of cCDCP1 (ECC), which blocks 

CDCP1’s downstream signaling, leading to inhibition of migration, invasion, proliferation, 

and induction of apoptosis. Therefore, CDCP1 dimerization is a rationale target for 

therapeutic intervention to inhibit metastasis of TNBC.  

 

Results 

CDCP1 is overexpressed and cleaved in TNBC. The data acquired from The Cancer 

Genome Atlas (TCGA, http://cancergenome.nih.gov/) indicated that CDCP1 mRNA is 

upregulated in TNBC compared to normal breast tissue (Figure 2.1A), suggesting 

CDCP1’s role in breast cancer progression. Consistent with the data extracted from 

TCGA, we found that the average CDCP1 expression in MDA-MB-231, MDA-MB-453, 

MDA-MB-468, and UCI-082014 (Supplemental Table 2.1) TNBC cells was 1.8 fold higher 

than the average expression in Primary Mammary Epithelium (PME) and immortalized 

non-tumorigenic MCF10A breast cells (Figure 2.1B).  

  

http://cancergenome.nih.gov/


22 
 

  



23 
 

 

Recent reports indicated that cleavage stimulates CDCP1 protein activity 9, 13, 28, 

30. Figure 2.1B shows that CDCP1 is highly cleaved in all of the TNBC cell lines listed 

above (54% cleaved) compared to PME and MCF10A cells, where CDCP1 exists 

primarily in the full-length form (12% cleaved). We also found that CDCP1 is cleaved in 

the non-TNBC cell line derived from a brain metastasis, MDA-MB-361 (Figure 2.1B). 

Furthermore, we found that eight out of eight TNBC patient samples analyzed by Western 

blot express CDCP1, which is mostly cleaved and phosphorylated (Figure 2.1C and 

Supplemental Figure 2.1).  

Previously, we and others have shown CDCP1 expression is regulated by Hypoxia 

Inducible Factors (HIFs) in ccRCC 17, 20. Since breast tumors contain areas of low oxygen 

tension 79, we investigated if CDCP1 is regulated by hypoxia in the TNBC cell line MDA-

MB-231. We found that, though the mRNA and protein levels of CDCP1 were not 

upregulated in hypoxia, the phosphorylation of cCDCP1 and its downstream target, 

PKCδ, were increased in hypoxia, indicating that CDCP1 activity increases 

(Supplemental Figure 2.2). 

 

Both flCDCP1 and cCDCP1 interact with PKCδ and Src but only cCDCP1 stimulates 

downstream signaling. To test the functional difference between flCDCP1 and cCDCP1 

we created Flag-tagged constructs to express each CDCP1 isoform (Supplemental 

Figure 2.3). The signal peptide (SP) located at the N-terminus of flCDCP1 was added at 

the N-terminus of cCDCP1 to ensure proper localization. We overexpressed a vector 

control (VC), cCDCP1-Flag or flCDCP1-Flag in HEK 293T cells, which do not express 
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endogenous CDCP1, and do not cleave exogenous flCDCP1. As expected, 

immunostaining confirmed that both CDCP1 isoforms localized on the cell membrane 

(Supplemental Figure 2.4). We found that, while both isoforms of CDCP1 could be 

phosphorylated at Y734, only cCDCP1 could induce robust phosphorylation of its 

downstream target, PKCδ, as well as ERK1/2 and p38 MAPK, other kinases known to be 

involved in migration 99 (Figure 2.2A). Interestingly, previous findings indicate that CDCP1 

expression is regulated by ERK1/2 signaling downstream of Ras in non-small cell lung 

carcinoma 21, suggesting a potential positive feedback loop between CDCP1 and 

ERK1/2. Based on previous reports that CDCP1 binds Src and PKCδ, stimulating PKCδ 

phosphorylation by Src at Y311 9, 17, 19, 28, 44, 49, we compared the ability of both CDCP1 

isoforms to associate with Src and PKCδ. We immunoprecipitated (IP) each CDCP1 

isoform by Flag-tag and probed the membrane with anti-Src and anti-PKCδ antibodies. 

We found that both flCDCP1 and cCDCP1 could associate with Src and PKCδ. However, 

only cCDCP1 co-precipitated phosphorylated PKCδ (Figure 2.2B). Since Law et al. 

demonstrated the ability of dexamethasone to inhibit CDCP1 cleavage in TNBC cells 30; 

we treated MDA-MB-231 cells with a PBS vehicle control or 100 nM dexamethasone for 

48 hours. We found that inhibiting CDCP1 cleavage in TNBC cells inhibited PKCδ 

phosphorylation (Figure 2.2C). These data indicate the necessity of CDCP1 cleavage for 

signaling through PKCδ. 
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cCDCP1 stimulates cell migration. Due to the ability of cCDCP1 to induce robust 

phosphorylation of PKCδ, which we have previously linked to pro-migratory signaling 17, 

we aimed to analyze the effect of each CDCP1 isoform on cellular migration. To do this, 

we overexpressed VC, cCDCP1-Flag, or flCDCP1-Flag in HEK 293T cells and analyzed 

migration through fibronectin-coated transwell inserts after 24 hours. We found that 

cCDCP1 significantly induced migration of HEK 293T cells, while flCDCP1 did not (Figure 

2.3A).  

Based on these data and the high level of CDCP1 cleavage in MDA-MB-231 cells 

(Figure 2.1B and 2.2A), we assessed the contribution of cCDCP1 in MDA-MB-231 cell 

migration in a scratch assay. We knocked down endogenous CDCP1 with two shRNAs 

targeting two different sites on CDCP1’s mRNA. Migration of MDA-MB-231-shCDCP1-1 

and MDA-MB-231-shCDCP1-7 cells were severely inhibited compared to MDA-MB-231-

shScramble cells. Importantly, this migratory defect was rescued by overexpression of 

cCDCP1 and not shCDCP1-insensitive non-cleavable CDCP1 (sh-ins-ncCDCP1) (Figure 

2.3B and Supplemental Figures 2.3 and 2.5). We validated these data in another TNBC 

cell line, MDA-MB-468, where CDCP1 knock down inhibited migration through 

fibronectin-coated transwell inserts, which was rescued by cCDCP1 and not sh-ins-

ncCDCP1 overexpression (Figure 2.3C). 

 

cCDCP1 forms a dimer independently of its phosphorylation status. CUB domains 

have known roles in protein-protein interaction 4, 100, 101, including the potential CUB 

domain-CUB domain interaction of CDCP1 with matriptase 11. flCDCP1 has three CUB  
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domains (1, 2, and 3) and cCDCP1 has two CUB domains (2 and 3). Thus, we decided 

to test if either isoform of CDCP1 could form a dimer. To do this, we created C-terminal 

His-tagged cCDCP1 and flCDCP1 constructs. We overexpressed Flag- and His-tagged 

CDCP1 constructs alone or in combination in HEK 293T cells (Figure 2.4A). The Flag-tag 

was immunoprecipitated and dimerization was analyzed by immunoblotting for the His-

tag. Our results indicate that only cCDCP1 could form a dimer (Figure 2.4A). 

Since interactions of CDCP1 with other proteins at the membrane are dependent 

on its phosphorylation 8, 13, 19, 49, 102, we analyzed the dependency of the dimer on 

CDCP1’s phosphorylation status. To do this, we created cCDCP1-Y734F-Flag and 

cCDCP1-Y734F-His constructs, which are phosphorylation incompetent (Supplemental 

Figure 2.6). We then repeated co-immunoprecipitation experiments in HEK 293T cells by 

expressing Flag- and His-tagged constructs of cCDCP1 and cCDCP1-Y734F alone or in 

combination and found that cCDCP1 was capable of forming a dimer independently of its 

phosphorylation status. However, overexpression of cCDCP1 Y734F-Flag did not 

stimulate phosphorylation of PKCδ at Y311 (Figure 2.4B).  

To determine if CDCP1 forms a dimer endogenously in TNBC cells, we used the Duolink 

proximity ligation assay (PLA). We found that CDCP1 formed a dimer in MDA-MB-231 cells 

visualized by the red punctate signal (Figure 2.4C). This signal was lost in MDA-MB-231-

shCDCP1-1 cells and regained upon rescue with cCDCP1 overexpression, but not with shRNA-

insensitive non-cleavable version of flCDCP1 (sh-ins-ncCDCP1) (Figure 2.4C, Supplemental 

Figure 2.7).  

 

An extracellular fragment of cCDCP1 can block the cCDCP1 dimer formation. Based 

on the above data, we propose that cCDCP1 forms a dimer through its extracellular  
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domain, specifically through one or both of its CUB domains. To test this hypothesis, we 

made a construct expressing the extracellular portion of cCDCP1 (ECC) with an N-

terminal SP and a C-terminal His-tag (Figure 2.5A i). To monitor CDCP1 dimerization, we 

utilized a firefly split-luciferase system 103 in which the N-terminal domain or C-terminal 

domain of firefly luciferase was attached to the intracellular C-terminus of cCDCP1, 

resulting in cCDCP1-N’luc and cCDCP1-C’luc constructs, respectively (Figure 2.5A ii-iii). 

We also created flCDCP1-N’luc and flCDCP1-C’luc constructs. Using the split-luciferase 

system in HEK 293T cells we confirmed that only cCDCP1, not flCDCP1, forms a dimer 

and no heterodimer is formed between cCDCP1 and flCDCP1 (Figure 2.5B and 

Supplemental Figure 2.8). Next, we expressed the cCDCP1-N’luc and cCDCP1-C’luc 

constructs in combination with VC or ECC. Importantly, ECC was able to decrease the D-

luciferin luminescence, indicating blockage of the cCDCP1 dimer formation (Figure 2.5B). 

The observed effect of ECC on cCDCP1 dimer blockage is specific since ECC had no 

effect on cCDCP1 expression as well as luciferase enzyme activity (Supplemental Figure 

2.9). Since ECC has a SP at its N-terminus, which is necessary for secretion 11, as 

expected we found secreted ECC in the media of transfected HEK 293T cells (Figure 

2.5C).  

To validate the importance of the cCDCP1 dimerization in pro-migratory signaling, 

we analyzed the effect of ECC on PKCδ phosphorylation and migration of MDA-MB-231 

cells. We found that overexpressing ECC in MDA-MB-231 cells inhibited PKCδ 

phosphorylation (Figure 2.5D). We further found that transfer of ECC-conditioned media 

from ECC-transfected HEK 293T cells to MDA-MB-231 cells inhibited their migration 

(Figure 2.5E). We also validated the inhibitory effect of ECC on migration through  
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transwell inserts using two additional TNBC cell lines, MDA-MB-468 and UCI-

082014, expressing either VC or ECC (Figure 2.5 F-G). Together, these data validate that 

cCDCP1 dimerization facilitates PKCδ phosphorylation and stimulates cell migration.  

 

ECC inhibits TNBC cell invasiveness, decreases proliferation and induces 

apoptosis in 3D culture. To analyze the effect of ECC on TNBC cells in 3D 104, we 

cultured MDA-MB-231, MDA-MB-468, and UCI-082014 TNBC cells expressing VC or 

ECC in 1:1 collagen:matrigel gels for 6 days. We found that TNBC cells expressing ECC 

had less and smaller stellate structures and invaded less into the matrix (Figure 2.6A), 

had decreased proliferation as analyzed by a mitotic marker, phospho-histone H3 staining 

(Figure 2.6B), and increased apoptosis as analyzed by cleaved caspase 3 staining 

(Figure 2.6C) when compared to TNBC cells expressing VC. The lack of any cleaved 

caspase 3 staining in the MDA-MB-231 VC cells (Figure 2.6C) is supported by reports 

showing increased resistance of MDA-MB-231 cells to apoptosis compared to MDA-MB-

468 105-107. Staining of ECC using an anti-His-tag antibody revealed that after secretion 

ECC concentration builds around the cells (Supplemental Figure 2.10), likely leading to 

saturation of cCDCP1 dimer inhibition at the membrane. Thus, the cCDCP1 inhibition by 

ECC leads to a more dramatic phenotype in 3D as opposed to 2D culture, where ECC is 

secreted into the culture media. 

 

Discussion 

Our studies have elucidated a new step in the CDCP1 activation cascade: cCDCP1 

homo-dimerization, which is critical for phosphorylation of PKCδ and migration of TNBC  
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cells. Figure 2.7 illustrates an updated model for CDCP1 activation, including its 

phosphorylation, cleavage, and dimerization. We suggest that the cCDCP1 dimer acts as 

a docking station to facilitate PKCδ phosphorylation by Src: cCDCP1 dimer is important 

for binding of Src to one subunit and PKCδ to the other subunit, bringing Src and PKCδ 

into close proximity, allowing the phosphorylation of PKCδ by Src. This signaling cascade 

further leads to phospho-PKCδ-stimulated migration. Our model also explains the ability 

of flCDCP1 to bind to Src and PKCδ without stimulating PKCδ phosphorylation: Src and 

PKCδ are not bound to flCDCP1 at the same time. These data are in line with ex vivo 

data in TNBC 30 and in vivo data in prostate cancer 13, 28 showing that CDCP1 cleavage 

is required to induce cellular dissemination and multiple-organ metastasis. Although the 

positive and negative regulators of CDCP1 dimerization remain to be elucidated, we have 

shown that ECC represents a way to inhibit dimerization of cCDCP1, disrupting cCDCP1 

pro-migratory signaling.  

Our data in 3D showing an increase in ECC-expressing TNBC cell apoptosis are 

in line with previous studies demonstrating that CDCP1 knockdown by si/shRNA induces 

apoptosis in lung and breast cancer cells cultured in anchorage-free conditions 12, 49, 108, 

a study showing that inhibition of CDCP1 cleavage in vivo induced apoptosis of prostate 

cancer cells 28, and studies demonstrating that a function blocking antibody against 

CDCP1 inhibited cell invasiveness in a 3D culture system and tumor growth in a xenograft 

model of breast cancer 54, 109. The induction of apoptosis in the presence of extracellular 

matrix (ECM) components, collagen I and matrigel (collagen IV, laminin, enactin/nidogen-

1, and proteoglycans), may indicate that ECC inhibits stellate structure formation, which 

is indicative of cell binding and anchoring to these substrates during  



37 
 

  



38 
 

invasion. This explanation is supported by the study showing preferential and direct 

binding of β1 integrin to cCDCP1 over flCDCP1 13. Our data suggest that cCDCP1 may 

promote β1 integrin activity, which is inhibited in the presence of ECC. It also remains to 

be investigated whether ECC is specific to the cCDCP1 homo-dimer or also inhibits 

cCDCP1 interactions with other proteins.  The increased efficacy of ECC in 3D culture 

remains to be validated in an orthotopic mouse model of TNBC, where we expect the 

same accumulation of ECC extracellularly to inhibit cell-ECM adhesion, proliferation, and 

induce apoptosis. 

The ability of CDCP1 to form a dimer is supported by previous findings that 

treatment of NIH3T3 and MCF7 cells overexpressing exogenous CDCP1 with a bivalent 

anti-CDCP1 antibody stimulates CDCP1 activity, presumably by stimulating its clustering 

in lipid rafts 54. Kollmorgen et al. proposed that CDCP1 forms a dimer through the 

transmembrane or intracellular dimer interface 16 but they did not investigate the 

dependence of dimer formation on CDCP1 cleavage. Although we do not exclude the 

possibility that CDCP1 forms a dimer through transmembrane or intracellular domains as 

well, our data support dimer formation through the extracellular CUB domains, with the 

secreted ECC portion capable of inhibiting dimerization of cCDCP1. Our data show that 

cCDCP1 forms a dimer, although we do not exclude the possibility that it is capable of 

forming a tetramer or higher molecular complex. Further research is needed to test this 

possibility.  

It remains to be investigated how flCDCP1 stimulates signaling through PKCδ in 

ccRCC. For instance, 786-0 cells express almost exclusively flCDCP1 and we have 

shown previously that flCDCP1 stimulates migration of ccRCC cells through PKCδ 17. 
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One striking difference between ccRCC and TNBC lies in abundance of lipid droplets, 

which are extremely high in ccRCC 110, and rather low in TNBC 111, 112. Since CDCP1 is 

present in Triton X-100 insoluble lipid rafts 29, 54, we propose that the high lipid content of 

ccRCC cells facilitates clustering of flCDCP1 at the membrane in lipid rafts, which leads 

to stimulation of PKCδ phosphorylation by Src. On the other hand, TNBC relies on CDCP1 

cleavage to induce cCDPC1 dimerization to stimulate PKCδ phosphorylation by Src. In 

line with this, Casar et al. showed that PC3 and HEK 293T cells, which have low lipid 

content 113, 114, are dependent on CDCP1 cleavage for cellular dissemination in vitro, in 

chick embryo and mouse models of metastasis 13, 28. 

Although we found that CDCP1 is not hypoxia-inducible at the mRNA and protein 

level in TNBC, the phosphorylation of cCDCP1 and PKCδ are hypoxia-inducible. 

Importantly, we 17 and others 20 have shown that CDCP1 is hypoxia-inducible through the 

HIF pathway at the mRNA and protein levels in ccRCC. Cell type specific hypoxic 

induction of HIF target genes has been described previously 115, which could explain the 

discrepancy between ccRCC and TNBC. Emerling et al. demonstrated that Src Y416 and 

CDCP1 Y734 phosphorylation are hypoxia inducible in ccRCC 20, which we replicated in 

TNBC. The mechanism of stimulation of these types of phosphorylation under hypoxia 

deserves further investigation. 

The CDCP1 signaling cascade has not been investigated in depth in TNBC and 

other types of breast cancer. It was previously reported that cCDCP1 promotes TNBC 

migration by sequestering E-cadherin intracellularly 30 and TNBC invasion by stimulating 

membrane type 1 matrix metalloproteinase (MT1-MMP) activity 29. Our studies suggest 

that cCDCP1 promotes TNBC migration through dimerization, which is important for 
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PKCδ phosphorylation and potentially ERK1/2, and p38 MAPK phosphorylation (requires 

further investigation). In addition, it was recently shown that CDCP1 directly interacts with 

HER2 and stimulates progression of HER2-positive tumors 14. On the other hand, a 

correlation between estrogen and progesterone receptor status and CDCP1 expression 

has not been found 45. Thus, the dependence of CDCP1 activity on cleavage and 

dimerization in hormone receptor positive breast cancers remains to be investigated.  

Our data validate the previously demonstrated therapeutic potential of targeting 

cleaved isoform of CDCP1 to inhibit cancer metastasis 13. However, we provide novel 

insight into the CDCP1 activation mechanism and propose targeting a step downstream 

of CDCP1 cleavage: dimerization.  

 

Materials and Methods 

Cell lines and media: HEK 293T, MDA-MB-231, MDA-MB-453, MDA-MB-468, MDA-

MB-361 cells lines were grown in DMEM (Genesee, San Diego, CA #25-500) with 10% 

Fetal Bovine Serum (Omega Scientific, Tarzana, CA #FB-12), 2 mM L-glutamine, 100 

u/mL penicillin and 100 μg/mL streptomycin. Cells were grown in mixed gas CO2 water-

jacketed incubators (21% O2, 5% CO2). MCF10A cells were grown in the same media as 

above supplemented with 20 ng/mL EGF (PeproTech, Rock Hill, NJ #AF-100-15) and 10 

μg/mL insulin (Roche, San Francisco, CA #11376497001). MDA-MB-231 and MDA-MB-

468 cell lines, extensively used for in vitro experiments in this study, were validated using 

short tandem repeat (STR) profiling by the American Type Culture Collection (Manassas, 

VA). All cells were regularly tested for mycoplasma contamination and confirmed to be 

negative. 
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Primary specimen acquisition and lysis: Fresh TNBC specimens were acquired from 

Hoag pathology and frozen upon arrival. Frozen TNBC specimens were obtained from 

the UC Irvine Medical Center. For lysis, specimens were thawed on ice and then 

homogenized  in cell lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 

1 mM EGTA, 1% Triton X100, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM 

Na3VO4) with protease inhibitors (Fisher Scientific, Pittsburgh, PA #P1-88266) and 

phosphatase inhibitors (Roche #04906845001). 

Western blotting (WB): Protocol was adapted from Razorenova et al. 116. Briefly, cells 

were lysed using cold cell lysis buffer (see recipe above) with protease inhibitors (Fisher 

Scientific). Protein was measured using BCA Protein Assay kit (Pierce, Rockford, IL #PI-

23225). 40 µg protein was loaded/lane of 10% bis-acrylamide gels and transferred onto 

0.2 μm nitrocellulose membranes (BioRad, Hercules, CA). Membranes were incubated 

with primary antibodies overnight at 4 °C with gentle agitation then incubated with 

secondary antibodies for 1 hour at room temperature (RT) with gentle agitation and the 

signal was developed using Amersham ECL Prime WB substrate (GE Healthcare, 

Scottsdale, AZ #RPN2236) or SigmaFast BCIP/NBT substrate (Sigma Aldrich #B5655) 

for HRP or AP conjugates, respectively. WB analysis of phospho-signaling downstream 

of CDCP1 was conducted 48 hours post-transfection: cells were serum starved for 6 

hours and then stimulated for 20 minutes with 10% FBS (Gibco, Carlsbad, CA #16000-

044-1399) before lysing. All antibodies used for WB are listed in Supplemental Table 1. 

Construction of shRNA and cDNA overexpression constructs for CDCP1: pLM-

CMV-flCDCP1 was cloned by PCR using pDrive-flCDCP1 (OpenBiosystems, Huntsville, 

AL #IHS1382-8427202) as a template. Since pDrive-flCDCP1 contained 5 mismatches 
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when aligned to WT CDCP1 referenced in Cosmic database, all mismatches in pLM-

CMV-flCDCP1 were reverted to WT sequence using the Lightning Site Directed 

Mutagenesis kit (Stratagene, Santa Clara, CA #210516).  

pLM-CMV-flCDCP1-Flag and pLM-CMV-flCDCP1-His were cloned by PCR using 

pLM-CMV-flCDCP1 as a template.  

pLM-CMV-cCDCP1-Flag and pLM-CMV-cCDCP1-His were cloned in two steps. 

First, cCDCP1 was amplified by PCR using pLM-CMV-flCDCP1 as a template. Second, 

the SP was cloned upstream of cCDCP1 by PCR using pLM-CMV-flCDCP1 as a 

template. 

pLM-CMV-cCDCP1-Y734F-Flag and pLM-CMV-cCDCP1-Y734F-His were 

generated from pLM-CMV-cCDCP1-Flag and pLM-CMV-cCDCP1-His by site-directed 

mutagenesis (SDM) using the Lightning Site Directed Mutagenesis kit (Stratagene).  

pLM-CMV-ECC-His was cloned by PCR using pLM-CMV-flCDCP1 as a template. 

pLM-CMV-cCDCP1-N’luc, pLM-CMV-cCDCP1-C’luc, pLM-CMV-flCDCP1-N’luc, 

pLM-CMV-flCDCP1-C’luc were cloned in two steps. First, N’luciferase and C’luciferase 

were PCR amplified from the constructs described by Choi et al. 103. Second, cCDCP1 

and flCDCP1 were cloned upstream of N’luc and C’luc. cCDCP1 was amplified from pLM-

CMV-cCDCP1-Flag, which had already a SP. flCDCP1 was amplified from pLM-CMV-

flCDCP1. 

To make shRNA-insensitive flCDCP1 (pLM-CMV-sh-ins-flCDCP1), the third 

nucleotides of each codon in the regions of flCDCP1 recognized by the shRNAs were 

mutated to interfere with shRNA binding but carefully maintain WT flCDCP1 protein 

sequence. The 985 bp sh-ins-CDCP1 fragment with NheI and BamHI restriction sites at 
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the 5’ and 3’ ends respectively was synthetized by GenScript (Piscataway, NJ) and cloned 

to pUC57 by EcoRV. The fragment (+1 to +650 bp downstream of the start codon) was 

cloned to pLM-CMV-flCDCP1 by NheI and BamHI restriction sites. 

To make shRNA-insensitive ncCDCP1 (pLM-CMV-sh-ins-ncCDCP1), the 

cleavage site in pLM-CMV-sh-ins-flCDCP1 was mutated: RK368-9QN. A gBlock 

containing CDCP1 fragment flanking the cleavage site (+977 to +1257 bp downstream of 

the start codon) with BamHI and AgeI was synthesized. This gBlock was cloned into pLM-

CMV-sh-ins-flCDCP1 by BamHI and AgeI restriction sites.  

Each construct originally had a puromycin resistance cassette. Puromycin was 

replaced with hygromycin and neomycin in pLM-CMV-cCDCP1-His and pLM-CMV-sh-

ins-ncCDCP1, respectively. Hygromycin and neomycin resistance cassettes were 

obtained from pLM-CMV-H4-hygro and pLM-CMV-H4-neo plasmids using the SpeI and 

SalI restriction enzymes and cloned into SpeI and SalI digested pLM-CMV-cCDCP1-His 

and pLM-CMV-sh-ins-ncCDCP1, respectively.  

pLKO.1shCDCP1-1 was purchased from OpenBiosystems (#RHS3979-

98822176). pLKO.1shScrambled was purchased from Addgene (Cambidge, MA, #1864). 

pLKO.1shCDCP1-7 was cloned using two annealed complimentary oligos and ligated to 

AgeI and EcoRI digested pLKO.1 empty vector (Addgene #8453).  

All oligonucleotides and gBlocks in this section were synthesized by IDT 

(Coralville, IA) and are all listed in the Supplemental Table 2. 

Cell transfections with overexpression constructs: HEK 293T cells were transfected 

using Lipofectamine and Plus reagents (Life Tech, Carlsbad, CA #18324-012 and 
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#11514-015) following the manufacturer’s protocol and used for experiments 2-3 days 

post-transfection. 

Virus production and infection of target cells: Detailed protocol is described in 

Razorenova et al. 117. To produce virus, HEK 293T cells were transfected with each 

lentiviral plasmid along with packaging plasmids, pVSVG and ΔR8.2 using standard 

CaCl2 transfection protocol. Virus-containing media with 6 µg/mL polybrene filtered 

through a 0.45 μm PES filter was transferred to MDA-MB-231 cells, which were selected 

in antibiotic-containing media for minimum one week.  

ECC detection in cell media: HEK 293T were transfected with pLM-CMV-ECC-His using 

Lipofectamine and Plus reagents following the manufacturer’s protocol (Life Tech) in a 6-

well plate.  24 hours after transfection the media was changed to 1 mL fresh DMEM with 

10% FBS. 48 hours later, 50 μL of media was collected and denatured in 12.5 μL 5x 

sample loading buffer (312 mM Tris-HCl, pH 6.8, 10% SDS, 0.05% bromophenol blue, 

50% glycerol, 10% β-mercaptoethanol). Samples were analyzed by WB. 

qRT-PCR: qRT-PCR was performed as previously described (10) using the ViiA 7 

Real-Time PCR System (Life Tech). Human TATA-binding protein (hTBP) primers were 

chosen as an internal control. Primers listed in Supplemental Information (Supplemental 

Table 2). 

Immunocytochemistry: Cells were fixed with 4% paraformaldehyde for 10 min, then 

treated with 0.3% Triton X-100 in 1xPBS for 5 minutes prior to blocking for 1 hour in 5% 

bovine serum albumin (BSA) in 1xPBS. Cells were then incubated overnight in primary 

antibody at 4 °C, followed by incubation for 2 hours in secondary antibody at RT in the dark. 

Antibodies used are listed in Supplemental Table 1. Both primary and secondary antibodies 
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were diluted in 1% BSA in 1xPBS. Cell nuclei were counterstained with Hoechst 33342 at 

1:500 in 1xPBS for 1 minute. Coverslips were mounted with Vectashield (Vector #H-1000) 

and imaged using a Nikon Eclipse Ti microscope with a 40x or 63x objective and NIS 

element AR3.10 software. Images for sh-ins-ncCDCP1 transfected HEK 293T cells were 

taken using a Zeiss Spinning Disc Confocal Microscope with a 63x objective and 

AxioVision software.  

Duolink PLA Assay: The assay was performed according to the manufacturer’s protocol 

(Sigma Aldrich #DUO92008, #DUO92009, #DUO92010). Primary antibody probes were 

made using goat anti-CDCP1 antibody (Abcam #ab1377). Images were collected as for 

immunofluorescence staining analysis. 12 mm coverslips were used with 20 µL reaction 

volumes.  

Co-immunoprecipitation:  400 µg of protein in 200 µL of cell lysis buffer (see recipe in 

“Primary specimen acquisition and lysis”) was incubated with 4 µL of anti-Flag antibody 

(Sigma Aldrich #F1804) for 16 hours at 4°C with gentle agitation. Then 20 µL Protein G 

Dynabeads (Life Tech #10003D) were added, followed by incubation for 1 hour at 4°C. 

Immunoprecipitated proteins were collected using magnetic stand, washed 3 times for 5 

minutes on ice with cell lysis buffer without protease or phosphatase inhibitors, boiled in 

1x sample loading buffer for 6 minutes and analyzed by WB. 

Transwell migration: Transwell inserts (Corning Life Sciences Plastic, Corning, NY 

#3464) were coated in 50 mg/mL fibronectin (Sigma Aldrich #F2006-2) in DMEM for 4 

hours at 37 °C. HEK 293T cells were treated with 10 µM mitomycin C for 2.5 hours before 

being detached with 2% EDTA in 1xPBS. 50,000 cells in serum-free DMEM were added 

to the top chamber of the inserts immersed in 10% FBS-containing media in the bottom 
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chamber. Cells were allowed to migrate for 24 hours. Cells from the top of the transwell 

inserts were removed with a cotton swab and cells that migrated through the transwell 

inserts were fixed and stained using the Richard Allen 3 Step Staining Kit (Thermo 

Scientific #3300), photographed and counted. 

Scratch Assay: 400,000 MDA-MB-231 cells were plated per well of a 6-well plate. 24 

hours later, cell monolayers were treated with mitomycin C for 2 hours in serum free 

DMEM and then scratched with a 200 µL pipette tip. The bottom of the plate was marked 

at 3 points on the scratch for triplicate measurements. Cells were washed once with 

1xPBS and incubated in DMEM with 2% FBS, 2 mM L-glutamine, 100 u/mL penicillin and 

100 µg/mL streptomycin. Pictures of the scratch were taken at the time of the scratch (T0) 

and at 6 hours after the scratch (T6). % wound closure was calculated as (1-(T6/T0))*100.  

Split-luficerase assay: HEK 293T cells were plated at 10,000 cells/well in a black-walled 

96-well plate. 16 hours later they were transfected with CDCP1-N’luc, CDCP1-C’luc and 

either a VC or ECC using Lipofectamine and Plus reagents (Life Tech) following the 

manufacturer’s protocol. 48 hours after transfection dimerization was analyzed with D-

luciferin (Promega, Madison, WI, #E1605) on an IVIS Lumina Imager (PerkinElmer, 

Waltham, MA).  

3D assays: MDA-MB-231, MDA-MB-468, and UCI-082014 cell lines were plated at 3,000 

cells in 50 uL of 1:1 collagen (BD Biosciences #354249):matrigel (BD Biosciences 

#356234) gel. Collagen was initially prepared at 6.4 mg/mL according to the 

manufacturer’s protocol before being mixed with matrigel for a final concentration in the 

gels of 3.2 mg/mL collagen, similar to that in transformed breast tissue 118, 119. Gels were 

plated onto 12 mm coverslips. Media on the cells was changed every two days and cells 



47 
 

were allowed to proliferate/invade the gel for 6 days. Gels were fixed in 4% PFA for 20 

minutes, washed 4x15 minutes with 1xPBS, permeabilized with 0.3% Triton X-100 in 

1xPBS for 15 minutes, washed 4x15 minutes with 1xPBS, incubated in blocking solution 

(10% donkey serum, 5% BSA, 0.1% Triton X-100 in 1xPBS) overnight at 4 °C with gentle 

agitation. Antibodies used for fluorescent staining in 3D are provided in Supplemental 

Table 1. Phase contrast images were taken using an EVOS xl Microscope (AMG, Bothell, 

WA) with a 10x objective. Fluorescent images were taken using a Zeiss Spinning Disc 

Confocal Microscope with a 20x objective with numerical aperture 0.8 and AxioVision 

software. Quantitation was the average of 5 images/gel for three biological replicates.  
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CHAPTER 3: CDCP1 DRIVES TRIPLE-NEGATIVE BREAST 
CANCER METASTASIS THROUGH REDUCTION OF LIPID 

DROPLET ABUNDANCE AND STIMULATION OF FATTY ACID 
OXIDATION. 

 

Introduction  

The transmembrane glycoprotein, CUB-domain containing protein 1 (CDCP1), is 

a driver of migration and invasion in multiple forms of carcinoma including renal17, 20, 

ovarian42, 120, prostate28, pancreatic43, 44, colon1, 39, 50, 121, 122, and triple-negative breast5, 30 

carcinomas among others. Furthermore, CDCP1’s role in tumor metastasis was 

confirmed in vivo in lung22, 49, ovarian123, prostate28, and colon121 cancers. Although 

CDCP1’s role in TNBC metastasis was not established to date, high CDCP1 expression 

has been validated as a prognostic marker of poor survival in TNBC when combined with 

positive node status67.  

Our understanding of CDCP1’s upstream regulators, its mechanism of activation, 

and downstream signaling continues to expand (recently reviewed124). Studies by 

others28 and our group5 have demonstrated that CDCP1 cleavage is necessary for its 

activation, and recently we have further shown that cleavage stimulates CDCP1 homo-

dimerization5. Homo-dimeric CDCP1 stimulates phosphorylation of protein kinase C delta 

(PKCδ) by Src kinase, leading to migration and invasion of TNBC cells in vitro5. Adding 

to our knowledge of CDCP1’s downstream signaling, we report that CDCP1 regulates 

lipid metabolism in TNBC by reducing cytoplasmic lipid droplet (LD) abundance and 

promoting fatty acid oxidation (FAO) in TNBC cells.  
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Breast tissue is known to be a dynamic site of lipid metabolism125 and LD 

abundance changes dramatically during development126, 127, menstruation, pregnancy, 

and lactation128. LDs are formed by budding off of the endoplasmic reticulum (ER) and 

store fatty acids (FAs) in the form of diacyl- and triacylglycerol (DAG and TAG, 

respectively) and cholesterol in the form of cholesteryl esters. LDs interact with a 

multitude of organelles (i.e. peroxisomes, autophagosomes, and mitochondria) to shuttle 

FAs for incorporation into cell membranes, post-translational modifications, and FAO129. 

In order for long chain FAs to enter any of these pathways they must first be activated to 

become acyl-CoAs. Long-chain (12-20 carbons) FAs are activated by typical acyl-CoA 

synthetase ligase (ACSL) enzyme family, including members 1, 3, 4, and 5130. Acyl-CoAs 

may enter FAO, which yields acetyl-CoAs utilized in the tricarboxylic acid cycle (TCA), 

generating nicotinamide adenine dinucleotide (NADH) utilized for oxidative 

phosphorylation (OxPhos) to ultimately produce adenosine triphosphate (ATP). Acyl-

CoAs can also enter anabolic pathways and the shuttling of acyl-CoAs into either anabolic 

or catabolic pathways depends significantly on their localization within the cells130, 131. 

While there is conflicting data of the respective role and cell-type specificity of each ACSL 

in catabolic and anabolic pathways, ACSL3 has mainly been implicated in lipid anabolism 

(lipid storage) in mouse adipocytes and primate kidney cells132, 133. 

Dysregulated lipid metabolism and FAO have recently been linked to breast cancer 

progression. Photoacoustic imaging of the MMTV-PyMT-driven breast cancer model 

demonstrated that transformation of normal breast tissue to invasive carcinoma resulted 

in a progressive decrease of cytoplasmic LD abundance69. In line with this, 

pharmacological activation of peroxisome proliferator-activated receptor γ (PPARγ) 
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caused accumulation of LDs in breast cancer cells and decreased their proliferation70. 

Furthermore, Src71 and Myc72 oncogenes were recently reported to contribute to lipid 

metabolism dysregulation in TNBC. Src kinase has been reported to stimulate FAO in a 

positive feedback loop, and pharmacological and genetic inhibition of FAO blocked TNBC 

metastasis in vivo71. Myc has also been reported to stimulate FAO and pharmacological 

inhibition of FAO blocked tumor growth of Myc-driven TNBC tumors72. These data 

indicate that lipid metabolism represents a potential therapeutic target in TNBC.  

Lipid metabolism dysregulation has also been reported in other types of cancer. 

Pharmacological inhibition of Myc in neuroblastoma increases LD abundance, 

accompanied by growth arrest and apoptosis in vitro and increased animal survival in 

vivo73. High-passage prostate cancer cells (comparable to metastatic cells) have lower 

LD abundance than their low-passage (comparable to primary tumor) counterparts74. In 

a spontaneous mouse model of pancreatic cancer the synthesis of acyl-CoA-modified 

lipids was found to be the most downregulated metabolic pathway compared to normal 

pancreatic tissue75. These data indicate that dysregulated lipid metabolism is 

characteristic of progression of multiple forms of cancer. 

Here, we used coherent anti-Stokes Raman scattering (CARS) and two-photon 

excited fluorescence (TPEF) microscopy methods to assess TNBC metabolism. CARS 

microscopy detects the C-H bond in FAs, allowing quantification of the LD abundance134. 

TPEF microscopy detects fluorescence from reduced NADH and oxidized flavin adenine 

dinucleotide (FAD+). The relative ratio of the two fluorophores is defined as optical redox 

ratio (ORR)135, which we have previously correlated with OxPhos rate68. Previously, we 

found that CDCP1 is overactivated in TNBC compared to normal breast epithelial cells5. 
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Here, we demonstrate that CDCP1 dysregulates lipid metabolism in TNBC: CDCP1 by 

inactivating ACSLs reduces LD abundance and stimulates FAO, which increases 

OxPhos. This results in a “low lipid” phenotype, a high migratory ability in vitro, and 

metastasis in vivo. These findings provide a novel insight into CDCP1 as a regulator of 

LD abundance and FAO. Since CDCP1 is a druggable target5, 28, these findings have 

important implications for TNBC therapeutic targeting and development of prognostic 

markers.  

 

Results 

CDCP1 lowers intracellular LD abundance in breast cancer cells. We have previously 

identified CDCP1 protein as a master-regulator of migration and invasion in TNBC5. To 

get insight into the signaling pathways it regulates, we conducted a mass spectrometric 

(MS) analysis of proteins interacting with CDCP1. We overexpressed CDCP1 with a C-

terminal Flag-tag in HEK 293T cells and conducted co-immunoprecipitation (co-IP). 

Unexpectedly, we found that CDCP1 interacts with multiple proteins involved in 

metabolism based on PANTHER analysis (http://www.pantherdb.org/) (Supplemental 

Figure 3.1). Among these proteins was ACSL3, involved in lipid metabolism.  

To assess CDCP1’s role in lipid metabolism, we first analyzed the effect of CDCP1 

knockdown on LD abundance in three TNBC cell lines, MDA-MB-231, MDA-MB-468, and 

UCI-0820145, using two different shRNAs. We found that knocking down CDCP1 

expression in all three cell lines increased LD content as analyzed by CARS microscopy 

(Figure 3.1A). Second, we overexpressed CDCP1 in MDA-MB-231, MDA-MB-468, UCI-

082014, and MCF7 cells and found that overexpression of CDCP1 decreased LD content 

http://www.pantherdb.org/
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of these cells (Figure 3.1B). These results demonstrate that CDCP1 decreases LD 

abundance in breast cancer cells. 

We further analyzed which lipid types were affected by CDCP1 expression in MDA-

MB-231 and MDA-MB-468 cells using gas chromatography and found that multiple long-

chain (16 and 18 carbons) FAs had lower abundance in shScramble-transduced control 

cells compared to shCDCP1-transduced cells (Supplemental Figure 3.2). 

 

CDCP1 expression correlates with breast cancer cell invasiveness and causes 

appearance of low-lipid broken spheroids in 3D culture. Since primary mammary 

epithelium cells (PME) were reported to have abundant LDs70, we sought to compare 

their LD content to breast cancer cells. We found that PME and a non-malignant breast 

cell line MCF10A had at least a two-fold higher LD content than a panel of six breast 

cancer cell lines as analyzed by CARS microscopy (Figure 3.2A i-ii).  

We found that CDCP1 was expressed in five out of six breast cancer cell lines in 

the panel, as well as in PME and MCF10A (Figure 3.2A iii). Studies by others28 and our 

group5 have shown that CDCP1 cleavage leads to its activation to stimulate migration, 

invasion, and metastasis. Importantly, CDCP1 appears to be mostly full-length in PME 

and MCF10A and cleaved in five out of five breast cancer cell lines that express CDCP1. 

Although CDCP1 is mostly full-length in SUM159 cells, the abundance of cleaved CDCP1 

is still higher than in PME and MCF10A. Accordingly, all of the breast cancer cell lines 

formed irregular acini structures, spheroids, in 3-dimensional (3D) culture and invaded 

the surrounding matrix compared to the normal hollow acini formed by PME and MCF10A  
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cells (Figure 3.2B). Moreover, when we overexpressed CDCP1 in MCF7 cells (lacking 

endogenous CDCP1), they became more invasive and formed more broken spheroids 

(Figure 3.2C i-ii). Importantly, we observed heterogeneity in lipid content in 3D culture: 

intact spheroids had higher lipid content than broken spheroids (Figure 3.2C iii). These 

data suggest a link between lipid droplet abundance and invasiveness, both of which are 

regulated by CDCP1. 

 

CDCP1 interacts with ACSL family of proteins involved in lipid metabolism. To 

investigate the molecular mechanism of the LD regulation by CDCP1, we decided to 

validate the interaction of CDCP1 with ACSL3 found by MS. CDCP1 and ACSL3 interact 

in HEK 293T cells overexpressing cCDCP1-Flag and ACSL3 as shown by co-IP (Figure 

3.3A). We further found that CDCP1 interacts with ACSL3 endogenously in MDA-MB-231 

cells by proximity ligation assay (PLA) using shCDCP1-1 and shACSL3 as negative 

controls (Figure 3.3B i).  

ACSL3 belongs to an ACSL protein family, including typical members 1, 3, 4, and 

5131, 136. Thus, we conducted additional PLA assays and found that CDCP1 interacts with 

ACSL1, 3, 4, and 5 (Figure 3.3B ii-iii; RhoC antibody was used as a negative control). All 

ACSL antibodies and RhoC antibody used for PLA were verified to work for 

immunofluorescence (Supplemental Figure 3.3).  

 

CDCP1 regulates ACSL activity. The CDCP1/ACSL interaction suggested that CDCP1 

is an ACSL regulator. We analyzed the CDCP1’s effect on ACSL activity using a 

previously established assay137-140 based on mid-chain BODIPY labeled palmitate  
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(structure in Figure 3.4A). First, we validated the assay in TNBC cell lines treated with a 

pan-ACSL inhibitor, Triacsin C (Figure 3.4B), and shACSL3-transduced TNBC cell lines 

(Figure 3.4C). In both cases we observed a decrease in ACSL activity as compared to 

vehicle-treated cells and shScramble-transduced cells. Second, we analyzed ACSL 

activity in the same TNBC cell lines with manipulated CDCP1 expression. We found that 

ACSL activity was increased on average by 40% in shCDCP1-transduced cells compared 

to shScramble-transduced cells (Figure 3.4D). Accordingly, ACSL activity was decreased 

on average by 15% in CDCP1 overexpressing cells compared to vector-control (VC) cells 

(Figure 3.4E). CDCP1 expression was assessed by western blot in Figure 1A iii and 1B 

iii. These data suggest that CDCP1-mediated reduction of ACSL activity leads to 

decreased acyl-CoA production and storage in LDs.   

 

Low lipid content favors pro-migratory phenotype of breast cancer cells. We have 

shown that CDCP1 decreases cytoplasmic LD abundance and stimulates invasiveness 

in TNBC cells; and previously we have shown that CDCP1 stimulates TNBC cell 

migration5. Our findings that CDCP1 interacts with ACSLs and negatively regulates their 

activity led us to investigate the effect of ACSL expression on migration. Consistent with 

the above data we found that knocking down ACSL3 expression reduced LD abundance 

(Figure 3.5A), increased TNBC cell migration (Figure 3.5B) and invasion (Supplemental 

Figure 3.4A), and lung metastasis of MDA-MB-231 cells injected into the mammary fat 

pad of RAG2-/- mice (Supplemental Figure 3.4B). We further found that treatment of 

shCDCP1-transduced TNBC cells with pan-ACSL inhibitor, Triacsin C, reduced the LD 

abundance to the level of shScramble-transduced cells or greater (Figure  
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3.5C) and partially rescued the migration defects caused by CDCP1 knockdown (Figure 

3.5D and Supplemental Figure 3.5). The data acquired with genetic (shACSL3) and 

pharmacologic (Triacsin C) inhibition of ACSL activity generated consistent results.  

Interestingly, we observed distinct effects of ACSL3 and CDCP1 knockdowns on 

cell proliferation: ACSL3 knockdown decreased proliferation of MDA-MB-231, MDA-MB-

468, and UCI-082014 cells (Supplemental Figure 3.6A), while CDCP1 knockdown did not 

change proliferation (Supplemental Figure 3.6B), consistent with previous reports for cell 

types other than TNBC14, 141. Since CDCP1 is known to regulate multiple pathways in 

addition to ACSL5, 13, 15, 17, 28, 30, it is likely that these override the effect of CDCP1/ACSL 

axis on cell proliferation.  

To further investigate the contribution of the ACSL pathway to CDCP1’s effect on 

LD abundance and invasion, we simultaneously knocked down ACSL3 and CDCP1 in 

MDA-MB-231 and UCI-082014 cells (see Supplemental Figure 3.6A for knockdown 

validation) and conducted 3D assays (similar to Figure 3.2). We found that the increase 

in LD abundance seen by knocking down CDCP1 was rescued by co-knockdown of 

ACSL3 in MDA-MB-231 and UCI-082014 cells (Figure 3.5E and Supplemental Figure 

3.7B). Furthermore, we found that the decrease in ORR seen by knocking down CDCP1 

was partially rescued by co-knockdown of ACSL3 (Supplemental Figure 3.7C). Upon 

culturing the cells in 3D, we found that knocking down CDCP1 reduced invasiveness and 

growth of the cells (consistent with our previous findings5), and that co-knocking down 

ACSL3 rescued invasiveness of the cells and did not rescue the reduced growth (Figure 

3.5Fiii). These data link inhibition of ACSL activity occurring downstream of CDCP1 to 

decreased LD abundance, and increased migration and invasion.  
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CDCP1 increases FAO in breast cancer cells.  Interestingly, recent studies conducted 

in TNBC report two opposing disturbances in lipid metabolism: downregulation of 

activators of lipid synthesis, along with upregulation of activators of FAO72, 73. We next 

sought to determine if the “low lipid” phenotype caused by CDCP1 is due to increased 

lipid utilization by FAO, in addition to decreased lipid activation for storage in LDs. First, 

we found that shCDCP1-transduced MDA-MB-231, MDA-MB-468, and UCI-082014 cells 

had lower levels of OxPhos than shScramble-transduced cells measured by ORR 

(Supplemental Figure 3.8A). Second, to assess the contribution of FAO in OxPhos, we 

measured ORR after cell treatment with DMSO vehicle or FAO inhibitor Etomoxir142, 143. 

We found that the ΔORR between DMSO- and Etomoxir-treated cells was lower in 

shCDCP1-transduced than in shScramble-transduced cells (Figure 3.6A iii), indicating 

that FAO rates decrease upon CDCP1 knockdown, lowering OxPhos dependent on the 

products of FAO. Third, to assess if CDCP1/ACSL axis contributes to OxPhos, we treated 

TNBC cells with Triacsin C and found that OxPhos increased as measured by ORR 

(Supplemental Figure 3.8B). We verified that Triacsin C treatment increased FAO in 

TNBC cells (Supplemental Figure 3.8C) using the same analysis as in Figure 6A iii. 

Furthermore, we found that the decrease in FAO in MDA-MB-231 cells by CDCP1 

knockdown was rescued by Triacsin C treatment (Supplemental Figure 3.8D). Finally, 

treatment of TNBC cells with Etomoxir to inhibit FAO increased LD abundance 

(Supplemental Figure 3.9A) and reduced migration (Supplemental Figure 3.9B) of TNBC 

cell lines, consistent with previous studies71-73. These data indicate that CDCP1 

contributes to “low lipid” TNBC phenotype by increasing FAO and OxPhos, and ACSL  
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inhibition by CDCP1 increases FAO and OxPhos. These data are in line with reports on 

CDCP11, 5, 17, 20, 28, 30, 39, 42-44, 50, 120-122, FAO71, and OxPhos144-146 promoting cell migration.  

 We also assessed the differences in lipid transport to mitochondria between 

shScramble- and shCDCP1-transduced cells, as described in147. We pulsed TNBC cell 

lines with red C12 BODIPY (structure in Supplemental Figure 3.10A) for 16 hours and 

then co-stained with green MitoTracker to visualize mitochondria. Co-localization 

quantitated by Pearson’s coefficient of red (lipid) and green (mitochondria) staining 

indicated that CDCP1 knockdown reduced transport of lipids into the mitochondria (Figure 

3.6B). We verified that mitochondrial mass did not differ in shScramble- and shCDCP1-

transduced cells (Supplemental Figure 3.10B).  

 

Extracellular portion of cleaved CDCP1 (ECC) blocks CDCP1 dimerization in vivo, 

which is accompanied by high LD abundance and reduced metastasis. We 

previously demonstrated that CDCP1 cleavage and dimerization are important for driving 

TNBC migration and invasion5. Moreover, we were able to block CDCP1 dimerization and 

activity by the expression of the secreted extracellular portion of cleaved CDCP1 (ECC)5. 

Thus, we hypothesized that in vivo ECC would block TNBC metastasis and increase the 

LD abundance in primary tumors. First, we found that LD abundance was higher in ECC-

transduced UCI-082014 and MDA-MB-231 cells than in VC-transduced cells in vitro 

(Supplemental Figure 3.11A). Second, we implanted VC- or ECC-firefly luciferase-labeled 

UCI-082014 and MDA-MB-231 cells to fat pads of RAG2-/- mice. Five (UCI-081014) to 

eight (MDA-MB-231) weeks after cell implantations, mice were imaged and then 

sacrificed (Figure 3.7A). We found that ECC inhibited the primary tumor growth  
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in the UCI-082014-based model (Figure 3.7B i). Although the same tendency was 

observed in the MDA-MB-231-based model (Figure 3.7B ii)), the data did not reach 

statistical significance (P=0.0613). Furthermore, ECC inhibited metastasis to the lungs in 

both mouse models (Figure 3.7C). We verified that ECC was expressed by western blot 

(Supplemental Figure 3.11B) and inhibited CDCP1 dimerization as assessed by PLA in 

the primary tumors (Figure 3.7D and Supplemental Figure 3.11C). As expected, we found 

that ECC increased the intracellular LD abundance in the primary tumors (Figure 3.7E 

and Supplemental Figure 3.11D). Importantly, we also found that the lung metastases of 

the VC-transduced cells had lower LD abundance than their corresponding primary 

tumors (Figure 3.7F), providing further support to the “low lipid” phenotype supporting 

metastasis. Finally, we found that ACSL activity was higher in ECC-expressing UCI-

082014 and MDA-MB-231 tumors compared to VC control tumors (Figure 3.7G).   

In summary, our data indicate that CDCP1 promotes TNBC metastasis by reducing 

LD abundance, promoting lipid accumulation in the mitochondria for FAO to fuel OxPhos 

and promote cell migration. CDCP1 regulates those processes, in part, by suppressing 

ACSL activity. As a result, TNBC tumors have “low lipid” phenotype.  

 

CDCP1 interacts with CPT2 involved in FAO. We have validated CDCP1’s interaction 

with ACSL family proteins but understand that CDCP1 likely regulates lipid metabolism 

via additional pathways. Therefore, it will be important to validate the interactions of 

CDCP1 with the other proteins identified as binding partners by MS (Supplemental Table 

3.1). Among these, preliminary studies have validated the interaction of CDCP1 with 

carnitine palmitoyltransferase 2 (CPT2), a CPT family member  
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that is expressed on the inner mitochondrial membrane (IMM) to revert acyl-carnitines 

shuttled in by CPT1 back into acyl-CoAs for further catabolism. CPT2 works with CPT1 

[expressed on the outer mitochondrial membrane (OMM)] 148-150 and is a gatekeeper to 

FAO. We found that CPT2 interacts with only the cleaved isoform of CDCP1 in HEK 293T 

cells overexpressing cleaved CDCP1-Flag (Figure 3.8A). We further found that CDCP1 

interacts with CPT2 at the endogenous level in MDA-MB-231 cells by PLA. We used 

MDA-MB-231 cells expressing shRNA targeting CDCP1 as a negative control (Figure 

3.8B). We have yet to determine the consequence of this interaction. 

 

Discussion 

CDCP1 function-blocking antibodies have demonstrated effectiveness at inhibiting 

tumor growth54 and metastasis28 in vivo. We have previously shown that the CDCP1 

function-blocking fragment, ECC, inhibits CDCP1 dimerization and activation in vitro5 and 

here show its efficacy in vivo in two animal models of TNBC. Our data support targeting 

CDCP1 in TNBC to block metastasis and provide novel insight into the mechanism of 

CDCP1-induced metastasis. We demonstrate that CDCP1 regulates lipid metabolism, 

reducing LD abundance and stimulating FAO.  Products of FAO, in turn, stimulate 

OxPhos, which contributes to TNBC migration and metastasis. Our data also show that 

the CDCP1/ACSL axis contributes to dysregulated lipid metabolism. 

Importantly, the contributions of FAO71, 72 and OxPhos144 to TNBC migration and 

metastasis and OxPhos to metastasis of other cancers151, 152 have been recently 

documented, supporting our proposed mechanism. Accordingly, pharmacological and 

genetic inhibitors of carnitine palmitoyltransferases (CPTs) blocked lipid transport to 
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mitochondria, FAO, OxPhos, and metastasis of TNBC cells71, 72. Recently, Myc 

overexpression has been shown to drive FAO in TNBC72, 73. All of the cancer cell lines 

used in this study overexpress Myc compared to MCF10A cells (Supplemental Figure 

3.12). Importantly, MCF7 cells, which do not express endogenous CDCP1, overexpress 

Myc, which might explain their CDCP1-independent “low lipid” phenotype (Figure 3.2A). 

Since both Myc and CDCP1 are overexpressed in TNBC cell lines used in this manuscript, 

it is worth investigating if Myc and CDCP1 pathways contribute to TNBC lipid metabolism 

independently or there is a cross-talk. Interestingly, several studies have shown that 

proteins involved in the CDCP1 pathway, Src15 and PKCδ17, are involved in lipid 

metabolism as well. FAO and OxPhos activate Src, which, in turn, induces OxPhos in 

TNBC71; and OxPhos activates PKCδ153. The contribution of CDCP1 in Src/PKCδ 

pathway crosstalk with OxPhos is under investigation. Together, these data suggest that 

targeting lipid metabolism in general, and CDCP1 in particular, are viable therapeutic 

strategies to inhibit FAO, OxPhos, and metastasis of TNBC. 

In this study we suggest that, through FAO and subsequent OxPhos, lipids provide 

energy contributing to migration and metastasis. However, though the NADH and FADH2 

of FAO are generally shuttled into OxPhos, the acetyl-CoA produced from FAO can enter 

many different pathways, including the TCA cycle, which feeds into OxPhos, post-

translational modifications, and biosynthetic pathways. In addition, we envision other 

mechanisms linking lipid metabolism to migration and metastasis. For instance, LDs 

appear to be not merely inert structures for lipid storage, but dynamic signaling 

organelles154, 155. The literature supports the cross-talk between cellular LDs and 

membrane lipid rafts156-158, where multiple proteins involved in migration, including the 
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integrin family159, 160 and CDCP129, 54 reside. On the other hand, the biophysical properties 

of “high lipid” vs “low lipid” cells remain unknown and await investigation. Thus, our study 

opens a novel research direction for dissecting the mechanism of LD contribution to 

cancer cell migration and metastasis, which will be instrumental in revealing new 

pathways for therapeutic targeting of TNBC. 

Here we show that CDCP1 promotes FAO in normoxia. Our observations put 

CDCP1 at the crossroads of metabolic pathways as we5, 17 and others20 have previously 

shown that CDCP1 activity increases under hypoxia recognized to favor the metabolic 

shift from OxPhos to glycolysis161. CDCP1 activity increases through its cleavage and 

phosphorylation, likely through activation of Src kinase20. Since most TNBC tumors have 

multiple hypoxic areas162, it raises the question of regional CDCP1 activation status and 

coordination of FAO/OxPhos and glycolysis. Further investigations are needed to 

establish the role of CDCP1 in FAO under a range of oxygen tensions, and the role of 

lipids supplied by the microenvironment vs endogenously synthetized. 

In this study we concentrated on CDCP1-driven TNBC metastasis and it is worth 

investigation if our data translate to other types of breast cancer. The only cell line we 

used, which is not TNBC, but an ER+ breast cancer, is MCF7, and although CDCP1 

overexpression leads to increased invasiveness in 3D and decreased LD abundance, 

these cells do not endogenously express CDCP1. It is important to keep in mind that the 

role of CDCP1 in HER2+ breast cancer was addressed just on the level of primary tumor 

growth, not metastasis, generating controversial results. Homozygous germline CDCP1 

knockout in MMTV-PyMT spontaneous mouse model lead to increased tumor growth 

rate38. However, in a BT474-based mouse model, CDCP1 overexpression led to 
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increased tumor growth14. Furthermore, high co-expression of CDCP1 and HER2 was 

correlated with decreased patient survival14. It will be important to investigate the 

regulation of lipid metabolism by CDCP1 across breast cancer subtypes. 

In this study we used two animal models of TNBC. While ECC reduced primary 

tumor growth in UCI-082014-based animal model, it only trended towards reducing 

primary tumor growth in MDA-MB-231-based model. However, in both models ECC 

reduced metastasis. Although both MDA-MB-231 and UCI-082014 are triple-negative, 

they have different genetic backgrounds, which likely contribute to the degree of their 

dependency on CDCP1 pathway for tumor growth. In this respect, we recently established 

UCI-082014 from a primary tumor specimen and they are still to be characterized for 

driver mutations; MDA-MB-231 harbor mutations in BRAF and KRAS, which are potent 

inducers of tumor growth163, 164. In addition, UCI-082014 cell implantations generate large 

primary tumors, which micro-metastasize to the lungs; MDA-MB-231 cell implantations 

generate rather small primary tumors, which at the same time effectively macro-

metastasize. This difference in the two tumor models’ dynamics also likely contributes to 

the observed primary tumor growth phenotype. Since CDCP1 represents a potential 

therapeutic target, it will be important to determine the genetic and epigenetic factors 

informing on the effect of CDCP1 blockage on the primary tumor growth. Accordingly, 

ECC-based therapeutic could be potentially used in neo-adjuvant or adjuvant setting.  

To date, the ACSL activity was predominantly studied in the liver, where it does 

not affect FAO. This is highlighted by a study that found that the pan-ACSL inhibitor, 

Triacsin C, preferentially inhibited TAG synthesis and did not affect FAO165. Furthermore, 

though both ACSL1 and ACSL5 have been reported to localize at the mitochondrial and 
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the LD membranes166 and ACSL1 has been reported to upregulate genes involved in 

FAO167, they do not affect the FAO rate168, 169. Based on our data, ACSLs promote lipid 

storage in LDs (Supplemental Figure 3.6), inhibit OxPhos (Supplemental Figure 3.7B), 

and inhibit FAO (Supplemental Figure 3.7C), in TNBC. Considering that ACSL products, 

acyl-CoAs, are competed for by enzymes involved in LD storage, incorporation into lipid 

membranes, post-translational modifications, and FAO130, 170 our data that ACSL activity 

inhibits FAO are consistent with a choice to direct acyl-CoAs toward storage in LDs. 

Accordingly, when ACSL activity is blocked, acyl-CoAs become limited and may 

preferentially enter FAO, and when ACSL activity is induced, acyl-CoAs become 

abundant and may preferentially enter LDs for storage. Further studies are needed to 

investigate the regulatory mechanism, as well as the cell-type-specific roles of ACSLs in 

lipid metabolism. Since CDCP1 has a large effect on LD abundance and a modest effect 

on ACSL activity, we expect that CDCP1 interacts with and regulates additional metabolic 

proteins that are yet to be uncovered. 

Interestingly, ACSL3 was recently reported to promote lung cancer growth in a 

KRASG12D-driven mouse model, although its contribution to metastasis was not 

investigated171. Our in vitro data show that ACSL3 increases TNBC cell proliferation and 

at the same time decreases TNBC migration (Figure 3.5, Supplemental Figure 3.6). Our 

in vivo data show that ACSL3 reduces metastasis (Supplemental Figure 3.4)  

The observation that VC-transduced UCI-082014 generated metastases with 

lower LD abundance than the corresponding primary tumors suggests that cells in primary 

tumors with low LD abundance effectively migrate and metastasize and keep the low LD 

abundance phenotype at metastatic sites. Importantly, it raises the question of TNBC 
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tumor heterogeneity in terms of CDCP1 expression and activity, as well as CDCP1-

dependent and -independent regulation of LD abundance. Thus, the frequency of cells 

with high CDCP1 activity and low LD abundance in primary tumors might represent a 

prognostic marker for metastatic potential. This observation also implies that the average 

CDCP1 expression and activity should be higher at metastatic sites than in corresponding 

primary tumors. Accordingly, Alajati et al. reported that CDCP1 expression is higher in 

HER2+ patient breast cancer metastases than the primary tumors 14. It is important to note 

that although our data support the mechanism where low LD abundance stems from 

CDCP1 overexpression and lipid FAO, thus depleting LDs, the dynamics of lipid 

metabolism in TNBC tumor tissue is largely unknown. The low LD abundance phenotype 

can arise from low lipid synthesis and high lipid consumption. In both cases the amount 

of lipids detected in the tumor tissue will decrease. Adding to complexity are the additional 

cell types present in the tumor microenvironment, including adipocytes, potentially 

capable of supplying lipids to breast cancer cells for FAO. Supporting the importance of 

lipid FAO for metastasis, are the results from Park et al., which show that Etomoxir, 

blocking mitochondrial lipid consumption, does block metastasis71. Further studies are 

needed to clarify those important considerations.  

In conclusion, our data establish CDCP1 as a master-regulator of lipid metabolism 

in TNBC, lowering LD abundance and increasing FAO, leading to “low lipid” phenotype 

of TNBC. This signaling pathway is partially regulated by CDCP1/ACSL axis. Due to 

interconnection of metabolic pathways, increased FAO leads to increased OxPhos, 

contributing to migration and metastasis. As a result, CDCP1 represents a potential 

therapeutic target for TNBC management, along with other components of lipid 
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metabolism pathway. Thus, our findings have important implications for therapeutic 

targeting and development of prognostic markers of TNBC. 

 

Materials and Methods 

CARS Microscopy: A 76-MHz mode-locked Nd:Vanadate laser provides a beam at 

1064nm functioning as the Stokes beam and a second harmonic generated beam at 

532nm to pump an optical parametric oscillator. The pump beam generated by the 

optical parametric oscillator is spatially and temporally overlapped with the Stokes beam 

and sent to the microscope. The two beams are focused on the cells through a 60x, 1.2 

numerical aperture water objective lens. The generated CARS signals are collected 

through the condenser and focused onto a Hamamatsu photomultiplier tube with a 

650±50nm bandpass filter in front. 

TPEF Microscopy: A scanning laser TPEF microscope was used to measure the 

metabolic states of the cell lines. The laser was set to 740 nm to excite NADH (480 

nm±50nm bandpass filter) and tuned to 900nm to excite FAD+ (530 nm±50nm bandpass 

filter).  We used 20mW for 740nm and 40mW for 900nm with 6µs pixel dwell time. The 

laser power was kept constant and the response of the photo multiplier tubes was 

calibrated with a reference sample (0.02μM fluorescein solution at pH 7.0). The images 

of NADH and FAD+ of the same cells were taken sequentially and were used to calculate 

ORR, defined as FAD+/(NADH+FAD+).  

FAO analysis: Two dishes for each experimental group were prepared. On each imaging 

dish, 80,000 cancer cells were plated and cultured in full-growth medium (DMEM, 10% 

fetal bovine serum (FBS), 25 mM glucose, 2 mM GlutaMAX , 1% penicillin/streptomycin) 
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for 24 hours to allow cell attachment. The growth medium was exchanged to substrate-

limited medium (DMEM, 0.5 mM glucose, 1 mM GlutaMAX, 0.5 mM carnitine, and 1% 

FBS) a day before the experiment. The cancer cells were switched to basal FAO medium 

(DMEM, 2.5mM glucose, 0.5mM carnitine and 5mM HEPES) 45 minutes before the 

experiment. Etomoxir was added to the medium 15 minutes before the experiment at a 

final concentration of 40 µM. In each imaging dish, three locations were randomly chosen. 

The baseline ORRs were measured at time 0 before Oligo addition. The optical redox 

changes were monitored every 5 minutes for a total of two measurements. Then, 5 µL of 

FCCP was added and the ORRs were measured at 15 minutes and 20 minutes. Images 

were taken using TPEF Microscopy (see above). All ORR measurements were done in the 

absence of exogenous lipid sources. 

Virus production and infection of target cells: Detailed protocol is described in 

Razorenova et al.117. HEK 293T cells were transfected with each lentiviral plasmid along 

with packaging plasmids, pVSVG and ΔR8.2. Virus-containing media was transferred to 

target TNBC cells, which were selected in antibiotic-containing media for minimum one 

week.  

Western blotting: Protocol was adapted from Razorenova et al.116. 40 µg of protein was 

used per lane. Antibodies used are listed in Supplemental Table 3.1. 

Scratch Assays: Detailed protocol is described in Wright et al.5. 400,000 MDA- MB-

231 or UCI-082014 cells were plated per well of a 6-well plate. 24 hours later, cells 

were treated with DMSO control or 5 μM Triacsin C for 16 hours prior to assay. Cells 

were allowed to migrate for 6 hours.  

Transwell migration: Detailed protocol of assay and quantitation is described in 
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Thompson et al.172. MDA-MB-468 cells were treated with DMSO control or 5 μM 

Triacsin C for 16 hours prior to assay. Cells were allowed to migrate for 16 hours. 

In vivo experiments: UCI-082014 and MDA-MB-231 cells were transduced with VC or 

pLM-CMV-ECC-His5. RAG2-/- mice were orthotopically injected in the 4th mammary fat 

pad with 106 cells mixed with matrigel. Before sacrifice at 5 weeks for UCI-082014-based 

model and at 8 weeks for MDA-MB-231-based model mice were intraperitoneally injected 

with 150 mg/kg D-luciferin and imaged for 2 minutes on large-binning using the IVIS 

lumina imager. Mice were then sacrificed, and tumors and lungs were collected for 

analysis. UCI-082014 metastases were quantitated as the average number of metastases 

per field in 3-5 images taken from three non-serial sections per lung per mouse. MDA-

MB-231 metastases were quantitated as the total area of metastases per field due to the 

metastatic burden being too large to quantitate individual metastases. Quantitation of Oil 

Red O staining was done using Image J to quantitate the number of lipid droplets per cell. 

Quantitation of PLA assay was done by manually counting the number of dimers per cell. 

CARS microscopy equipment: 76-MHz mode-locked Nd:Vanadate laser (Picotrain, 

High-Q, Hohenems, Austria), optical parametric oscillator (OPO; Levante, Emerald OPO, 

Berlin, Germany), CARS microscope (IX71, Olympus), NA water objective lens (UPlanS 

Apo, Olympus), Hamamatsu photomultiplier tube (R2658, Hamamatsu). 

TPEF microscopy equipment: TPEF microscope (Zeiss #LSM 510), TPEF laser 

(Chameleon, Coherent Inc.). 

Cell lines and media: HEK 293T, MDA-MB-231, MDA-MB-468, UCI-082014, and MCF7 

cells lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) (Genesee, San 

Diego, CA #25-500) with 10% Fetal Bovine Serum (FBS) (Omega Scientific, Tarzana, CA 
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#FB-12), 100 u/mL penicillin and 100 μg/mL streptomycin (1% P/S). Cells were grown in 

mixed gas CO2 water-jacketed incubators (21% O2, 5% CO2). PME cells were grown in 

Mammary Epithelial Cell Basal Medium (ATCC, Manassas, VA #PCS-600-030) 

supplemented with growth kit (ATCC #PCS-600-040). MCF10A cells were grown in 

DMEM F12 (Genesee #10-090-CV) with 5% horse serum (Thermo Fisher #16050-130) 

supplemented with 20 ng/mL EGF (PeproTech, Rock Hill, NJ #AF-100-15) and 10 μg/mL 

insulin (Roche, San Francisco, CA #11376497001). SUM159 cells were grown in DMEM 

F12 with 5% FBS, 1% P/S, 5 µg/mL insulin, 1 µg/mL hydrocortisone, and 10 mM HEPES. 

BT549 cells were grown in Roswell Park Memorial Institute Medium with 10% FBS and 

1% P/S. MDA-MB-231 and MDA-MB-468 cell lines, extensively used in this study, were 

validated using short tandem repeat (STR) profiling by the American Type Culture 

Collection (Manassas, VA). All cells were regularly tested for mycoplasma contamination 

and confirmed to be negative. 

3D culturing: MDA-MB-231, MDA-MB-468, and UCI-082014 cell lines were plated at 

3,000 cells in 50 μL of 1:1 collagen (BD Biosciences #354249) and matrigel (BD 

Biosciences #356234) gel. Collagen was initially prepared at 6.4 mg/mL according to the 

manufacturer’s protocol before being mixed with matrigel for a final concentration in the 

gels of 3.2 mg/mL collagen, similar to that in transformed breast tissue118, 119. Gels were 

plated onto 12 mm coverslips. Media on the cells was changed every two days and cells 

were allowed to grow for up to 12 days. Gels were fixed in 4% PFA for 20 minutes and 

then analyzed by CARS microscopy. 
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 Fatty acid oxidation (FAO) analysis reagents: Substrate-limited medium was made from 

SILAC Advanced DMEM/F-12 Flex media (Gibco #A2494301) supplemented with 0.5 mM 

glucose (Sigma-Aldrich #G7021), 1.0mM GlutaMAX (Life Technologies #35050-061), 

0.5mM carnitine (Sigma-Aldrich #C0283) and 1% charcoal stripped fetal bovine serum 

(Thermo Fisher #12676011). The basal FAO medium composition: 111mM NaCl, 4.7mM 

KCl, 1.25mM CaCl2, 2mM MgSO4 and 1.2mM NaH2PO4. Etomoxir (Cayman Chemical, Ann 

Arbor, MI #11969-5mg). 8-well chamber slides (Lab-Tek #155411). 

 

Co-localization of red C12 BODIPY and green MitoTracker: Cells were plated in 8-well 

chamber slides (Lab-Tek #155411), let attach overnight, and treated with 1 μM BODIPY 

558/568 C12 (Life Tech #D3835) for 16 hours before staining with 200 nM MitoTracker 

Green FM (Cell Signaling #9074) for 30 minutes at 37 °C. The media was changed to 

phenol-free media and the cells were immediately imaged at 63x on a Zeiss spinning disk 

confocal microscope. Five to seven Z-stack images were captured per condition. Co-

localization of red and green channels was quantitated for Z-stacks using Co-localization 

Threshold analysis with ImageJ software.  

 

Quantitation of mitochondrial mass: Mitochondrial mass was analyzed by averaging the 

intensity of MitoTracker immunofluorescence using ImageJ in 3-5 of the images for each 

condition.  Data were normalized to shSramble of each cell line. Three biological replicates 

were used for quantitation. 

 

Oil Red O (ORO) Staining: Cells were plated on coverslips and allowed to grow to 60-
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70% confluency. Coverslips were fixed with 10% PFA for 10 minutes at RT. They were 

then equilibrated with 60% IPA diluted in de-ionized (di) H2O for 5 minutes. A 3:2 mixture 

of 3 mg/mL ORO: diH2O was prepared, mixed thoroughly, and filtered using VWR 415 15 

cm filter paper (VWR #28320-121). Cells were stained with ORO for 15 minutes at RT then 

rinsed twice before being counter stained in a 1:20 dilution of hematoxylin (VWR #101411-

198): diH2O for 30 seconds. Coverslips were rinsed 3 times and dried for at least 6 hours 

before being mounted in Permount (Fisher #SP15-500) for imaging.  

 

Western blotting reagents: protease inhibitors (Thermo Fisher, Pittsburgh, PA #P1-

88266), phosphatase inhibitors (Roche #04906845001), BCA Protein Assay kit 

(Pierce). 

 

Scratch and transwell migration assay reagents and materials: Triacsin C (Enzo Life 

Sciences, Farmingdale, NY #BML-EI218-0100); mitomycin C (Thermo Fisher #BP2531-2); 

transwell inserts (Corning Life Sciences Plastic, Corning, NY #3464); fibronectin to coat 

transwell inserts for migration (Sigma Aldrich #F2006-2); Richard Allen 3 Step Staining 

Kit to stain transwell inserts for quantitation (Thermo Fisher #3300). 

 

MS: 4 μg of mouse anti-Flag antibody (Sigma Aldrich #F1804) was crosslinked to 15 μL 

Protein G Dynabeads (Life Tech #10003D) with 5 mM bis(sulfosuccinimidyl)suberate 

(BS3) in 250 μL of conjugation buffer (20 mM sodium phosphate, 150 mM sodium 

chloride, pH 8.61) for 30 minutes at room temperature (RT) with rotation. The reaction 

was stopped with the addition of quenching buffer (1 M Tris-HCl, pH 7.5) for 15 minutes 
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at RT with rotation. Antibody crosslinked to beads was then incubated with lysates for 16 

hours at 4 °C. Immunoprecipitates were eluted with 35 μL of 0.1 M glycine-HCl, pH 3.5 

into 5 μL 0.5 M Tris-HCl, pH 7.4 and sent to UCSD Biomolecular and Proteomics Mass 

Spectrometry Core for analysis. 

 

Gas chromatographic analysis of cellular lipids: Lipids were extracted using the 

method of Folch-Lees173.  The extracts were filtered, and lipids recovered in the 

chloroform phase.  Individual lipid classes were separated by thin layer chromatography 

using Silica Gel 60 A plates developed in petroleum ether, ethyl ether, acetic acid 

(80:20:1) and visualized by rhodamine 6G.   Phospholipids, diglycerides, triglycerides and 

cholesteryl esters were scraped from the plates and methylated using BF3 /methanol as 

described by Morrison and Smith174.   The methylated fatty acids were extracted and 

analyzed by gas chromatography.   Gas chromatographic analyses were carried out on 

an Agilent 7890A gas chromatograph equipped with flame ionization detectors, a capillary 

column (SP2380, 0.25 mm x 30 m, 0.25 µm film, Supelco, Bellefonte, PA).  Helium was 

used as a carrier gas.  The oven temperature was programmed from 160 °C to 230 °C at 

4 °C/min.  Fatty acid methyl esters were identified by comparing the retention times to 

those of known standards.  Inclusion of lipid standards with odd chain fatty acids 

permitted quantitation of the amount of lipid in the sample.  Dipentadecanoyl 

phosphatidylcholine (C15:0), diheptadecanoin (C17:0), trieicosenoin (C20:1), and 

cholesteryl eicosenoate (C20:1) were used as standards.  
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Immunofluorescent staining: Cells were fixed with 4% paraformaldehyde for 10 min, 

then treated with 0.3% Triton X-100 in 1xPBS for 5 minutes, and blocked for 1 hour in 5% 

bovine serum albumin (BSA) in 1xPBS. Slides were then incubated overnight in primary 

antibody at 4 °C, followed by incubation for 2 hours in secondary antibody at RT in the dark. 

Antibodies used are listed in Supplemental Table 1. Both primary and secondary antibodies 

were diluted in 1% BSA in 1xPBS. Coverslips were mounted with Vectashield containing 

DAPI to stain nuclei (VWR #89139-054). Cells were imaged using a Nikon Eclipse Ti 

microscope with a 20x objective and NIS element AR3.10 software. 

 

Duolink Proximity Ligation Assay (PLA): The assay was performed according to the 

manufacturer’s protocol (Sigma Aldrich #DUO92105). Primary antibodies used are in 

Supplemental Table 1. 12 mm coverslips were used with 20 µL reaction volumes. Images 

were collected as for immunofluorescent staining analysis. Formalin-fixed paraffin-

embedded MDA-MB-231 and UCI-082014 tumor tissue was used to analyze CDCP1-

dimerization in vivo. Briefly, 10 µm non-serial sections were blocked with 10% FBS in 

1xPBS for 30 minutes at RT, and then incubated in primary antibodies (Supplemental 

Table 1) overnight at 4 °C. PLA was carried out using the manufacturer’s protocol.  

 

Co-immunoprecipitation:  400 µg of protein in 200 µL of cell lysis buffer (20 mM Tris-

HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X100, 2.5 mM Na4P2O7, 

1 mM β-glycerophosphate, 1 mM Na3VO4) with protease inhibitors (Fisher Scientific, 

Pittsburgh, PA #P1-88266) and phosphatase inhibitors (Roche #04906845001) was 

incubated with 4 µL of primary antibody for 16 hours at 4°C with gentle agitation. Then 20 
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µL Protein G Dynabeads were added, followed by incubation for 1 hour at 4°C. 

Immunoprecipitated proteins were collected using magnetic stand, washed 3 times for 5 

minutes on ice with cell lysis buffer without protease or phosphatase inhibitors, boiled in 

1x sample loading buffer for 6 minutes and analyzed by western blot. 

 

ACSL activity assays: Cells were collected in ACSL activity buffer (250 mM sucrose, 10 

mM Tris-HCl [pH 7.5], 1 mM EDTA) with protease inhibitors (Thermo Fisher, Pittsburgh, 

PA #P1-88266) and phosphatase inhibitors (Roche #04906845001), lysed by freeze-

thaw and stored at -80 °C. Protein was measured using BCA Protein Assay kit (Pierce). 

130 μL of reaction mixture (125 mM Tris-HCl [pH 7.5], 10 mM ATP, 10 mM MgCl2, 0.25 

mM CoA, 5 mM DTT, 0.5 mM Triton X100, 0.05 mM BODIPY 500/510 C4, C9 (Thermo 

Fisher #B-3824)) was mixed with 10-20 μg of cell lysate for 30 minutes at 37 °C. The 

reaction was stopped by the addition of 2 mL Dole’s reagent (40:10:1 

Isopropanol:Heptane:H2SO4) and the BODIPY-CoA was extracted in the aqueous phase 

after 4 x 3 mL heptane washes for analysis of  fluorescence intensity on a Biotek Synergy 

HT spectrophotometer.  

 

Proliferation assays: MDA-MB-231, MDA-MB-468, and UCI-082014 cells were serum 

starved for 6 hours prior to plating. On Day 0, 10,000 cells per well were plated in 

duplicate in a 24-well plate in complete DMEM. Cells were counted every two days for 4 

days (Day 0, Day 2, and Day 4) using a hemocytometer. 
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Plasmid constructs and cloning: pLKO.1shCDCP1-1 was purchased from 

OpenBiosystems (#RHS3979-98822176). pLKO.1shScramble was purchased from 

Addgene (Cambidge, MA, #1864). pLKO.1shCDCP1-2 is the same sequence as 

pLKO.1shCDCP1-7 in Chapter 2.  

shACSL3 was cloned into pLKO.1-puromycin vector as described in Obata et 

al.175:  

ACSL3 cDNA was cloned into the pLM-CMV-H4-blasticidin vector from the 

ACSL3 expression plasmid (Origene #SC126917). 

Cleaved CDCP1-Flag and full-length CDCP1-Flag were previously described5. 

All primers used for cloning are listed in Supplemental Table 2. 

 

Cell transient transfections: HEK 293T cells were transfected using Lipofectamine and 

Plus reagents (Life Tech, Carlsbad, CA #18324-012 and #11514-015) following the 

manufacturer’s protocol and used for experiments 2-3 days post-transfection. 

 

Mice and in vivo experiments: RAG2-/- mice were generously provided (see 

Acknowledgements) by Dr. Boiko from his UCI in-house colony. Mice were imaged using 

IVIS Lumina Imager (PerkinElmer, Waltham, MA) with D-luciferin (Promega, Madison, 

WI, #E1605). 

 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

of lung metastasis: RAG2-/- mice were orthotopically injected with 1 million MDA-MB-

231 cells. Mice were sacrificed after 4 weeks and lungs were harvested for RNA isolation 
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using the TRI Reagent (Sigma Aldrich #T9424) following the manufacturer’s protocol. 

cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen #18064014) 

following the manufacturer’s protocol. qRT-PCR was performed using Power SYBR 

Green (Thermo Fisher #4367660) on an ABI ViiA7 qPCR machine. Primers used are 

listed in Supplemental Table 2. All SYBR Green primer pairs were validated for 

specificity using a Tm gradient protocol prior to the experiments performed. A serial 

dilution of MDA-MB-231 cells was used to create a standard curve for hCDCP1 

expression. A serial dilution of naïve mouse lung tissue was used to create a standard 

curve for mβ-actin. The following PCR conditions were used: denaturation at 95 °C for 

13 min followed by 40 cycles of denaturing at 95 °C for 15 sec, and annealing at 60 °C 

for 1 min. Reactions were run in triplicate. Using the CT value of the y-intercept of the 

standard curve as a representation of 1 cancer cell, we were able to correlate the 

number of cancer cells the hCDCP1 qRT-PCR yielded to the number of cells present 

in the mouse lung. Results were analyzed as ΔΔCT= [(hCDCP1 RNA/mβ-actin RNA for 

each condition)/(shScramble control hCDCP1 RNA/mβ-actin RNA)]. 
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CHAPTER 4: STRUCTURAL INSIGHTS INTO THE CDCP1 HOMO-
DIMERIZATION INTERFACE 

 

Introduction 

We have demonstrated the relevance of CDCP1 as a therapeutic target to treat 

cancer. The development of therapeutics that target CDCP1 have been ongoing. A few 

antibodies have been isolated that inhibit CDCP1 activity by either inhibiting cleavage2, 13, 

28, 32, 52, 97, 176 of CDCP1, inducing degradation of CDCP154, 177, or by currently unknown 

mechanisms178 to reduce cell growth, migration, and metastasis of multiple forms of 

cancer. We have developed a small peptide biologic that inhibits CDCP1 activity by 

inhibiting homo-dimerization5 to inhibit TNBC metastasis. Furthermore, a small molecule 

has recently been demonstrated to inhibit the interaction of PKCδ with phosphorylated 

CDCP1 to reduce peritoneal dissemination of gastric adenocarcinoma cells46. Where and 

in what orientation these antibodies, peptide, and small molecules bind to CDCP1 to 

promote their effects are not fully understood. Our ability to develop and utilize optimized 

therapeutics to target CDCP1 will be dependent on uncovering the crystal structure of the 

protein. Furthermore, we need to resolve a crystal structure to more fully understand the 

biophysical properties of CDCP1 to elucidate targetable pockets and inform therapeutic 

development.  

 Here, we analyzed each CUB domain in CDCP1 for its importance in dimerization. 

We determined that CUB2 was indispensable for homo-dimerization and collaborated 

with Dr. Tom Poulos’ lab to deduce a 3D model of CUB2. We validated our theoretical 

model using molecular dynamics and then estimated a dimer interface between two 
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CUB2 monomers. From this, we determined and validated which residues were important 

in our theoretical dimer interface.  

 

Results 

CDCP1 CUB domains have varying effects on cCDCP1 homo-dimerization and 

TNBC invasion. The amino acid sequence of CDCP1 (Figure 4.1) demonstrates where 

the CUB domains are in relation to the extracellular cleavage site and the transmembrane 

span. Each CUB domain was cloned and expressed in HEK 293T cells with cCDCP1-

N’luc and cCDCP1-C’luc for analysis of their effects on cCDCP1 dimerization by 

luminescent readout (see Chapter 2). ECC was used as a positive control for dimer 

inhibition (contains CUB2 and CUB3). We found that CUB2 and CUB3 reduced 

luminescent signal (inhibited dimerization) to an equal level as ECC while CUB1 had no 

significant effect (Figure 4.2A). These data indicate that CUB2 and CUB3 are equally 

important for cCDCP1 homo-dimerization. We validated that CUB1, CUB2, and CUB3 

were expressed and secreted by transfecting HEK 293T cells with N-terminally HA-

tagged CUB1, CUB2, or CUB3 constructs (Figure 4.2B). We next expressed untagged 

constructs of each CUB domain in MDA-MB-231 cells and plated the cells in 3D culture 

to analyze their effect on invasiveness and cell death as compared to ECC. We found, 

again, that CUB2 and CUB3 had equivalent effects to ECC at reducing invasiveness, as 

visualized by bright field imaging of the 3D culture. CUB2 and CUB3 also increased 

apoptosis to a similar extent as ECC as measured by positive cleaved-caspase 3 staining 

(Figure 4.2C). Again, these data indicate that CUB2 and CUB3 are equally important for 

cCDCP1 homo-dimerization activity.  
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3D Modeling and molecular dynamics (MD) analysis of CUB2 structure stability. 

There is no crystal structure of CDCP1 and because our data in vitro demonstrated that 

CUB2 and CUB3 may be equally important in cCDCP1 dimerization, we focused on 

modeling CUB2. In collaboration with Dr. Tom Poulos’ lab we used the Robetta online 

server (http://robetta.bakerlab.org/) to model CUB2 (sequence in Figure 4.1). We 

obtained five 3D models based off of previously deposited structures of CUB domain 

containing proteins: spermadhesin (PDB# 1SPP)179, amyloid p component bound to 

phosphoethanolamine (PDB# 3KQR)180, and MASP2 CUB1-EGF-CUB2 (PDB# 1NT0)6 

(Figure 4.3A). We then used MD simulation in a periodic cell of water to analyze the 

stability of the top candidate Robetta CUB2 model. Measurements were taken every 

nanosecond over the course of the 170 nanosecond simulation and overlayed to 

demonstrate the total CUB2 model flux in the presence of water (Figure 4.3B). Root mean 

squared displacement (RMSD) (Figure 4.3C) and fluctuation (RMSF) (Figure 4.3D) were 

calculated from measurements taken every 10 ps during the 170 ns simulation. RMSD 

measures the difference between the positions of the Cα atoms of each residue for every 

time point in the simulation and RMSF measures the flexibility of each residue within the 

protein (terminal and loop region residues having the highest flexibility due to a lack of 

secondary structure). The RMSD for our CUB2 model equilibrated a bit high, reaching an 

equilibrium of 4.25 angtroms (Å) (optimal ~1-2 Å) in approximately 50 ns. However, this 

is understandable considering that it is a model and not an actual structure. The RMSF 

helped us in the consideration of residues with potential involvement in the dimer interface 

as we assumed the residues with very high flexibility were not involved in the dimer 

interface.  
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Analysis of CUB2-CUB2 dimer interface using ROSIE docking. After we confirmed 

the integrity of our CUB2 model using MD we used it in Rosetta Online Server that 

Includes Everyone (ROSIE) (http://rosie.rosettacommons.org/) docking simulations to 

determine putative homo-dimer interfaces between CUB2 monomers. We obtained 10 

docking models and analyzed all of the residues who’s Cα resided within five angstroms 

of the dimer interface (arbitrary distance to be involved in dimerization) (Figure 4.4A). 

Figure 4.4B illustrates visualization in VMD software of the Model 1 dimer interface with 

key residues highlighted.  

 

Site-directed Mutagenesis validation of dimer interface residues determined by 

ROSIE docking. To validate if the residues we identified by 3D modeling were important 

for homo-dimerization, we sought to mutate each of them in the split-luciferase assay. 

We utilized site-directed mutagenesis of cCDCP1-N’luc and combined either WT or 

mutant cCDCP1-N’luc with WT cCDCP1-C’luc to test for effects on dimerization. We 

found that the R5A, Q75A, and combination R5Q75AA (double mutant, DM) mutation had 

no effect on expression of cCDCP1-N’luc (Figure 4.5A). We found that R5A reduced 

dimerization by approximately 30% in a split-luciferase assay while Q75A had no effect 

(Figure 4.5B). The DM replicated the single Q5A mutation, further demonstrating the lack 

of necessity of the Q75 residue in dimerization (Figure 4.5B). These data also validate 

our assumptions of residue flexibility negatively correlating with importance at the dimer 

interface as R5 is located in an antiparallel beta-sheet and seems to be important for 

dimerization and Q75 is located very near to a dynamic loop region and does not 

contribute to dimerization. 

http://rosie.rosettacommons.org/
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Discussion  

Structural information is very useful in developing therapeutic targets, and towards 

that end we took a first step in identifying residues responsible for the dimer interface.  

However, further analysis of dimerization is needed to validate the 3D models. Our ROSIE 

docking simulations between CUB2 domains identified R5 as a potential binding residue 

which was confirmed using our split luciferase assay.  However, CUB2 might bind CUB3 

(see Figure 4.5C), which may depend on different residues and will require further 

modeling and mutagenesis. This hypothesis may also be tested using a split luciferase 

assay by co-expressing either CUB2-N’luc or CUB3-N’luc with CUB2-C’luc or CUB3-C’luc 

in HEK 293T cells. Furthermore, our initial Robetta 3D model was based on a poorly 

documented domain, which could misguide the docking algorithm and overestimate the 

relevant residues for dimerization. More direct methods of defining the binding interface 

are needed. 

Towards that end, we have since moved away from 3D modeling and, in 

collaboration with Dr. Tom Poulos’ lab, are now pursuing the purification and 

crystallization of ECC using the pET-28a+-His tag-thrombin cleavage site-ECC bacterial 

expression system. It would be optimal to resolve a crystal structure of flCDCP1 and 

cCDCP1 to determine any conformational changes that occur upon cleavage of CDCP1 

in order to specifically design therapeutics that only inhibit cCDCP1 dimerization without 

interfering with flCDCP1 activity or other potential functions of cCDCP1. However, 

membrane proteins are inherently difficult to purify and crystal. Thus, we will currently 

focus on the soluble ECC. 



96 
 

The ability of CDCP1 to form higher order oligomers also needs to be considered. 

Figure 4.5C illustrates putative dimerization orientations and one putative oligomeric state 

(tetramer). In order to answer this question we plan to collaborate with Dr. Michelle 

Digman using Number and molecular Brightness analysis (N&B) to trace CDCP1 states 

(monomer/dimer/tetramer/etc.). To do this we will C-terminally fuse flCDCP1, cCDCP1, 

and ncCDCP1 to mApple fluorescent protein and express flCDCP1-mApple, cCDCP1-

mApple, and ncCDCP1-mApple in TNBC cells to assess oligomeric states and 

localization.  

 

Materials and Methods 

Robetta Modeling: CUB1, CUB2, and CUB3 amino acid sequences (Figure 5.1) were 

submitted to the Robetta 3D Modeling server (http://robetta.bakerlab.org/submit.jsp). 

Structures for each were built off of sequence conservation from previously published 

structures 1SPP (spermadhesin)179, 3KQR (amyloid p component bound to 

phosphoethanolamine)180, and 1NT0 (MASP2 CUB1-EGF-CUB2)6. Five .pdb files for 

each domain were visualized with Visual Molecular Dynamics 1.9.3 (VMD) software. Only 

the five CUB2 models were used for further simulations as it is likely that CUB2 plays a 

key role in homo-dimerization of cCDCP1 monomers. 

Molecular Dynamic simulations: To verify the structural integrity of the 3D Model 

generated in Robetta, we first calculated the overall charge of the system and added 

counter ions to bring the system to a neutral net charge. Then a water box was added to 

solvate the system. The simulation was then carried out using a periodic cell. Simulations 

were carried out for 170 ns taking pictures every 1 ns.  

http://robetta.bakerlab.org/submit.jsp
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RMSD Analysis of MD Simulation: To measure the stability of the structure during the 

MD simulation, the root mean squared displacement (RMSD) of the structure was 

measured as the difference between the positions of the Cα atoms of each residue for 

every time point in the simulation (calculated every 10 picoseconds over the full 170 

nanosecond trajectory).  

RMSF Analysis of MD Simulation: The root mean squared fluctuation (RMSF) was used 

to analyze the dynamics of each residue. The RMSF value corresponds to how dynamic 

the residue it; higher values means that the residue is more dynamic and less stable while 

low values means that residue is more stable and less dynamic. The terminal regions 

were excluded from final analysis as they naturally have a much higher RMSF due to lack 

of secondary structure. Data calculated from measurements taken every 10 picoseconds 

over the full 170 nanosecond trajectory.  

Rosetta Docking Simulation: All five .pdb files generated in Robetta 3D Modeling 

software were used with and against eachother to construct a putative dimer interface. 

All docking models were visualized in VMD 1.9.3 software and all residues in the dimer 

interface were mapped.  

SDM: See Chapter 2 methods. Primers in Supplemental Table 2. All mutations made in 

CUB2 of pLM-CMV-cCDCP1-N’luc template. 

Transfection: See chapter 2 methods. 

Western blot: See Chapter 2 methods. 

Split luciferase assay: See Chapter 2 methods. pLM-CMV-cCDCP1-N’luc WT. R5A, 

Q75A, R5Q75-AA, and H4R5V25H28K33-AAAAA combination mutations were used with 

pLM-CMV-cCDCP1-C’luc WT in assays.  
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CHAPTER 5: SURROGATE BIOMARKERS FOR CDCP1 ACTIVITY 
IN BREAST CANCER. 

 

Introduction 

The significance of CDCP1 as a marker of poor prognosis has been demonstrated 

in multiple types of cancer including pancreatic44, colorectal51, lung 40, renal 17, 

endometrioid45, gastrointestinal46, esophageal181 and triple-negative breast cancer 

(TNBC)67. In TNBC, positive staining of this protein by immunohistochemistry (IHC) or 

mRNA transcript by fluorescent in situ hybridization indicated an >80% chance of local 

and distant recurrence when combined with positive node status67.  

CDCP1 was first described as a biomarker for TNBC by Turdo et al.67 However, 

they were not able to differentiate between the cleaved and full-length form of CDCP1. 

Our previous studies described in Chapter 2 demonstrate that CDCP1 is only active in 

TNBC after it has been cleaved and formed a homo-dimer5. The cleaved CUB1 domain 

would be the logical choice to monitor cCDCP1 activation, but this method is not feasible 

as it would be impossible to distinguish from flCDCP1 by IHC.  Thus, there is a need for 

a new biomarker of CDCP1 activity in TNBC.  

One method to quantitate CDCP1 cleavage is through extraction of protein from 

formalin-fixed paraffin embedded (FFPE) tissue. The protein can then be run on a 

Western blot to separate cCDCP1 and flCDCP1 by size. However, there are limitations 

to this method. The main limitation is sample availability as a larger tissue sample is 

needed to get enough protein to run for a Western blot compared to that needed for IHC 

staining. 
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It has been previously established that the cCDCP1 homo-dimer stimulates 

phosphorylation of PKCδ at Y3115. Therefore, phospho-PKCδ Y311 may have potential 

as a surrogate biomarker of cCDCP1 activity. The preliminary studies described below 

are an initial step at evaluating this hypothesis. First, we demonstrate that cCDCP1 can 

be detected in FFPE archival tissue.  Next, we show phospho-PKCδ Y311 can also be 

detected in these same tissue samples. 

 

Results 

cCDCP1 can be detected by Western blot from FFPE tissue. The aim of this study is 

to positively correlate CDCP1 cleavage to PKCδ phosphorylation because this would 

indicate that phospho-PKCδ Y311 staining could be used in place of cCDCP1 detection 

by protein extraction from FFPE tissue. In order to investigate the possibility of phospho-

PKCδ Y311 as a surrogate marker of CDCP1 activity, we first needed to demonstrate our 

ability to detect CDCP1 cleavage in archived formalin fixed paraffin embedded (FFPE) 

tissue. In collaboration with Dr. Scott Heinemann at Hoag Hospital in Newport Beach, CA, 

and utilizing the standardized protocol developed by Armed Forces Institute of Pathology 

182, 183, 184 for extraction of protein from FFPE tissue for analysis by Western blot, we 

analyzed CDCP1 cleavage in a few normal breast and TNBC FFPE tissue samples 

(Figure 5.1). We observed higher CDCP1 expression and cleavage in all TNBC tissue 

samples tested compared to the four normal breast tissue samples tested, where CDCP1 

was barely expressed and insignificantly cleaved. Interestingly, we were able to evaluate 

the difference in CDCP1 cleavage between one primary tumor sample and its 

corresponding metastasis, which demonstrated much higher CDCP1 expression and 
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cleavage in the metastasis compared to the primary tumor (Figure 5.1A). This is 

consistent with previous reports14 of CDCP1 expression between primary and metastatic 

tissue. This data demonstrates our ability to measure CDCP1 cleavage for use in 

correlation studies with phospho-PKCδ Y311 staining. 

 

Phospho-PKCδ Y311 can be detected by IHC. After we confirmed that we could 

measure cCDCP1 levels by Western blot our next goal was to reliably analyze phospho-

PKCδ Y311 by IHC. First, we genetically altered PKCδ expression in MDA-MB-231 and 

HEK 293T cells for validation of the phospho-PKCδ Y311 for IHC. We knocked down 

PKCδ in MDA-MB-231 cells and overexpressed PKCδ with cCDCP1 and Src in HEK 293T 

cells to induce phosphorylation5 and analyzed PKCδ phosphorylation by Western blot 

(Figure 5.2A i and ii). Next, we inhibited CDCP1 cleavage using 100 ng/mL 

dexamethasone in MDA-MB-231 cells, which was previously demonstrated to inhibit 

PKCδ phosphorylation (Chapter 2) (Figure 5.2A iii). After validating the effects of these 

conditions on phospho-PKCδ Y311 by Western blot, we used the same cells from Figure 

5.2A to analyze phospho-PKCδ Y311 IHC staining (Figure 5.2B). We found that 

differences in PKCδ phosphorylation were consistent between Western blot and IHC 

staining. We then analyzed phospho-PKCδ Y311 in the normal breast and breast cancer 

tissues from Figure 5.1 (Figure 5.2C) and found that we could detect the target at varying 

levels in all of the FFPE samples.  
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Correlation between CDCP1 cleavage and phospho-PKCδ Y311. We have 

demonstrated our ability to both detect CDCP1 cleavage and PKCδ phosphorylation in 

FFPE samples. To determine if there was a correlation between the two, we first 

quantified and normalized the cCDCP1 WB signal from each sample along the ordinate 

axis, and plotted against PKCδ phosphorylation quantified by IHC on the Y-axis. The 

calculated trendline resulted in an R2 value of R2=0.0031. According to this data, there 

was no correlation between CDCP1 cleavage and PKCδ phosphorylation (Figure 5.3). As 

of now, these data indicate that phospho-PKCδ Y311 would not be a good surrogate 

biomarker for CDCP1 activity in TNBC. However, this result needs to be followed up with 

a larger sample size and consistent sample preparation.  

 

Discussion 

We started with the hypothesis that phospho-PKCδ Y311 could be a surrogate 

biomarker for cCDCP1.  Our initial experiments suggest that the two are not sufficiently 

correlated to be a useful biomarker for TNBC.  Among the technical hurdles for the 

analysis, we found the duration of time the samples are incubated in formalin introduces 

a large amount of variability in staining for both CDCP1 cleavage and phospho-PKCδ 

Y311. Phospho-PKCδ Y311 staining appears to be the more unstable of the two. 

Theoretically, once the samples are fixed, PKCδ phosphorylation signal should not 

change.  We have not yet been able to directly test how the signal holds up after months 

or years of sample storage at room temperature. 
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Thus far, we have been able to optimize our IHC protocol and protein extraction 

for WB protocol. To develop a reliable assay, we will need to be able to compensate for 

protein degradation in samples and normalize phospho-PKCδ IHC staining independent 

of sample age. This could be done in a few ways. First, sample tissue could be stained 

for both total PKCδ protein and also phospho-PKCδ Y311.  The quantified data can then 

be expressed as (intensity of phospho-PKCδ Y311/ intensity of total PKCδ). Second, 

staining of phospho-PKCδ Y311 could be normalized to the intensity of staining of a 

housekeeping gene, like β-actin. Quantification of phospho-PKCδ would be expressed as 

(intensity of phospho-PKCδ Y311/ intensity of β-actin). A third approach could use a fresh 

tissue specimen as a control.  In this scenario, the fresh tissue sample would be run with 

the sample lysates in order to compare the β-actin signal by Western blot. A coefficient 

of degradation [CD=1/(sample β-actin/ control β-actin)] could be determined and 

quantitation of phospho-PKCδ would be (intensity of phospho-PKCδ Y311 x CD). These 

methods of normalizing phospho-PKCδ Y311 IHC staining will not need to be used for 

analyzing CDCP1 cleavage by Western blot as the cleavage status would probably 

remain the same independent of the ratio of protein degraded over time. Also, these 

methods of normalizing IHC signal should not be needed in the clinic, as samples would 

be stained immediately after collection and FFPE processing from the patient. Therefore, 

it may be important to continue this study using only freshly FFPE processed tissue 

samples to avoid and protein degradation artifacts and more reliably determine the 

correlation between CDCP1 cleavage and PKCδ phosphorylation.  

We have demonstrated the feasibility of testing phospho-PKCδ Y311 as a 

surrogate biomarker for CDCP1 activity and described the many road blocks that were 
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faced during this study. As mentioned previously, it will be necessary to normalize all of 

the data to incorporate correction for protein degradation. The most quantitative option 

for this would be via IHC staining of the tissue for total PKCδ protein and normalize 

phospho-PKCδ Y311 to total PKCδ protein signal. Many factors dictate protein stability in 

FFPE tissue, and this may not be as simple or reliable as using a typical housekeeping 

gene.  The other proposed option would be to quantitate protein degradation by Western 

blot, as previously mentioned.  

Sample variability was the limiting factor in this study, and must be addressed if 

this biomarker were to be used in the clinic. Fortunately, clinical samples would 

experience less degradation than the samples tested in our pilot experiments, which were 

obtained through a tissue bank.  The samples would be processed directly in parallel with 

controls, and staining would occur immediately after tissue processing instead of weeks 

to years as was the case in our pilot. With this in mind, it may be more informative to 

move forward with samples that are less than 2 weeks old. The goal remains to 

successfully normalize phopsho-PKCδ Y311 to CDCP1 cleavage for use as a diagnostic 

marker. 

However, it should be highlighted that CDCP1 is not the only regulator of PKCδ 

phosphorylation. For example, PKCδ has been shown to associate with the insulin 

receptor to become phosphorylated and activated by Src kinase in response to insulin 

signaling in skeletal muscle cells185, 186. PKCδ upregulation has also been demonstrated 

by cytochrome c in the mitochondria of mouse embryonic fibroblasts187. Furthermore, 

PKCδ can be activated through interaction with the type I interferon receptor to induce its 

phosphorylation and activation of Stat1188. Finally, in breast cancer, PKCδ interacts with 
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the HER2 receptor, resulting in its activation by Src kinase to drive HER2 expressing 

breast cancer tumorigenesis189. These are just a few examples of the differential 

regulation of PKCδ across cell types. This demonstrates that the lack of correlation 

between phospho-PKCδ Y311 and CDCP1 cleavage that we observe may not be the 

result of technical error but could very well be due to other regulatory pathways activating 

PKCδ in TNBC independently of CDCP1 cleavage. 

 It may be interesting to analyze the potential of the cCDCP1 dimer as a surrogate 

biomarker of CDCP1 activity instead of phospho-PKCδ as it can be detected by PLA in 

FFPE sections (Chapter 3, Figure 3.7).  CDCP1 cleavage could be validated by Western 

blot and compared to total CDCP1 levels. We hypothesize that there will be a positive 

correlation between PLA signal (CDCP1 dimerization) and CDCP1 cleavage as well as 

between PLA signal and total CDCP1 measured by IHC.  

Finally, as phospho-PKCδ Y311 IHC staining is a more cost effective biomarker 

option than PLA analysis, we hypothesize that phospho-PKCδ Y311 would have a 

positive correlation with PLA signal. In this case, we could use CDCP1 dimerization in 

place of CDCP1 cleavage measured by Western blot as a control for future tumor 

samples. This would completely eliminate a need to extract protein from FFPE tissue and 

would likely result in more consistent data as the group size gets larger.  

 

Materials and Methods 

Preparation of low cell density tissue culture cell blocks for 

immunohistochemistry: Tissue culture cells were fixed in 10% zinc buffered formalin 

(Scigen Scientific Inc #1480Z, Gardena CA) for ten minutes, centrifuged and suspended 

in phosphate buffered saline. To prepare low cell density agarose cell blocks for 
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immunohistochemistry, cells were collected by centrifugation and suspended in 50 µL of 

3% type IX-A agarose (Sigma #A2576). The agarose was drawn into a 1 ml syringe and 

gelled at 4 °C. The agarose discs were removed from the syringe and processed for 

paraffin embedding using standard techniques.  

Preparation of high cell density tissue culture cell blocks: High cell density tissue 

culture cell blocks of tissue culture cells were prepared as follows: 200 µL Type I-A 

agarose (Sigma #A0169) cushions were prepared at the bottom of 1 ml syringes. 

Formalin fixed cells were suspended in 3% type IX-A agarose and pipetted into the 

syringe barrel on top of the agarose cushion. The syringes were centrifuged for 10 

minutes at 800 g in a desk top centrifuge with a swinging bucket rotor. Following 

centrifugation, the syringes were placed in a 4 °C refrigerator to harden the type IX-A 

agarose. The agarose cylinders containing concentrated cells were removed from the 

syringes, fixed in formalin and processed for paraffin embedding using standard 

techniques. This procedure generates cylindrical cell pellets whose high uniform cell 

density closely resembles clinical samples of tumor tissue.  

Deparaffinization and solubilization of FFPE tissue for WB analysis: Paraffin blocks 

were sectioned at 40 microns and the paraffin rolls were collected into screw cap 

polypropylene tubes. The FFPE tissue was deparaffinized in xylene in a heating block at 

65 °C and residual xylene was extracted with reagent alcohol at room temperature. The 

reagent alcohol was extracted with methanol at room temperature and the tissue was 

then rehydrated with water at 65 °C. The volume of the FFPE tissue sample was 

estimated as the product of the cross-sectional area of the tissue in the paraffin block and 

the total thickness of the sections cut. The rehydrated tissue was solubilized in 50 
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volumes of extraction buffer. Unless otherwise stated, ffpe solubilization buffer contained 

4%SDS, 125 mM Tris HCl pH 8.0, 100 mM DTT and 10% glycerol. After an appropriate 

volume of buffer was added to the rehydrated FFPE tissue, the tubes were capped tightly 

and place in a heating block at 95-97 °C. After 60 minutes, the tubes were removed from 

the heating block and allowed to cool at room temperature. 

Immunohistochemistry: Immunohistochemical staining was performed on an 

automated instrument (Leica Biosystems Bond III). Four micron tissue sections were 

baked at 60 °C for 60 minutes, deparaffinized in xylene and rehydrated by sequential 

immersion in 100% ethanol, 95% ethanol, 80% ethanol and deionized water. Antigen 

retrieval was performed offline; slides were immersed in epitope retrieval solution 2 (Leica 

product code AR9640) and heated in a pressure cooker for 20 minutes. The slides were 

cooled and assembled with cover tiles on the Leica Bond III instrument slide racks. 

Primary antibody incubations were for 30 minutes. Bound antibody was detected with the 

BondTM Polymer Refine Detection system and nuclei were counterstained with 

hematoxylin following the manufacturer’s protocol. All antibodies used are listed in 

Supplemental Table 1. 

Correlation analysis: CDCP1 cleavage was quantitated in Image J by measuring the 

intensity of the cCDCP1 band and dividing it by total CDCP1 quantitated as the sum of 

the cCDCP1 and flCDCP1 bands. Phospho-PKCδ Y311 staining was quantitated in 

Image J using Image> Color> Color Deconvolution> H DAB. Measurement was taken 

from the appropriate channel. Measurements were normalized to the number of cells/field 

quantitated by manually quantitating nucleus staining. Values for CDCP1 cleavage and 

PKCδ phosphorylation was quantitated to the average measurement for each in normal 
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breast tissue. Correlation plot was constructed using CDCP1 cleavage on the x-axis and 

PKCδ phosphorylation on the y-axis. R2 value was calculated in Excel. 
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CHAPTER 6: CDCP1 IN LIVER DISORDERS AND WOUND 
HEALING 

 

Introduction  

Outside of cancer, lipid metabolism (and CDCP1 activity) is central to the overall 

health of an individual.  To expand our understanding of the role of CDCP1, we identified 

and specifically focused on two areas with deficiencies in LD metabolism; liver disorders 

and wound healing. The goal of these studies was two-fold: 1) Begin characterization of 

our CDCP1 knockout (KO) mice and 2) Investigate the physiological roles of CDCP1. To 

do this we analyzed the most highly metabolic organ in the body, the liver, and any 

differences in wound healing as a validation of previous work done on CDCP1 in the 

skin32. 

The liver is an important site for metabolic processes such as macronutrient 

metabolism, xenobiotics metabolism, bile synthesis for fat absorption, plasma protein 

synthesis, and immunity190. The regulation of glucose levels in the blood is one of the 

liver’s most well-known functions and can be a diagnostic marker for metabolic syndrome 

(MetS). MetS is a set of risk factors that increase one’s chance of developing health 

problems like artherosclerosis, stroke, chronic kidney disease, non-alcoholic fatty liver 

disease (NAFLD), and type 2 diabetes mellitus (T2DM). The broad effect of MetS does 

not stop there, it is also associated with polycystic ovarian disease, obstructive sleep 

apnea, sexual dysfunction, and cancer191.  

NAFLD encompasses a spectrum of liver damage ranging from steatosis 

(increased LD abundance of hepatocytes) to fibrosis to cirrhosis192. T2DM is 

characterized by abnormally high blood glucose levels and reduced glucose-stimulated 
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insulin production193. Patients with MetS (35% Western population194) often have NAFLD 

(~25% Western population192) and/or T2DM (~8.4% Western population195). Additionally, 

patients with T2DM frequently also have NAFLD, further exemplifying that these diseases 

are tightly intertwined in their prevalence and pathophysiology. There are reliable clinical 

criteria for the diagnosis of MetS (abdominal obesity, elevated triglycerides, reduced HDL-

C, hypertension, and elevated fasting glucose levels192), NAFLD (dyslipidemia, fatty 

infiltration of the liver by ultrasound, MetS symptoms196), and T2DM (elevated glycated 

hemoglobin, elevated fasting and regular glucose levels, reduced glucose tolerance197).  

Patients with T2DM have a wealth of health complications including impaired 

wound healing, often resulting in amputations and increased morbidity and mortality post-

amputation198. This is due to a combination of decreased immune function, neuropathy, 

arterial occlusion, and other poorly understood factors199. Keratinocyte proliferation, 

migration, and differentiation are reduced in diabetic patient wounds partially caused by 

abnormal EGFR signaling200 and activation of the glucocorticoid pathway to suppress c-

myc signaling201.  

Wound healing has four main stages: Coagulation, inflammation, 

proliferation/migration, and remodeling. Coagulation and inflammation occur immediately 

after an injury. Coagulation results in hemostasis and provides a temporary fibronectin 

extracellular matrix (ECM)202 that eventually gets remodeled203 to allow cell migration into 

the wound area. Coagulation also acts to sequester cytokines and growth factors that 

promote wound healing204. Coagulation is dominated by the platelet cell population. 

However, platelets secrete cytokines to attract neutrophils, monocytes, and fibroblasts to 

the wound site resulting in inflammation. Hypoxia also plays a role in the release of 
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chemoattractants in the wound environment by activating hypoxia inducible proteases in 

the ECM. Inflammation is dominated by monocytes, which enter the wound site to 

phagocytose and kill bacteria and remove other debris. Proliferation/migration and 

remodeling of wound sites relies, at first, on reepithelialization via movement of 

keratinocytes into the wound to seal it. This process is complex and relies on the 

interdependence of keratinocytes, surrounding fibroblasts and endothelial cells, and ECM 

formation and remodeling. The hypoxic environment of the wound enhances keratinocyte 

migration205 and stimulates secretion of VEGF and other growth factors by endothelial 

cells to promote angiogenesis206, which then stimulates fibroblast proliferation and 

secretion of collagen ECM207. MetS208 and diabetes209 have been demonstrated to 

impede wound healing by negative affecting keratinocyte proliferation, differentiation, and 

migration.  

Given our previous data showing CDCP1’s role in lipid metabolism, we 

investigated its expression as it relates to liver disorders and wound healing.  CDCP1 has 

been previously shown in stratum basale and spinosum keratinocytes. Further, CDCP1 

was demonstrated to drive in vitro keratinocyte migration32, main players in 

reepithelialization of wounds (occurs within 96 hours of wounding210).  Utilizing our 

established germline CDCP1 KO mice, we probed the effects on lipid metabolism by first 

looking at the liver and then extended our studies into the wound healing capacity of the 

mice.  We observed KO mice on a mixed background have fattier livers and reduced 

ability to heal wounds than CDCP1 heterozygous (Het), both indicators of MetS, NAFLD, 

and T2DM. These findings are a good first step towards fully characterizing CDCP1 KO 
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mice and understanding CDCP1’s physiological roles. However, further work is needed 

to link the two phenotypes together in these mice.  

 

Results 

CDCP1 knockout mice have increased lipid accumulation in the liver. Using CARS 

microscopy, we found that the livers of CDCP1 KO mice had almost two times the amount 

of lipid compared to CDCP1 Het mice at 21 days of age (Figure 6.1A). We noticed that 

the liver LD difference between CDCP1 Het and KO mice is slightly reduced but still 

significant as the mice age. We were interested to see if changes in diet would induce 

any pathology. So, we challenged the mice with either a normal or high fat (HF) diet for 

12 weeks and found that CDCP1 Het mice on a HF diet had increased liver lipid content, 

which was comparable to that of CDCP1 KO mice on a normal diet (Figure 6.1B). 

Furthermore, the liver lipid content of CDCP1 KO mice on a HF diet increased even more 

than CDCP1 Het mice on a HF diet (Figure 6.1B). These changes in liver lipid content did 

not manifest in total body weight gain, as there was no significant difference in weight 

gain between each group (Figure 6.1C i) and their final body weights were not significantly 

different (Figure 6.1C ii) after correcting for gender. Furthermore, we did not notice any 

difference in the fibrotic phenotype (characterized by excessive extracellular matrix 

deposition and stiffening of the tissue) of the livers between groups (data not shown). 

These data indicate that CDCP1 regulates LD metabolism in the mouse liver. 
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CDCP1 expression in keratinocytes increases with time during wound healing. 

Because increased LD content in the liver is a symptom of NAFLD and may also be 

related to T2DM, we wanted to investigate any differences in wound healing between 

CDCP1 Het and KO mice. However, because CDCP1 is also known to be expressed in 

the skin, we initially looked at the dynamics of CDCP1 expression during wound healing 

in WT mice. We found that the transcript expression of CDCP1 increased with time during 

wound healing, measured up to 24 hours (Figure 6.2). This is indicative that CDCP1’s 

contribution to keratinocyte migration and proper wound repair may increase during the 

initial phases of wound healing when keratinocytes are most actively proliferating, 

migrating, and differentiating to reepithelialize a wound.  

 

CDCP1 knockout mice have reduced wound healing potential. Because 

reepithelialization of wounds is active within 24 hours of wounding and CDCP1 has been 

implicated in inducing keratinocyte migration (main players in reepithlialization) we 

decided to analyze the migratory potential of CDCP1 Het and KO mouse keratinocytes. 

We first started by isolating P0 keratinocytes for a transwell migration assay and found 

that CDCP1 KO keratinocytes migrated less through a transwell membrane than CDCP1 

Het keratinocytes (Figure 6.3A). We then tested keratinocyte migration in an ex vivo 

assay in which skin punch biopsies from the ears of mice were cultured in vitro and 

keratinocytes were allowed to migrate radially for 10 days. We found that, again, CDCP1 

KO keratinocytes had reduced migratory potential in the ex vivo system compared to 

CDCP1 Het keratinocytes (Figure 6.3B). Finally, we compared the wound healing abilities 

of CDCP1 Het and KO mice in response to dermal punch biopsies. We found that the first  
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week of wound healing was severely impaired in CDCP1 KO mice compared to Het mice, 

but wounds from both groups were essentially healed by the same time (Figure 6.3C). 

These data are consistent with the observed increase in CDCP1 mRNA expression within 

the first 24 hours of wound healing. CDCP1 may drive reepithelialization in the early 

stages of wound healing, and the effects of CDCP1 may be compensated for by other 

factors/ cells during the migratory, inflammatory, or remodeling stages of wound healing.   

 

Discussion 

The body of work presented here surrounding the activity of CDCP1 continually 

points towards the theme of lipid metabolism, whether it be in cancer or other diseases.  

The data presented in this chapter demonstrate that CDCP1 is important for maintaining 

lipid homeostasis in the liver.  Our KO mouse model shows CDCP1 is necessary to 

prevent the development of a pathology that is reminiscent of MetS, NAFLD, and T2DM. 

It also demonstrates the importance of CDCP1 in keratinocyte migration and proper 

wound repair. The link between these two observed phenotypes in the CDCP1 KO mice 

remains to be investigated. We do not know if the fatty liver phenotype in CDCP1 KO 

mice has a causal relationship with wound healing or if the wound healing phenotype we 

see in these mice is independent of their fatty livers.  One way to separate these two 

possibilities experimentally would be to virally transduce CDCP1 KO mouse livers and 

skin (in separate experiments) with cCDCP1 and then compare skin wound healing of 

CDCP1 Het mice, CDCP1 KO mice, and cCDCP1-transduced (liver or skin) CDCP1 KO 

mice. Furthermore, it would also be important to isolate liver cells and test function, via 

alanine transaminase (ALT) or aspartate aminotransferase (AST) activity, between 
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CDCP1 Het and KO mice. This would inform if the mice were in a pre-diabetic or diabetic 

state, in which abnormal liver function would indicates a reduction in multi-organ health 

and would suggest a causal role for the fatty livers of CDCP1 KO mouse on impaired skin 

wound healing. 

However, it is possible that even a heterozygous deletion of the CDCP1 allele is 

sufficient to induce fatty liver and impair wound healing. This possibility is accentuated by 

our findings that most of the mice (Het and KO) in the normal vs. HF diet experiment, 

regardless of which diet they were on, had extremely high random blood glucose levels 

(measured at the same time each day, not necessarily after fasting), indicating that they 

were all diabetic. This speculation can be tested by repeating the experiments performed 

in this chapter using CDCP1 homozygous, heterozygous, and KO mice.  

Addressing the wound healing phenotype directly using our KO mouse model, we 

observed an increase of CDCP1 mRNA expression over time during the acute phase of 

wound healing (Figure 6.2). We are interested in tracking CDCP1 expression for the entire 

length of the wound healing assay (Figure 6.3), which could identify which steps in wound 

healing require CDCP1. The measurements in Figure 6.2 were made during the 

inflammation period (0-96 hours). This raises the question of inflammatory control of 

CDCP1 expression and activity. CDCP1 cleavage is induced by serine proteases, which 

are secreted by immune cells like neutrophils and macrophages, highly abundant in the 

early wound environment211, 212. CDCP1 expression and activation may diminish as 

wounds progress in the healing process due to the diminished presence of immune cells. 

Alternatively, other signaling pathways may dominate wound healing in later stages, 

masking either highly active or dampened CDCP1 signaling. This would explain why 
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CDCP1 KO wounds catch up in healing to CDCP1 Het wounds as time progresses, 

compensatory pathways either mask or take over for CDCP1 signaling, which could 

rescue the initially slow wound healing. 

 Our data support previous work demonstrating CDCP1’s role in wound healing32. 

CDCP1 has been demonstrated as a hypoxia-inducible gene in ccRCC17. Another 

mechanism that may lead to an equilibration of or reduction in CDCP1 expression and 

activity during would healing would be the reinstatement of proper oxygenation to the 

tissue after revascularization (within days of wounding213). It would also be interesting to 

test CDCP1 expression in the wounds of hypoxia-inducible factor (HIF) deficient mice to 

see how much of the increase of CDCP1 mRNA expression is due to the sudden hypoxia 

of the wound environment before revascularization.  

To decipher the mechanistic detail of CDCP1 activity during wound healing, it is 

worthwhile to determine the role of CDCP1’s downstream target, PKCδ, in this process. 

To accomplish this, Ca2+ independent PKC (δ, ε, and η) activators (L–α–

Phosphatidylinositol-3,4,5-trisphosphate•7Na[PtdIns-3,4,5-P3]; 

L-α-Phosphatidylinositol-3,4-bisphosphate, Dipalmitoyl-, Pentaammonium Salt; L-α-

Phosphatidylinositol-3,4,5-trisphosphate, Dipalmitoyl-, Heptaammonium Salt), which 

mimic phosphatidylinositol, could be used locally on the wound in CDCP1 KO mice to 

potentially rescue migration of keratinocytes or promote wound healing to rates similar to 

those observed in the CDCP1 Het animal. Furthermore, studies have demonstrated the 

importance of PKCs in promoting wound healing of corneal injuries214-216. However, 

aberrant PKCδ signaling has been linked to faulty wound repair of diabetic human 

fibroblasts217, this study did not investigate PKCδ signaling in keratinocytes. Previous 

https://www.scbt.com/scbt/product/l-alpha-phosphatidylinositol-3-4-5-trisphosphate-dot-7na-ptdins-3-4-5-p3/;jsessionid=2Fz9cg6JwtApZ6EX52coAWtsK6MPvshR_GM_fs_du84RIK0OmKpW!832129897
https://www.scbt.com/scbt/product/l-alpha-phosphatidylinositol-3-4-5-trisphosphate-dot-7na-ptdins-3-4-5-p3/;jsessionid=2Fz9cg6JwtApZ6EX52coAWtsK6MPvshR_GM_fs_du84RIK0OmKpW!832129897
https://www.scbt.com/scbt/product/l-alpha-phosphatidylinositol-3-4-5-trisphosphate-dot-7na-ptdins-3-4-5-p3/;jsessionid=2Fz9cg6JwtApZ6EX52coAWtsK6MPvshR_GM_fs_du84RIK0OmKpW!832129897
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studies on the role of the CDCP1-PKCδ signaling pathways in migration5, 17, 218 support 

the hypothesis that restoring PKCδ activity in CDCP1 KO mouse skin would normalize 

wound healing. 

Multiple mouse models are available that recapitulate MetS, NAFLD, T2DM, and 

obesity, and could be useful in determining CDCP1’s role in these diseases.  One useful 

model would be SREPB-1c transgenic mice219 which replicate MetS, NAFLD, and T2DM. 

Two additional mouse models which replicate obesity, MetS, NAFLD, T2DM, and wound 

healing are B6.Cg-Lepob/J (ob/ob) and BKS.Cg-Dock7m+/+LeprdbJ (db/db) mice220. We 

would expect that CDCP1 expression is reduced in the livers of the obese mice compared 

to WT mice. If this were the case, it would be interesting the test the causal relationship, 

i.e. did a reduction in CDCP1 expression influence the increased lipid content or did the 

increased lipid content reduce CDCP1 expression. Evidence that obesity is linked to 

dysregulated DNA and histone methylation221 combined with data from Chapter 3 that 

CDCP1 regulates lipid metabolism, make the epigenetic and transcriptional regulation of 

CDCP1 and/or the role of CDCP1 in epigenetic and transcriptional regulation, in obesity 

a very interesting topic to study. 

 

Materials and Methods 

Liver LD quantitation: Liver LD abundance was quantitated using CARS microscopy 

(See Chapter 3 methods). Livers were harvested and cut into thin slices. They were either 

fixed in 4% paraformaldehyde prior to imaging or imaged fresh.  

Normal chow vs. high-fat diet feeding: Mice were fed normal chow (Envigo #2920X.10) 

or HF chow (Envigo #2919.10) for 12 weeks started at the day they are weaned. Mice 

were weighed once a week for the duration of the experiment. At the end of the 
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experiment mice were euthanized by CO2 and cervical dislocation, weight, and their livers 

were harvested for CARS microscopy. 

Analysis of CDCP1 expression in wounds: Whole wounds were collected and flash 

frozen. Samples were homogenized for TRIzol RNA extraction and reverse transcription 

into cDNA. CDCP1 expression was analyzed by qPCR.   

Keratinocyte culture conditions: P0 keratinocytes were cultured in EpiLife CF/PRF 

medium (Thermo Fisher #M EPICFPRF 500) with EpiLife defined growth supplement 

(EDGS) (Thermo Fisher #S-012-5).  

Keratinocyte harvesting: 10 mL of 1:2 solution of 5 mg/mL Dispase (StemCell 

#07446):EpiLife CF/PRF was prepared prior to isolation. P0 pups were euthanized by 

CO2 and decapitation. Skin was removed and placed in Dispase:EpiLife solution. Skin 

incubated overnight at 4 ˚C with gentle rocking to loosen epidermal and dermal layers 

from eachother.  The epidermal layer (mainly keratinocytes, solid white color) was 

removed from the dermal layer and used for experiments. The dermal layer was 

discarded.  

Transwell migration: See Chapter 2 methods. Keratinocytes were harvested from P0 

CDCP1+/- (Het) or CDCP1-/- (KO) mice, counted with a hemacytometer and 50,000 cells 

were immediately plated in EpiLife with EDGS in the top chamber of transwell inserts in 

duplicate for migration. Cells were allowed to migrate for 16 hours. 

Ex vivo migration: 1 mm punch biopsies were taken from the ears of CDCP1 Het and 

CDCP1 KO mice. Punch biopsies were placed in the center of individual wells in a 24 well 

plate in 500 µL of EpiLife with EDGS. Keratinocytes were allowed to migrate for 10 days. 

Media was changed every 2 days. Area of migration was quantitated as (total area of 



124 
 

migrated cells) – (area of the initial punch biopsy). Final quantitation was normalized to 

CDCP1 Het mice.   

In vivo punch biopsy wound healing: CDCP1 Het and KO mice were anesthetized 

with 90 mg/kg ketamine mixed with 4.5 mg/kg xylazine. Hair was removed from the 

backs of the mice and then two 4 mm punch biopsies (Thermo Fisher #NC9840633) 

were made on the upper backs of the mice. Each wound was treated as a biological 

replicate. The area of each wound was measured with calipers daily for 9 days. Mice 

were euthanized by CO2 and cervical dislocation at the end of the experiment.  
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CHAPTER 7: DISCUSSION AND FUTURE DIRECTIONS 

Opening statement: TNBC accounts for 10-20% of all breast cancer cases in the US 

and have fewer treatment options that non-TNBC subtypes, making new diagnostics and 

treatment justifiably a hot topic for research. The focus of this work has been to offer 

insight into novel nodes of regulation of and by CDCP1 to drive TNBC metastasis. We 

also offer preliminary investigations into the 3D structure of CDCP1 to optimize 

therapeutic targeting, the use of CDCP1 downstream targets as surrogate biomarkers, 

and findings to support CDCP1’s role in a physiological setting. These studies set the 

stage and offer future directions to understand and exploit CDCP1’s complex role in not 

only TNBC, but the whole spectrum of cancers and other metabolic diseases.  

 

In Chapter 2, we explored the difference in signaling between cCDCP1 and 

flCDCP1, CDCP1’s ability to form a homo-dimer, and the role of homo-dimerization in 

TNBC migration and invasion. Briefly, we demonstrated that cleavage of flCDCP1 to 

cCDCP1 leads to homo-dimerization, which we were able to inhibit using ECC.  The 

activated cCDCP1 homo-dimer is necessary to stimulate PKCδ phosphorylation. Lastly, 

we found this activation and phosphorylation step to be necessary for migration of TNBC.  

Looking at this Chapter in the context of the rest of the work, it is important for us 

to find out if CDCP1 is capable of forming higher order oligomers other than the observed 

homo-dimers. The evidence supporting localization of CDCP1 to lipid rafts29 corroborates 

the idea that flCDCP1 or cCDCP1 could cluster into pseudo-oligomers in membrane lipid 

rafts. However, it is also possible that cCDCP1 is capable of specifically forming 
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oligomers (Figure 5C ii). To determine this, we will rely on our pending collaboration with 

Dr. Digman’s lab (see Chapter 5: Discussion). 

 Another big question regarding CDCP1 dimerization lies in the cell/organ type 

specificity of the interaction. We demonstrated that only cleaved CDCP1 forms a dimer in 

TNBC cells. However, it would be interesting to determine the oligomeric status of CDCP1 

in different types of tissue, like the liver, and different types of cancer that have varying 

cytoplasmic LD abundances (i. e. TNBC low LD abundance vs. renal cancer high 

abundance). To do this in tissue, we should use PLA to analyze CDCP1 homo-

dimerization in CDCP1 Het tissue. We could extend this to comparing dimerization 

between CDCP1 Het mice fed normal and HF diets. To do this in cancer, we should 

analyze PKCδ phosphorylation after 1) knockdown CDCP1 expression in TNBC cells 

(high CDCP1 cleavage and low lipid content) and 786-0 and RCC4 ccRCC cell lines (low 

CDCP1 cleavage and high lipid content) and 2) treat 786-0 and RCC4 ccRCC cell lines 

with either dexamethasone30 or monoclonal antibodies13, 28, 52 to inhibit CDCP1 cleavage.  

Finally, we were not able to demonstrate direct evidence of CDCP1-dependent 

trans-phosphorylation of PKCδ by Src. To validate the necessity of the cCDCP1 dimer for 

PKCδ trans-phosphorylation by Src, we will use cCDCP1 mutants to inhibit either Src 

and/or PKCδ binding. We will then transfect HEK-293T cells with either the Src only-

binding cCDCP1 mutant (cCDCP1s, PKCδ cannot bind), the PKCδ only-binding cCDCP1 

mutant (cCDCP1p, Src cannot bind), or the combination of cCDCP1s and cCDCP1p (Src 

and PKCδ can both bind a monomer of the cCDCP1 dimer). If the dimer is required for 

trans-phosphorylation then cCDCP1s or cCDCP1p alone will not induce PKCδ 

phosphorylation because either the kinase (Src) or the substrate (PKCδ) will not be bound 
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to either monomer of the cCDCP1 dimer and thus will not be able to interact. However, 

the combination of cCDCP1s and cCDCP1p will allow the phosphorylation of PKCδ 

because in cCDCP1 dimers that form between cCDCP1s and cCDCP1p, Src will be able 

to bind the cCDCP1s monomer and PKCδ will be able to bind the cCDCP1p monomer, 

allowing the interaction of Src and PKCδ and transphosphorylation of PKCδ.   

Extending our findings from Chapter 2 that CDCP1 homo-dimerizes, we 

investigated CDCP1’s interactions with other proteins in Chapter 3. Chapter 3 explored 

the interaction between CDCP1 and ACSL family proteins in TNBC, and the impact that 

CDCP1 had on lipid metabolism. Briefly, we demonstrated that CDCP1 reduces LD 

abundance and stimulates FAO to drive metastasis, partially by reducing ACSL activity. 

Further, we found that regulation of lipid metabolism by CDCP1 is dependent on homo-

dimerization, as ECC treatment increased LD abundance and reduced metastasis of 

TNBC tumors in vivo. 

In the absence of CDCP1, the inhibition of acyl-CoA use in FAO may indirectly 

force the lipid into storage. In order for acyl-CoAs to undergo FAO they must go through 

2 chemical conversions: 1) CPT1, present on the outer-mitochondrial membrane, 

converts acyl-CoA into acyl-carnitine, which can be transported into the mitochondria, 

where 2) CPT2 reverts acyl-carnitine back into acyl-CoA, which can then enter FAO148-

150. The increase in ACSL activity with the knockdown of CDCP1 may not merely be 

explained by the absence of CDCP1 protein physically inhibiting ACSL activity but may 

also be the result of a positive feedback loop in which the co-reduction in FAO caused by 

the absence of CDCP1 and increase in ACSL activity further activates ACSLs to increase 

the concentration of acyl-CoAs in the cytoplasm that so that CPT1 could have a higher 
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chance of converting them to acylcarnitines for transport into the mitrochondria for FAO. 

This makes sense when we notice that the effect on ACSL activity is not proportionally 

different with CDCP1 overexpression. The slight reduction in ACSL activity due to CDCP1 

overexpression can be explained by the already high levels of CDCP1 expressed in the 

cells used. However, it could also be the result of a negative feedback loop, in which 

sufficient/saturating ATP concentration from CDCP1-driven FAO and subsequent 

OxPhos starts inhibiting acyl-CoA production by either ACSLs or CPT2 to slow FAO, 

allowing the cell to equilibrate its ATP stores.  

The FAO inhibitor, Etomoxir, acts specifically through CPT1 inhibition and 

indirectly on CPT2, as CPT2 functions downstream of CPT1222. In addition, many other 

binding partners of CDCP1 determined by MS are active in the mitochondria and 

represent additional candidates (Supplemental Table 3.1). Importantly, we have validated 

the interaction of CDCP1 with another protein identified by MS (Supplemental Table 3.1), 

CPT2, as well as ACSL family enzymes. Though we have demonstrated that CDCP1 

reduces ACSL activity, we have yet to determine the consequence of the CDCP1-CPT2 

interaction. We initially analyzed both tyrosine and serine/threonine phosphorylation of 

CPT2 and found no difference in phosphorylation in the presence of CDCP1, PKCδ, and 

Src. There is a well-established assay to measure CPT1 activity223, 224 in live cells using 

acyl-CoA, radiolabeled carnitine, and ATP. Theoretically, we should be able to use 

radiolabeled acyl-carnitine, CoA, and ATP to analyze CPT2 activity in live cells by 

scintillation counting. This will need to be further investigated. 

Our findings that CDCP1 interacts with both ACSL family members and CPT2 

supports the hypothesis that ACSL and CPT act antagonistically in the same pathway. 
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Accordingly, CDCP1 knockdown inhibits the CPT1/CPT2 pathway, stalling transport of 

acyl-CoAs (generated by ACSLs) to mitochondria for FAO. In order to compensate for 

decreased FAO, CDCP1 knockdown stimulates ACSL activity to produce more acyl-CoAs 

to fuel FAO. Since CPT1 cannot convert acyl-CoAs to acyl-carnitines, diacylglycerol 

acyltransferase (DGAT) and other enzymes involved in lipid anabolism direct the acyl-

CoAs into LDs for storage. As a result, inhibition of CPT1/CPT2 pathway favors lipid 

storage.  It will be important to more fully understand the interplay between these proteins 

and the result of dysregulating this axis on not just cancer, but normal tissue function. 

Though not on the MS list of CDCP1 binding partners, PLIN proteins225, and PLIN5 

in particular, have been demonstrated to be important for the LD:mitochondria226 

interaction, and their interplay with CDCP1 deserves investigation. While it is possible 

that CDCP1 directly regulates lipid transport into the mitochondria by inducing transport 

of lipid from the LD into the mitochondria227, it may also regulate LD-mitochondrial 

interactions indirectly by inhibiting interactions of the LDs with other organelles to 

indirectly promote LD-mitochondria interactions228. Further studies will be important to 

uncover the other molecular targets of CDCP1 to complete the picture of CDCP1’s 

regulation of lipid metabolism. 

Finally, it will be necessary to determine the location of the interaction between 

CDCP1 and these lipid metabolic proteins as the fate of the products of ACSLs and FAO 

are heavily dependent on the localized regulation. For example, acetyl-CoA has been 

demonstrated to stimulate TCA cycle229 and drive NADPH production230 to ameliorate 

ROS production231; drive biosynthetic pathways of fatty acids, sterols, ketone bodies, 

amino acids, and nucleotides232; and promote histone, enzyme, and protein 
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acetylation233. Hypothetically, if CDCP1 interacts with ACSLs or CPTs at the 

mitochondrial membrane then knockdown of CDCP1 may not only reduce accumulation 

of lipids within the mitochrondia (as demonstrated in Figure 3.6) but may also reduce 

localized pressure to shuttle FAO produced acetyl-CoA into TCA and instead allow it to 

be used for lipid anabolism. In order to determine the fate of acetyl-CoA in the context of 

CDCP1 regulation, we could treat shScramble control and shCDCP1 cells with [14 C]-

Acetate. We could then analyze incorporation of radioactive acetate into lipids (anabolic) 

and histones following Comerford et al. 2014233 and incorporation into TCA intermediates 

(catabolic) following Mashimo et al. 2014229. 

The knowledge that CDPC1 interacts with itself and other proteins is important for 

therapeutic development, but these findings also underscore the need to more fully 

understand the structure of CDCP1 and which domains are relevant to CDCP1 homo-

and hetero-interactions. The main questions of Chapter 4 were: 1) What is the effect of 

individual CUB domains on cCDCP1-dimerization and MDA-MB-231 invasiveness? 2) 

Can we computationally model CUB2 based on homology sequences? 3) Can we 

determine residues important for cCDCP1 dimerization using our 3D model in docking 

simulations? We successfully created a model of the CUB2 domain and simulated a 

docking interface between two CUB2 domains. Using this information, we identified and 

validated residue R5 as potentially important for CDCP1 dimerization. 

Simulations and computational models are only as good as the datasets they draw 

from, and in this case, our structural model fell short of what would be considered an 

optimal structure.  Nonetheless we moved forward and were able to show making the 

R5A and HRVHK-AAGAA mutations had the desired effect.  A more direct approach will 
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be necessary to fully understand CDCP1’s biophysical properties, and therefore we are 

working towards solving the crystal structure of CDCP1. Currently, we are in collaboration 

with Dr. Tom Poulos’ lab to express, purify, and solve the crystal Structure of ECC. This 

will give us insight into the domain structure, orientation of interactions with itself, and the 

residues present in the protein-interaction interfaces.  

 In addition to structural studies, the purified ECC, as well as CUB2 and CUB3 could 

be used to treat TNBC tumors in vivo. It will be very exciting to learn about the 

bioavailability, tolerance, efficacy, and pharmacokinetics of the purified proteins on the 

tumors when introduced via intraperitoneal injection. Preliminary studies using a His-tag 

to purify ECC demonstrated that Nickel resin could pull down the protein. However, the 

purification was subpar and the concentration remained very low.  This study will offer 

potentially new treatments for TNBC, however it is still in the early stages.  

We demonstrated in Chapter 2 that CDCP1 is instrumental in driving migration and 

in Chapter 3 we further demonstrate that cCDCP1 dimerization is important for metastasis 

of TNBC. In Chapter 5, we sought to develop a surrogate biomarker of cCDPC1 activity 

(dimerization) in TNBC. This study is relevant to diagnosis and prognosis of TNBC.  

Therefore, developing a diagnostic biomarker is of extreme interest.  We first 

demonstrated that we could analyze CDCP1 cleavage in FFPE tissue by Western blot. 

We were able to expand the protocol to FFPE tissue section for IHC and found that the 

antibody against phospho-PKCδ Y311 is reliable. We were not able to show a correlation 

between CDCP1 cleavage and PKCδ phosphorylation, however, we are actively pursuing 

methods to more directly address our hypothesis in the future. 
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As mentioned in the discussion of Chapter 5, we will need to control for tissue 

sample preparation and age. However, these preliminary studies open up interest in the 

use of this biomarker not just in TNBC but in other forms of cancer too and potentially in 

other pathological diseases. We hypothesize that if flCDCP1 or cCDCP1 homo-dimerize 

in normal tissue, this supports healthy tissue function. Once, a driver mutation occurs in 

these cells, however, the CDCP1 signaling pathway works to promote cancer progression 

and migration. It will be important to assess the status of CDCP1 dimerization across 

cancer lines as well as in normal tissue to either prove or disprove this hypothesis.  

  

We discovered in Chapter 3 that CDCP1 regulates lipid metabolism in cancer cell 

lines.  The next logical question becomes: Does CDCP1 regulate lipid metabolism in a 

physiological setting? In Chapter 6 we analyzed the role of CDCP1 in the liver and in the 

context of wound healing.  Using the CDCP1 KO mice we developed, we found that KO 

mice, as expected, had higher lipid content when compared to their Het counterparts.  

Interestingly, we observed the KO mice also had an impaired ability to heal dermal 

wounds during the first week of the healing process.   

This mouse strain will also potentially be useful as a model for liver disorders.  

Further characterization of the CDCP1 KO mice is necessary to determine their pre-

diabetic state. The evidence that CDCP1 KO mice have higher liver lipid content begs the 

question of whether these mice would be at higher risk of developing liver cancer, as non-

alcoholic fatty liver disease is the leading cause of hepatocellular carcinoma234. Many 

methods could be used to test this hypothesis (discussed by Caviglia and Schwabe235). 

One of these methods involves chemically wounding the liver to induce carcinogenesis 
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with carbon tetrachloride in the presence of the mutagen, diethylnitrosamine. This method 

may be the best route for our mice as they are on a mixed background with a fully intact 

immune system.  

We hypothesize that CDCP1 KO mice will be more prone to developing liver 

tumors, which may grow faster than those that develop in CDCP1 Het mice. However, 

because CDCP1 is absent in CDCP1 KO mice, we do not hypothesize that these tumors 

will effectively metastasize but will rather kill the animal by disrupting liver function faster 

than CDCP1 Het liver tumors. 

 

Closing Statement. We have demonstrated the wide range of roles that CDCP1 plays 

under a variety of physiological stressors; cancer, liver disease, and wound healing. Our 

studies add to the growing body of work on the importance of CDCP1 in driving tumor 

pathogenesis and wound healing, and offers a new paradigm for CDCP1’s role as a 

regulator of metabolism in cancer and the liver. We have also paved the way for further 

investigation into the structure of CDCP1 and the use of its activated downstream target, 

phospho-PKCδ, as a surrogate biomarker of disease- and distant disease-free survival in 

breast cancer patients. Combined, these studies offer a comprehensive look into the 

previously unknown multi-functional capacities of the highly intriguing membrane protein, 

CDCP1. We are excited to see further development of the field of CDCP1 research.  
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Supplemental Table 1 | Antibodies  

CHAPTER 2: 

Western Blotting Primary Antibody Dilution Company & catalog 

number 

rabbit anti-phospho CDCP1 Y734 1:1000 Cell Signaling #9050 

rabbit anti-CDCP1 1:1000 Cell Signaling #4115 

goat anti-CDCP1 antibody 1:1000 Abcam, Cambridge, MA 

#ab1377 

mouse anti-Flag 1:1000 Sigma Aldrich #51804 

rabbit anti-His-tag 1:1000 Cell Signaling #2365 

rabbit anti-phospho PKCδ Y311 1:1000 Cell Signaling #2055 

mouse anti-PKCδ 1:1000 Becton Dickinson 

Biosciences, San Diego, CA 

#610397 

rabbit anti-Src 1:1000 Cell Signaling #2109 

rabbit anti-Src 1:1000 SCBT, Santa Cruz, CA #sc-

18 

rabbit anti-phospho ERK 1/2 T202/T204 1:1000 Cell Signaling #4376 

mouse anti-ERK 1:1000 Cell Signaling #9107 

rabbit anti-phospho p38 MAPK 

T180/Y182 

1:1000 Cell Signaling #9211 

rabbit anti-p38 MAPK 1:1000 Cell Signaling #9212 

mouse anti- phospho tyrosine 1:5000 Millipore #4G10 

mouse anti-β-actin 1:1000 Sigma Aldrich #A5441 

Western Blotting Secondary Antibody Dilution Company & catalog 

number 

goat anti-mouse Horseradish Peroxidase 

(HRP) conjugate 

1:5000 Pierce #31430 

goat anti-rabbit HRP conjugate 1:5000 Pierce #31460 

horse anti-mouse Alkaline Phosphatase 

(AP) 

1:3000 Vector, Burlingame, CA #AP-

2000 

goat anti-rabbit AP 1:3000 Vector #AP-1000 

rabbit anti-goat AP 1:3000 Thermo Scientific #31300 
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Immunocytochemistry Primary 

Antibody 

Dilution Company & catalog 

number 

rabbit anti-CDCP1 1:200 Cell Signaling #4115 

mouse anti-Flag 1:200 Sigma Aldrich #51804 

Immunocytochemistry Secondary 

Antibody 

Dilution  

donkey anti-mouse Alexa 488 1:200 Invitrogen #A-21202 

donkey anti-rabbit Alexa 555 1:200 Invitrogen #A-31572 

   

3D Assay Primary Antibody Dilution Company & catalog 

number 

rabbit anti-Ki67 1:500 Leica Biosystems #KI67P-

CE 

mouse anti-phospho histone H3 1:200 Cell Signaling #9706 

rabbit anti-cleaved caspase 3 1:200 Cell Signaling #9661 

rabbit anti-His-tag 1:100 Cell Signaling #2365 

3D Assay Secondary Antibody Dilution Company & catalog 

number 

donkey anti-mouse Alexa 488 1:200 Invitrogen #A-21202 

donkey anti-rabbit Alexa 555 1:200 Invitrogen #A-31572 
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CHAPTER 3: 

Western Blotting Primary Antibody Dilution Company & catalog number 

rabbit anti-CDCP1 1:1000 Cell Signaling #4115 

Rabbit anti-ACSL3 1:1000 Thermo Fisher #PA5-42883 

mouse anti- phospho tyrosine 1:1000 Millipore #4G10 

mouse anti-β-actin 1:1000 Sigma Aldrich #A5441 

Mouse anti-Flag 1:1000 Sigma Aldrich #51804 

   

Western Blotting Secondary Antibody Dilution Company & catalog number 

goat anti-mouse HRP conjugate 1:5000 Pierce #31430 

goat anti-rabbit HRP conjugate 1:5000 Pierce #31460 

horse anti-mouse Alkaline Phosphatase 

(AP) 

1:3000 Vector, Burlingame, CA #AP-

2000 

   

Immunocytochemistry Primary 

Antibody 

Dilution Company & catalog number 

rabbit anti-CDCP1 1:200 Cell Signaling #4115 

goat anti-CDCP1 1:100 Abcam, Cambridge, MA 

#ab1377 

Rabbit anti-ACSL1 1:100 Aviva #ARP32785_P050 

Rabbit anti-ACSL3 1:200 Thermo Fisher #PA5-42883 

Rabbit anti-ACSL4 1:100 Abgent #AP2536b 

Rabbit anti-ACSL5 1:200 Novus Biologicals #NBP2-31995 

Rabbit anti-RhoC 1:100 Cell Signaling #3430 

   

Immunohistochemistry Primary 

Antibody  

 Company & catalog number 

Goat anti-CDCP1 1:400 Abcam #ab1377 

Rabbit anti-CDCP1 1:400 Cell Signaling #4115 

   

Immunocytochemistry Secondary 

Antibody 

Dilution Company & catalog number 

donkey anti-rabbit Alexa 555 1:200 Invitrogen #A-31572 
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CHAPTER 4: 

Western Blotting Primary Antibody Dilution Company & Catalog number 

rabbit anti-CDCP1 1:1000 Cell Signaling #4115 

   

Western Blotting Secondary Antibody Dilution Company & catalog number 

goat anti-rabbit HRP conjugate 1:5000 Pierce #31460 

   

Immunocytochemistry Primary Antibody Dilution Company & catalog number 

rabbit anti-cleaved caspase 3 1:200 Cell Signaling #9661 

   

Immunocytochemistry Secondary Antibody Dilution Company & catalog number 

donkey anti-rabbit Alexa 555 1:200 Invitrogen #A-31572 

 

CHAPTER 5: 

Western Blotting Primary Antibody Dilution Company & Catalog number 

rabbit anti-CDCP1 1:1000 Cell Signaling #4115 

   

Western Blotting Secondary Antibody Dilution Company & catalog number 

goat anti-rabbit HRP conjugate 1:5000 Pierce #31460 

   

Immunohistochemistry Primary Antibody Dilution Company & catalog number 

rabbit anti-phospho PKCδ Y311 1:250 Abcam #ab76181 

   

Immunohistochemistry Secondary Antibody Dilution Company & catalog number 

BondTM Polymer Refine Detection system  Leica Biosystems #DS9800 
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Supplementary Table 2 | Oligonucleotides used for cloning. 

CHAPTER 2: 

Construct Primers, gBlocks, and complimentary 

oligos (5’-3’) 

Restriction sites/ 

Notes 

pLM-CMV-

flCDCP1 from 

pDrive-flCDCP1 

F:ctctctgctagcgtcatggccggcctgaactg 

R:agagagctcgagttattctgctggctccatgg 

NheI 

XhoI 

Reversion of 

mutated flCDCP1 

to WT flCDCP1 

gcatcggtttagagctgcagTtttccatccctcgcctga

g 

cagcctggtgctggtGccagcccAgaagctgcagc

agcat 

tgtgggtatctacaatgAcaacatcaatactgagatgc

cg 

gaaccgtacaccttctcccAtcccaacaatggggatg

taa 

The WT nucleotides 

are capitalized 

pLM-CMV-

flCDCP1-Flag 

F:agagagggatcctcaacctctctctgcaaggc 

R:agagagctcgagttacttatcgtcgtcgtccttgt

aatcttctgctggctccatgggct 

BamHI 

XhoI 

Flag-tag 

pLM-CMV-

flCDCP1-His 

F: agagagggatcctcaacctctctctgcaaggc 

R:agagagctcgagttaatgatggtgatggtggtgtt

ctgctggctcatgggct 

BamHI 

XhoI 

His-tag  

pLM-CMV-no-SP-

cCDCP1-Flag 

F:ctctctgctagcaagtttgtccctggctgttt 

R:agagagctcgagttacttatcgtcgtcgtccttgt

aatcttctgctggctccatgggct 

NheI 

XhoI 

Flag-tag 

pLM-CMV-no-SP-

cCDCP1-His 

F:ctctctgctagcaagtttgtccctggctgttt 

R:agagagctcgagttaatgatggtgatggtggtgtt

ctgctggctcatgggct 

NheI 

XhoI 

His-tag 

Addition of SP:  

pLM-CMV-

cCDCP1-Flag and 

-His 

F:ctctcttctagaatggccggcctgaactgcgg 

R:agagaggctagcaaaagcttctgccccgcgcg 

XbaI 

NheI 
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pLM-CMV-

cCDCP1-Y734F-

Flag and -His 

aaggacaatgactcccatgtgtTCgcagtcatcgag

gacaccatg 

Mutated nucleotides 

are capitalized 

pLM-CMV-ECC-

His 

F:ctctctgctagcaagtttgtccctggctgttt 

R:agagagctcgagttaatgatggtgatggtggtggtc

cacagtccttggggtaa 

NheI 

XhoI 

pLM-CMV-N’luc F:agagagaccggtggtggaggcggttcaggcg

gaggtggcagcagatccatggaagacgccaaaa

acat 

R:ctctctctcgagttacataatcataggtcctctga 

AgeI 

XhoI 

linker 

pLM-CMV-C’luc F:agagagaccggtggtggaggcggttcaggcg

gaggtggcagcagatccatgtccggttatgtaaaca

a 

R:ctctctctcgagttacacggcgatctttccgc 

AgeI 

XhoI 

linker 

pLM-CMV-

cCDCP1-N’luc 

and -C’luc 

F:agagagactagtatggccggcctgaactgcgg 

R:ctctctcgccggcggcttctgctggctccatgggct 

SpeI 

SgrAI 

pLM-CMV-

flCDCP1-N’luc 

and -C’luc 

F:ctctctgctagcatggccggcctgaactgcgg 

R:ctctctcgccggcggcttctgctggctccatgggct 

NheI 

SgrAI 

pLM-CMV-sh-ins-

flCDCP1 

gctagcgtcatggccggcctgaactgcggggtctctat

cgcactgctaggggttctgctgctgggtgcggcgcgc

ctgccgcgcggggcagaagcttttgagattgctctAcc

CcgCgaGagTaaTatCacTgtCctGatCaagct

ggggaccccgactctgctggcaaaGccGtgCtaTa

tAgtTatttctaaaagacatataaccatgttgtcTatTa

aAtcGggCgaGagGatagtctttacctttagctgcc

agagtcctgaAaaCcaTttCgtTatCgagatccag

aaaaatattgactgtatgtcaggcccatgtccttttggg

gaggttcagcttcagccctcgacatcgttgttgcctacc

ctcaacagaactttcatctgggatgtcaaagcAcaCa

NheI 

 

Mutated nucleotides 

are capitalized 
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aAagTatAggGttGgagctgcagttttccatccctcg

cctgaggcagatcggtccgggtgagagctgcccaga

cggagtcactcactccatcagcggccgaatcgatgcc

accgtggtcaggatcggaaccttctgcagcaatggca

ctgtgtcccggatcaagatgcaagaaggagtgaaaa

tggccttacacctcccatggttccaccccagaaatgtct

ccggcttcagcattgcCaaTcgTtcTtcAatTaaac

gtctgtgcatcatcgagtctgtgtttgagggtgaaggct

cagcaaccctgatgtctgccaactacccagaaggctt

ccctgaggatgagctcatgacgtggcagtttgtcgttcc

tgcacacctgcgggccagcgtctccttcctcaacttca

acctctccaactgtgagaggaaggaggagcgggttg

aatactacatcccgggctccaccaccaaccccgagg

tgttcaagctggaggacaagcagcctgggaacatgg

cggggaacttcaacctctctctgcaaggctgtgacca

agatgcccaaagtccagggatcc 

 

 

 

 

 

 

 

BamHI 

pLM-CMV-sh-ins-

ncCDCP1 

gtacggcgcaatcgtagccagagatcgagtcgtggat

tacgagcatcgagatatatggatcctccggctgcagtt

ccaagttttggtccaacatccacaaaatgaaagcaat

aaaatctacgtggttgacttgagtaatgagcgagccat

gtcactcaccatcgagccacggcccgtcaaacagag

ccAGaaCtttgtccctggctgtttcgtgtgtctagaatct

cggacctgcagtagcaacctcaccctgacatctggct

ccaaacacaaaatctccttcctttgtgatgatctgacac

gtctgtggatgaatgtggaaaaaaccataagctgcac

agaccaccggtgcgcgctgggtagacgtatgacgat

agcatgcatgacgatcaaaccccgtgttgtgcatcag

ctagcatcgttacatgactagtggtcagcggcaattac

gatagggatacgacgtacatgcaga 

 

BamHI 

 

Mutated nucleotides 

are capitalized 

 

AgeI 
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pLKO.1shCDCP1

-7 

F:ccggaaccctgttacatcgtcatctcgagatgacga

tgtaacagggtttttttg 

R:aattcaaaaaaaccctgttacatcgtcatctcgaga

tgacgatgtaacagggtt 

AgeI and EcoRI 

compatible sticky 

ends in 

complimentary 

oligos; shRNA 

binding sites  

hTBP (qRT-PCR) F:cccgaaacgccgaat  

R:gactgttcttcactcttggctc  

 

CDCP1 (qRT-

PCR) 

F:gccacgagaaagcaacattaca 

R:aaaggacatgggcctgacata 

 

 

CHAPTER 3: 

Construct Primers (5’-3’) Restriction Sites/ 

Notes 

pLKO.1shCDCP1

-2 

See Chapter 2, pLKO.1shCDCP1-7 Wright et al. 5 

pLKO.1shACSL3 F:ccggtgaccaacatcgccatcttcctcgaggaaga

tggcgatgttggtctttttg 

R:aattcaaaaagaccaacatcgccatcttcctcgag

gaagatggcgatgttggtca 

AgeI and EcoRI; 

shRNA stem 

sequences 

See Obata et al. 175 

pLM-CMV-

ACSL3-blasticidin 

F:atatatgctagcatgaataaccacgtgtcttc 

R:gcgcgcctcgagttattttcttccatacattc 

NheI and XhoI; 

sequences 

complementary to 

ACSL3 
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CHAPTER 5: 

SDM Primer 
Name 

Sequence 

H4A Mutation Single mutation: cataagctgcacagaccacGCgtactgccaaaggaaatcctac 
Double mutation with R5A: 
cataagctgcacagacGCcGCgtactgccaaaggaaatcctac 

R5A Mutation cataagctgcacagacGCccggtactgccaaaggaaatcctac 

V25G Mutation catcctccacctgcctgGggagctgcatgacttctcctggaag 

H28A Mutation cctccacctgcctgtggagctgGCtgacttctcctggaagctgct 

K33A Mutation agctgcatgacttctcctggGCgctgctggtgcccaaggacag 

Q75A Mutation ggccagtgccatacccagcGCggacctgtacttcggctcc 

  

pET-28a+ 
Primers 

Sequence 

ECC  F: ctctctcatatgatgaagtttgtccctggctgttt 
R: ctctctctcgagtcagtccacagtccttggggtaa 

 

 




