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ABSTRACT 

Members of the metzincin superfamily of metalloproteinases, including the 

disintegrin and metalloproteinases (ADAMs) and the matrix metalloproteinases 

(MMPs), have long been associated with diseases such as cancer and arthritis. Among 

all the metzincin metalloproteinases, transmembrane metzincins such as 

transmembrane ADAMs and transmembrane MMPs, have emerged as new targets for 

cancer therapy. In this study, I investigated the mechanisms of action and regulation of 

3 transmembrane metalloproteinases that have been implicated in tumor progression 

(ADAM9, ADAM12 and MMP14), to better understand the roles they play in cancer 

and provide guidance for targeting them as novel approaches of cancer treatment.   

Previous research in our lab suggests that ADAM9, which is highly expressed 

in many types of solid tumors, promotes colorectal cancer (CRC) progression. To 

understand the mechanism of action for ADAM9, I carried out RNA-seq in HCT116 

human CRC cells with ADAM9 knockdown. A total of 351 differentially expressed 

genes (DEGs), including 93 up-regulated genes and 258 down-regulated genes, were 

identified. My enrichment analysis revealed that MAPK signaling pathway, p53 

signaling pathway and FoxO signaling pathway, are significantly enriched. These 

pathways may mediate the function of ADAM9 in CRC progression.  

My bioinformatics analysis predicts the C-terminal lysine residue in the 

cytoplasmic tail of several ADAMs may be ubiquitinated to target these ADAMs for 

proteasome-mediated degradation. One of these ADAMs, ADAM12, has been 

implicated in the pathology of malignant tumors, such as breast cancer. To test if the 

C-terminal K903 residue is important for ADAM12 turnover, I generated the K903R 

mutant, as well as a mutant with the whole cytoplasmic tail deleted. I found that the 
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levels of both mutants are elevated as compared with wild-type ADAM12. My 

findings indicate that the most C-terminal lysine residue of ADAM12 is likely 

involved in its degradation.  

The third part of this research concerns a cross-regulation of transmembrane 

metalloproteinases by cysteine proteases. We found that treatment of both normal and 

neuroblastoma cells with K777, a cysteine protease inhibitor, leads to post-

transcriptional accumulation of MMP14. Surprisingly, MMP14 substrates also 

accumulate in the cells, suggesting that the activity of this transmembrane MMP is 

actually inhibited. We therefore hypothesize that the accumulation of MMP14 upon 

K777 treatment is due to reduced autocleavage. Consistent with this hypothesis, a 

protease-dead mutant of MMP14 does not accumulate after K777 treatment. These 

results unveil a possible crosstalk between cysteine proteases and transmembrane 

metalloproteinases, which warrants further investigation. 
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Chapter 1 

BACKGROUND 

The metzincin superfamily of metalloproteinases is generally characterized by 

an HEXGHXXGXXH zinc binding motif at the active site and a conserved 

methionine residue within the catalytic domain [1-2]. Based on the composition of 

domains and subtle differences in the catalytic site, the metzincin superfamily can be 

further divided into various subfamilies such as Matrix metalloproteinases (MMPs), a 

disintegrin and metalloproteinases (ADAMs), and a disintegrin and metalloproteinase 

with thrombospondin motifs (ADAMTSs) [3]. The metzincin superfamily of 

metalloproteinases is mainly involved in the proteolysis of proteins at cell surface and 

proteins in the extracellular matrix (ECM), regulating cell–ECM and cell–cell 

interactions [4]. Metzincins have long been associated with cancer progression [5]; 

among all the metzincin metalloproteinases, transmembrane metzincins such as 

transmembrane ADAMs and membrane-type MMPs, have emerged as new targets for 

cancer therapy [6-7]. 

ADAM metalloproteinases typically have a cytoplasmic tail, a transmembrane 

domain, and an extracellular region that is composed of a pro domain, a 

metalloproteinase domain, a disintegrin-like domain, a cysteine rich domain, and an 

epidermal growth factor (EGF)-like domain [8]. ADAM metalloproteinases are 

synthesized as zymogens, which have a pro domain to inhibit their protease activity. 

To activate the ADAM metalloproteinases, the pro domain of ADAMs has to be 

removed by proprotein convertases, such as furin, to unmask the catalytic site [9]. 
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Proteolytically active ADAMs are capable of cleaving various substrates such as 

growth factors, cytokines, and a wide variety of receptors [10]. Recently, multiple 

members of ADAMs, including ADAM9, ADAM10, ADAM12, ADAM15 and 

ADAM17, have been shown to play a role in cancer [7].  

Matrix metalloproteinases (MMPs), also known as matrixins, are one class of 

metzincins that are primarily secreted metalloproteinases [11]. Among the 25 known 

MMPs, six MMPs are targeted to the cell surface and are called membrane-type 

MMPs (MT-MMPs). MT-MMPs can be further divided into transmembrane MMPs 

(MMP14, MMP15, MMP16 and MMP24) and glycosyl phosphatidylinositol (GPI)-

anchored MMPs (MMP17 and MMP25) [12]. The transmembrane MMPs have a 

propeptide, followed by a metalloproteinase domain, a hinge region, a hemopexin 

domain, a stalk region, a transmembrane domain, and a cytoplasmic tail [12]. Like 

ADAM metalloproteinases, transmembrane MMPs are synthesized as zymogens, 

which have a propeptide to inhibit their protease activity and can be activated by the 

removal of pro domain [13-14]. Transmembrane MMPs mainly involved in cleaving 

ECM and cell surface proteins; among the 4 transmembrane MMPs, MMP14 has the 

widest substrate specificity [15]. Transmembrane MMPs have been shown to be 

associated with various cancers [6, 15]. For example, MMP14 was reported to 

promote cell invasion and migration in nasopharyngeal carcinoma [17] and enhance 

tumour growth and invasion in hepatocellular carcinoma [18]. A higher level of 

MMP15 was found in human lung adenocarcinoma and human breast cancer tissues 

[19-20]. MMP16 was also shown to promote tumor metastasis in hepatocellular 

carcinoma [21].  
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Transmembrane metalloproteinases have emerged as new targets for cancer 

therapy [6-7]. In this study, I investigated the mechanisms of action and regulation of 

3 transmembrane metalloproteinases, to better understand the roles they play in cancer 

and provide guidance for targeting them as novel approaches of cancer treatment.   
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Chapter 2 

RNA-SEQ REVEALS TRANSCRIPTOME CHANGES IN COLORECTAL 

CANCER CELLS FOLLOWING ADAM9 KNOCKDOWN 

2.1 Introduction 

Colorectal cancer (CRC) is one of the most aggressive human cancers and is 

the third most common malignancies in the United States. Symptoms of colorectal 

cancer include constipation, diarrhea, rectal bleeding, unexplained weight loss, 

abdominal bloating, anemia, and jaundice [22-23]. Every year, there are about 160,000 

new cases of colorectal cancer and 57,000 deaths from the disease in the United States 

[24]. The five-year survival rate is 90% for colorectal cancer found at the localized 

stage and 71% for colorectal cancer found at the regional stage. If the cancer has 

spread to distant parts of the body (distant stage), the 5-year survival rate drops to 14% 

[24-25]. There is an urgent need to understand the molecular mechanisms of colorectal 

cancer progression in order to develop more effective therapeutic strategies. 

Colorectal cancer originates from the epithelial cells lining the colon or rectum 

of the gastrointestinal tract, and aberrant activation of Wnt signaling pathway is 

responsible for oncogenesis of over 80% of colorectal cancer [26-27]. The canonical 

Wnt pathway, also known as the Wnt/β-catenin pathway, has an important role in 

carcinogenesis and is essential for cancer stem cell maintenance [28]. In the Wnt/β-

catenin pathway, the extracellular Wnt ligand binds with its cell surface receptor, 

which through intracellular signaling protects the cytosolic protein β-catenin from 

degradation. This increase in β-catenin allows it to translocate into the nucleus to act 

as a transcriptional coactivator and initiate transcription of target genes [29].   

ADAM family proteins belong to the metzincins superfamily of 

metalloproteinases and function in shedding diverse cell surface receptors and 
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signaling proteins [30]. They not only play important roles in the regulation of cell-

cell signaling during development and homeostasis, but also are involved in tumor 

formation and progression. Among all the ADAM proteins, ADAM9 has crucial 

functions in various types of cancers. High ADAM9 expression has been reported in 

many types of cancers, including breast, lung, brain and bladder cancers. Expression 

level correlates well with tumor progression in some cancers [31-32]. ADAM9 is thus 

a new potential biomarker for diagnosis and drug target for the treatment of cancer. In 

our previous research, we found that knockdown of ADAM9 does not only reduce the 

canonical Wnt signaling, but also reduces cancer cell migration in colorectal cancer 

cells [33]. However, the underlying mechanism of how ADAM9 regulates colorectal 

cancer remains elusive. Here I use an RNA-Seq approach to comprehensively 

investigate the differentially expressed genes in ADAM9-knockdown colorectal 

cancer cells. I also conduct enrichment analysis to further determine the role of 

ADAM9 in the regulation of colorectal cancer. This comprehensive analysis helps 

identify the transcriptomic changes in the ADAM9-knockdown colorectal cancer cells 

and improve our understanding of the molecular mechanisms through which ADAM9 

regulates colorectal cancer. 

2.2 Materials and Methods 

2.2.1 Cell Culture and Transfection 

Colorectal cancer cell line HCT116, which has a high ADAM9 expression, 

was purchased from ATCC and cultured in McCoy’s 5A medium (ATCC) containing 

10% fetal bovine serum (FBS) and Pen-Strep (100 U/mL Penicilium and 100 μg/mL 

Streptomycin) in 5% CO2 at 37°C. Cells were grown to 40% confluence and 
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transfected with ADAM9 siRNA using Lipofectamine 3000 (Invitrogen). The medium 

was refreshed 12 h after transfection, and the cells were further incubated for another 

48 h. 

2.2.2 RNA Isolation and Quality Control 

Total RNA was extracted from ADAM9-knockdown cells and control cells 

using RNeasy Mini Kit (QIAGEN, USA) according to the manufacturer's instructions. 

Quality of the RNA was estimated using the A260:A280 ratio and RNA degradation 

and contamination were monitored by electrophoresis in 1% agarose gels. Integrity 

and size distribution of RNA was evaluated using a Bioanalyzer. The total RNA 

samples were treated with DNase I to degrade DNA contamination. 

2.2.3 RNA-Seq Library Preparation and Sequencing 

Illumina RNA-Seq library construction and sequencing was conducted by the 

University of Delaware DNA Sequencing & Genotyping Center (Newark, DE). Six 

replicates of each treatment were subject to RNAseq and high throughput sequencing 

was completed using the Illumina HiSeq 2500 system (Illumina). 

2.2.4 Quality Control, Trimming and Filtering Reads 

After obtaining the RNA-Seq Raw data in the FASTQ format, the quality of 

the raw data was evaluated with FastQC, which is a quality control tool for high 

throughput sequence data and provides a modular set of analyses that give a quick 

impression of whether the raw data has any potential abnormalities [34]. The low 

quality read ends and adapter sequences were removed and the low-quality reads were 

filtered out using Trim Galore, which is a wrapper tool around Cutadapt and FastQC 

for trimming and filtering Illumina data [35]. 
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2.2.5 Reference Mapping and Feature Counting 

After the trimming and filtering, all the reads were aligned to the hg19 human 

reference genome using TopHat2, which is built on the ultrafast short read mapping 

program Bowtie and is a popular choice for mapping reads to an annotated reference 

genome [36]. HTseq-count, a tool developed with HTSeq that preprocesses RNA-Seq 

data, was used to count how many reads map to each annotated genes [37]. 

2.2.6 Differential Gene Expression Analysis and Enrichment Analysis 

The differential gene expression analysis was conducted using the R packages 

DEseq and edgeR, which provide statistical routines for determining differential 

expression in digital gene expression data using a model based on the negative 

binomial distribution [38-39]. False discovery rate (FDR) was used for multiple test 

correction and the exact test in edgeR was conducted to determine the differentially 

expressed genes (DEGs) between the ADAM9-knockdown and control colorectal 

cancer cells with a cutoff threshold of corrected p-value < 0.05 and fold change >1.5. 

Gene Ontology (GO) and pathway enrichment analysis of the DEGs were performed 

using Enrichr, which is an online tool for comprehensive enrichment analysis [40]. 

2.3 Results 

2.3.1 Visualization of Sample-to-Sample Distances   

To assess overall similarity between samples, the principal component analysis 

(PCA) plot and the multi-dimensional scaling (MDS) plot were created using EDseq 

and edgeR [38-39], respectively. As shown in Fig. 1 and Fig. 2, most sample variance 

is observed between control samples and ADAM9-knockdown samples.  The control 

samples and the ADAM9-knockdown samples were separated in both the PCA plot 
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and the MDS plot.  Also, the ADAM9-knockdown samples are more similar to each 

other compared to the control samples. Two of the control samples are not very similar 

to the rest of the control samples, however, since the 2 control samples were separated 

from the ADAM9-knockdown samples, the dissimilarity was considered as acceptable 

variance among control samples.  

       

Figure 1: A PCA plot showing the sample-to-sample distances. The PCA plot uses 

linear algebra techniques to find the optimal rotation of the coordinate 

system so that most of the variation among samples is represented in 2 

dimensions. Horizontal axis (PC1) captures 64% variance and vertical 

axis (PC2) captures 13% variance.  
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Figure 2: An MDS plot showing the sample-to-sample distances. The MDS plot 

maps the highly dimensional data for each sample into two dimensions. 

S1-S6 are 6 replicates of the control samples. S7- S12 are 6 replicates of 

the ADAM9-knockdown samples. 

2.3.2 Identification of DEGs between ADAM9-Knockdown and Control 

Colorectal Cancer Cells 

The dispersion, which is a measurement of the variability among biological 

replicates, was calculated using the edgeR estimateDisp function [38]. Then a BCV 

(biological coefficient of variation) plot was generated to show the relationship 

between the biological coefficient of variation for each gene and the mean log count 

per million (CPM) for that gene across all replicates. As shown in Fig. 3, BCV 

decreases to a steady lower level as counts of genes increase. 
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Figure 3: A BCV plot showing the relationship between the biological coefficient 

of variation and the average log CPM. The BCV plot shows the 

biological coefficient of variation (the square root of the dispersion) for 

each gene vs. the mean log CPM for that gene across all replicates. A 

black point is shown for each gene, with a blue curve indicating the trend 

and a red line showing the overall BCV across all genes. 

The exact test in edgeR was conducted to determine the differentially 

expressed genes (DEGs) between the ADAM9-knockdown and control colorectal 

cancer cells with a cutoff threshold of corrected p-value < 0.05 and fold change >1.5. 

A total of 351 DEGs, 93 up-regulated genes and 258 down-regulated genes, were 

identified between the ADAM9-knockdown and control colorectal cancer cells. To 

visualize the differentially expressed genes, a plot of the log fold-change vs. the 

average log CPM was generated using plotSmear [38]. As shown in the Fig. 4, most of 
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the genes that meet the P-value threshold didn’t pass the 1.5-fold change threshold, 

and most of the genes passed the 1.5-fold change threshold were down-regulated. 

 

Figure 4: A plot of the log fold-change vs. the average log counts per million 

(CPM) showing the DEGs. DEGs whose expression is significantly 

altered (P ≤ 0.05) are colored red, and the rest of the genes are colored 

black in the plot. The blue lines indicate fold-change of  1.5-fold, 

respectively.  

2.3.3 Enrichment Analysis of DEGs 

The identified DEGs were further analyzed by Gene Ontology (GO) and 

pathway enrichment analysis using Enrichr [40]. As shown in Fig. 5, the top pathways 

that are significantly enriched by DEGs (P-values < 0.05) were identified by the 

KEGG pathway enrichment analysis. The pathway with the highest combined score is 
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the MAPK signaling pathway (p-value= 0.001917297) and it has extensive crosstalk 

with Wnt/β-catenin signaling in cancer [41-42]. The FoxO signaling pathway (p-

value= 0.002436168), which has the second highest combined score, plays an 

important role in apoptosis and was shown to interact with β-catenin [43-44]. The 

pathway has the third highest combined score is the p53 signaling pathway (p-value= 

0.007266505). Attenuated p53 pathway was observed in many patients with colorectal 

cancer and loss of p53 function has been shown to increase canonical Wnt signaling 

[25, 45].  

The identified DEGs were also analyzed by Gene Ontology (GO) enrichment 

analysis. As shown in Fig. 6 and Fig. 7, the GO enrichment analysis identified many 

biological processes and molecular functions that are significantly enriched by DEGs 

(P-values < 0.05). A lot of biological processes and molecular functions identified are 

involved in amino acids transport and other transmembrane transporter activity, many 

genes encoding transmembrane transporters are the transcriptional target for p53 [46]. 

One of the biological process that has the highest combined scores is positive 

regulation of neuron apoptotic process, which is one of the major functions of p53 

[47]. 
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Figure 5: KEGG pathway enrichment analysis of the DEGs, sorted by combined 

score. The length of the bars represents the significance of that specific 

pathway. 

 

Figure 6: GO biological process enrichment analysis of the DEGs, sorted by 

combined score. The length of the bars represents the significance of that 

specific term. 
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Figure 7: GO Molecular Function enrichment analysis of the DEGs, sorted by 

combined score. The length of the bars represents the significance of that 

specific term. 

2.4 Conclusion 

Recently, ADAM9 has emerged as a new potential biomarker for diagnosis 

and drug target for the treatment of cancer. In our previous research, we found that 

knockdown of ADAM9 does not only reduce the canonical Wnt signaling, but also 

reduces cancer cell migration in colorectal cancer cells [33]. However, the underlying 

mechanism of how ADAM9 regulates colorectal cancer remains elusive. In this study, 

I used an RNA-Seq approach to comprehensively investigate the differentially 

expressed genes between the ADAM9-knockdown and control colorectal cancer cells 

with a cutoff threshold of corrected p-value < 0.05 and fold change >1.5. A total of 

351 DEGs, including 93 up-regulated genes and 258 down-regulated genes, were 

identified. My KEGG pathway enrichment analysis of the DEGs identified that 

MAPK signaling pathway, FoxO signaling pathway and p53 signaling pathway have 

the highest combined scores. The mitogen-activated MAPK signaling pathway has 

been shown to have extensive crosstalk with Wnt/β-catenin in cancer. Stimulation of 
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the Wnt/β-catenin pathway stabilize Ras and therefore activates the MAPK pathway 

[41-42]. The FoxO signaling pathway plays an important role in apoptosis and was 

shown to interact with β-catenin, which is one of the most important players in Wnt 

signaling pathway [43-44].  Attenuated p53 pathway was observed in many patients 

with colorectal cancer and loss of p53 function has been shown to increase canonical 

Wnt signaling [25, 45]. Also, many biological processes and molecular functions 

identified by my GO enrichment analysis are related to p53. The 3 significantly 

enriched pathways identified are all closely related to Wnt signaling pathway, 

indicating the important role of Wnt signaling pathway and its interaction with 

MAPK, p53 and FoxO signaling pathway play in the regulation of colorectal cancer 

cells by ADAM9. 
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Chapter 3 

REGULATION OF ADAM12 TURNOVER 

3.1 Introduction 

ADAM12, initially called meltrin , is a member of the ADAM (a disintegrin 

and metalloproteinase) protein family [48]. As a consequence of alternative splicing, 

there are two naturally occurring human ADAM12 splice variants, ADAM12-L and 

ADAM12-S. ADAM12-L, the membrane-bound form, is a type I transmembrane 

protein and it has a typical structure of the transmembrane metalloproteinases. 

ADAM12-L has a cytoplasmic tail, a transmembrane domain, and an extracellular 

region that is composed of a pro domain, a metalloproteinase domain, a disintegrin-

like domain, a cysteine rich domain, and an epidermal growth factor (EGF)-like 

domain. ADAM12-S, on the other hand, is a secreted form of ADAM12 that is 

truncated. In ADAM12-S, the transmembrane domain and the cytoplasmic tail are 

replaced by a unique stretch of 33 amino acids [49-50].  

ADAM12 is considered as an active metalloproteinase and has a number of 

substrates in the extracellular matrix or on the cell surface. ADAM12-L is believed to 

shed the ectodomain of many EGFR ligands including epidermal growth factor (EGF), 

heparin-binding EGF-like growth factor (HBEGF), and betacellulin (BTC), resulting 

in EGFR signaling [51-52]. EGFR signaling not only plays an important role in the 

regulation of cell proliferation, differentiation and migration, but also has been shown 

to be involved in the promotion of various cancers originating from epithelial tissues 

[53]. ADAM12-L was also shown to cleave Delta-like 1, a known mammalian Notch 

ligand, and activate Notch signaling [54].  Moreover, ADAM12-L has been suggested 

to cleave fibronectin, gelatin and type IV collagen in the extracellular matrix (ECM) 
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[55]. On the other hand, ADAM12-S was shown to cleave the insulin-like growth 

factor-binding proteins (IGFBP)-3 and IGFBP-5, releasing the IGFs and activating 

IGFR signaling [56-57]. 

ADAM12 has been implicated in several pathological processes including 

asthma, liver fibrogenesis, and hypertension [58-60]. Most of all, ADAM12 is 

remarkably upregulated in a variety of human tumors [61]. Some research 

demonstrated that ADAM12-L was specifically upregulated whereas others showed 

the increased expression of both the transmembrane and soluble forms of ADAM12 

[62-65]. Studies have shown that in urine of breast cancer patients and bladder cancer 

patients, ADAM12 is increased and the levels of ADAM12-S present in the urine of 

patients correlates with breast and bladder cancer stage [57, 62]. There is also research 

showing that ADAM12-L is predominantly expressed in glioblastomas and its 

transcript level is considerably higher in the glioblastomas than in nonneoplastic brain 

tissues [66]. Another study demonstrated that ADAM12 mRNA levels are upregulated 

in liver cancer and mRNA levels of ADAM12 correlates with tumor aggressiveness 

and progression [63].  

Due to the involvement of ADAM12 in a variety of pathological processes 

especially in various cancers, ADAM12 has emerged as a new and promising drug 

target. However, it is very difficult to use inhibitors to target the metalloproteinase 

domain with any specificity since there is high structural similarity between the 

ADAM12 and many other metalloproteinases [57, 61]. Therefore, a better 

understanding of the molecular mechanism that regulates ADAM12 level, such as 

turnover of ADAM12, may provide us novel means to control the activity of this 

metalloproteinase for therapeutic purposes.  
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In our previous research, we found that the most C-terminal lysine residue of 

ADAM13 is conserved among many species and is predicted to be ubiquitinated [67]. 

In Xenopus, we found that knockdown of ADAM19 causes ADAM13 degradation 

because ADAM19 binds with ADAM13 and protects it. However, ADAM13 won’t be 

degraded in the absence of ADAM19 if its most C-terminal lysine residue is 

substituted with arginine [67]. Interestingly, the most C-terminal residue of mouse 

ADAM12 is also a lysine and is predicted to be an ubiquitination site, indicating a 

similar function as the most C-terminal lysine residue of ADAM13 [68]. In this 

research, I investigated the role the most C-terminal lysine residue plays in the process 

of ADAM12 degradation, to obtain a better understanding of the molecular 

mechanism that regulates ADAM12 level and gain insight into ADAM12 associated 

pathological processes. 

3.2 Materials and Methods 

3.2.1 Prediction of Ubiquitination Sites 

The C-terminal sequences of ADAM12 were obtained from GenBank and 

were used as input for the prediction of the ubiquitination sites. BDM-PUB, an 

algorithm that can computational predict protein ubiquitination sites with bayesian 

discriminant method, was used to conduct the prediction [68]. The threshold used was 

0.3 and any position with a prediction score larger than 0.3 is predicted to be 

ubiquitinated. 

3.2.2 Construction of the ADAM12 K903R Mutant Plasmid 

The construction of the ADAM12 K903R mutant plasmid was initiated by 

PCR amplification of full length wild-type mouse ADAM12 using the primers with 
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specific mutation in its sequence to enable the substitution of the most C-terminal 

lysine residue to arginine. The sequences of the primers are forward: 5’-AAA AAA 

ATC GAT ATG GCA GAG CGC CCG G-3’ and reverse: 5’-GTG GTC GAC CAC 

CTG ATA TAG GCA TTG-3’. The PCR products were then digested by ClaI and SalI 

and sub-cloned into pCS2+ plasmid with myc6 tag in C-terminal to monitor its 

expression. The wild-type (WT) mouse ADAM12 and a mouse ADAM12 mutant with 

the whole cytoplasmic tail deleted (C) constructs were generated previously in our 

laboratory.  

3.2.3 Cell Culture and Transfection 

The human embryonic kidneys cell line HEK293T was obtained from 

American Type Culture Collection (ATCC) and the cells were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) and 

Pen-Strep (100 U/mL Penicilium and 100 μg/mL Streptomycin) at 37℃ in a 

humidified atmosphere with 5% CO2.  The HEK293T cells were transfected in 6-well 

tissue culture plates with plasmids and incubated for 48 hours before collection.  

 

3.2.4 Cell Lysis and Western Blotting 

The transfected HEK293T cells were lysed in cell lysis buffer (Cell Signaling) 

and the concentration of the protein was determined using the Bicinchoninic acid 

(BCA) assay (Thermo Scientific) with bovine serum albumin (BSA) as standard. For 

the western blotting, same amount of protein was loaded on SDS–PAGE gels and then 

electrotransferred onto nitrocellulose membranes (Bio-Rad). After blocking for 1 hour 

with 5% BSA and incubating for 1 hour with anti-myc primary antibody (1:1000) 
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(Santa Cruz), signals were detected by peroxidase-conjugated secondary antibodies 

using chemiluminescence reaction (Bio-Rad). Beta-actin was used as the loading 

control. 

3.3 Results and Discussion 

3.3.1 Prediction of Ubiquitination Sites 

The C-terminal sequences of ADAM12 were used as input to conduct the 

prediction of ubiquitination sites. The algorithm used was BDM-PUB and any lysine 

residue with a score larger than the threshold 0.3 is likely to be ubiquitinated [68].  As 

shown in Table 1, from Xenopus to human, the most C-terminal lysine residue is 

conservative among many species and has a score much higher than 0.3 in all the 

species listed, so the lysine residue is very likely to be ubiquitinated. 

Table 1: The C-terminal lysine residue of ADAM 12 is a potential ubiquitination 

site.  

      Species            C-Terminal Sequence       Score 

X. trop Adam12              PGPTKPPQRK       5.2 

Anolis Adam12              HRSCNAAYKQ       4.7 

Chick Adam12              RSSNATADVK       4.6 

Mouse Adam12              PRPSHNAYIK       4.3 

Human Adam12              PRSTHTAYIK       4.6 

The C-terminal 10 residues of ADAM12 from indicated species are aligned, and the 

lysine residue at or near the C-terminus is underlined. Scores were calculated by DM-

PUB algorithm (http://bdmpub.biocuckoo.org) and scores above threshold (0.3 or 

higher) indicate high probability of ubiquitination. 
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3.3.2 Construction of the ADAM12 K903R Mutant Plasmid 

The ADAM12 K903R mutant plasmid was constructed by amplifying the 

cDNA encoding wild-type mouse ADAM12 using the primers with specific mutation 

in its sequence to enable the substitution of the most C-terminal lysine residue to 

arginine, and then inserting the ADAM12 K903R sequence into the pCS2+ vector 

with myc6 tag in its C-terminal. Diagnostic restriction digest was used to confirm the 

rough structure of the ADAM12 K903R mutant plasmid (Fig. 8) and the sequence of 

the ADAM12 K903R mutant was further verified by Sanger sequencing. 

 

Figure 8: Diagnostic restriction digest of the ADAM12 K903R mutant plasmid. 

ADAM12KR mutant plasmid was digested by ClaI and SalI (double 

digestion), or ClaI only (single digestion), at 37 ℃ for 3 hours. Unit for 

the size is base pair. 

3.3.3 Western Blotting 

For the western blotting, anti-myc was used as the primary antibody to 

determine the level of wild-type mouse ADAM12 and its two mutants. As shown in 
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Fig. 9, the expression level of ADAM12 K903R mutant is much higher than wild-type 

ADAM12. The fact that substitution of the most C-terminal lysine by arginine 

stabilizes mouse ADAM12, combined with the result of the ubiquitination site 

prediction, indicates that the most C-terminal lysine residue of mouse ADAM12 is 

involved in its degradation by proteasome. Also, the level of an ADAM12 mutant with 

the whole cytoplasmic tail deleted (the C mutant) is even higher than ADAM12 

K903R mutant, suggesting that the lysine residue is not the only ubiquitination site in 

the cytoplasmic tail of mouse ADAM12. 

 

Figure 9: Substitution of the most C-terminal lysine by arginine stabilizes mouse 

ADAM12. HEK293T cells were transfected with 1 µg of plasmid 

encoding C-terminal myc6-tagged wild-type ADAM12 (WT), the K903R 

mutant, or the C mutant. Cell lysates were processed for western blot 

with an anti-myc antibody. 
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3.4 Conclusion and Future Directions 

As an active metalloproteinase that has multiple substrates in the extracellular 

matrix or on the cell surface, ADAM12 has been implicated in many pathological 

processes especially in various human tumors [58-61]. As a result, it has emerged as a 

new and promising drug target. However, due to the high structural similarity between 

ADAM12 and many other metalloproteinases, it is very difficult to use inhibitors to 

target the metalloproteinase domain with any specificity. Therefore, a better 

understanding of the molecular mechanism that regulates ADAM12 level may provide 

us a novel mean to control the activity of this metalloproteinase for therapeutic 

purposes. In this study, I investigated the role of the most C-terminal lysine residue in 

the process of ADAM12 degradation. I found that the most C-terminal lysine residue 

of mouse ADAM12 is conserved among many species and is predicted to be 

ubiquitinated by the BDM-PUB algorithm [68]. I then constructed an ADAM12 

K903R mutant plasmid and transfected the HEK293T cells with the plasmid along 

with wild-type mouse ADAM12 and the C mutant. Their levels were compared using 

western blotting, and the result showed that the level of ADAM12 K903R mutant is 

much higher than the level of wild-type ADAM12, meanwhile, the level of the C 

mutant is even higher than the ADAM12 K903R mutant. Overall, my study indicates 

that the most C-terminal lysine residue of mouse ADAM12 is involved in its 

degradation by proteasome and the lysine residue is not the only ubiquitination site in 

the C-terminal of mouse ADAM12. My findings provide new information for better 

understanding of the molecular mechanism regulates mouse ADAM12 degradation.  

Future research that studies the binding between ADAM12 constructs and 

ubiquitin would be helpful to further understand the degradation mechanism of mouse 

ADAM12. Also, in our previous research, we found that ADAM19 binds with 
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ADAM13 and non-proteolytically protects it from degradation in vivo [67]. A similar 

mechanism of ADAM12 protection is expected, and studies investigating the 

interactions between ADAM12 and other ADAM family proteins are needed to better 

understand the process. 
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Chapter 4 

THE REGULATION OF MMP14 IN K777-TREATED NEUROBLASTOMA 

CELLS 

4.1 Introduction 

Neuroblastoma is the most common solid tumor of childhood and the leading 

cause of cancer deaths in children under five [69]. About 800 new cases of 

neuroblastoma are diagnosed each year in the United States and approximately 90% of 

the cases are diagnosed by age 5 [69-70]. Neuroblastoma derives from the embryonic 

sympathoadrenal lineage of the neural crest and is often present as stage 3 or 4 in 

patients older than 2 year of age [71]. For these patients, aggressive treatments such as 

chemotherapy and radiation are typically used to eradicate the cancer. However, side 

effects of the aggressive treatments are particularly severe for children, and the 5-year 

survival rates for patients in stage 3 or 4 is below 50% [72-74]. Hence, there is an 

urgent need to develop more effective therapeutic strategies to treat this devastating 

disease. 

Cathepsins, which are a group of lysosomal proteinases, play a significant role 

in a range of physiological and pathological processes such as lysosomal protein 

recycling, bone remodeling, prohormone and proenzyme activation, tumor progression 

and metastasis, rheumatoid arthritis, osteoarthritis and atherosclerosis [75-78]. The 

cathepsin family in humans contains 2 aspartic proteases (cathepsin D and E), 2 serine 

proteases (cathepsins A and G), and 11 cysteine cathepsins (cathepsins B, C, F, H, K, 

L, O, S, V, X and W) [76-77]. Among all the cathepsins, elevated levels of cathepsins 

B and L have been observed in several human cancers [79-85]. Evidence has shown 

that the levels of Cathepsins B and L increase in breast and prostate cancer and their 

levels correlate well with the invasiveness of breast and prostate cancer [80-82]. 
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Furthermore, significantly higher expression of cathepsins B and L was also found in 

invasive types of histomorphologically benign meningioma, and the level of 

cathepsins B could be of critical value in the diagnosis of histomorphologically benign 

but invasive meningiomas tumors [83]. There are also studies showing that the levels 

of cathepsins B and L are remarkably higher in glioblastomas than in nonneoplastic 

brain tissues [84-85].   

Due to their involvement in various tumors, cathepsins B and L are thought to 

represent two potential targets for tumor therapy [79]. K11777 (N-methyl-piperazine-

Phe-homoPhe-vinylsulfone-phenyl), also known as K777, is a potent, irreversible 

cysteine protease inhibitor, and its targets include cathepsins B and L [86]. K777 was 

originally developed to target cruzain as a novel treatment for Chagas disease, a 

tropical disease caused by the protozoan parasite Trypanosoma cruzi, and it was 

shown to be safe and effective in preclinical mice and dog models of T. cruzi infection 

[87-89]. Recently, our collaborator Dr. Robert Mason at Nemours Alfred I. duPont 

Hospital for Children found that K777 treatment can specifically cause neuroblastoma 

cell death in vitro [90]. They also performed a proteomics analysis to identify the 

differentially expressed proteins between control and K777-treated neuroblastoma 

cells. Interestingly, matrix metalloproteinase-14 (MMP14), as well as various 

substrates of MMP14, were found to be upregulated in K777-treated neuroblastoma 

cells.  

As a transmembrane MMP, MMP14 has a cytoplasmic tail, a transmembrane 

domain, and an extracellular region that is composed of a propeptide, a 

metalloproteinase domain, a hinge region, a hemopexin domain, and a stalk region 

[91-92]. MMP14 is synthesized and secreted to the cell surface in its pro-form, which 
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has a propeptide that blocks its active site and inhibits its protease activity. After the 

propeptide is removed, MMP14 will be in its active form and able to cleave a variety 

of proteins in the extracellular matrix or at the cell surface [91]. MMP14 is known to 

cleave collagen I to III, fibronectin, gelatin, fibrin, proteoglycans, and many other 

proteins in the extracellular matrix [91, 93]. At the cell surface, MMP14 was shown to 

form a trimolecular complex with pro-MMP2 and TIMP2 (tissue inhibitor of 

metalloproteinases-2), resulting in the activation of pro-MMP2 [94-95]. Moreover, 

there are also reports showing that MMP14 is capable of degrading itself through 

autocleavage [96-97].  

The fact that many substrates of MMP14 were shown to be upregulated in 

K777-treated neuroblastoma cells indicates decreased activity of MMP14. However, a 

significantly higher level of MMP14 was also found in K777-treated neuroblastoma 

cells [90]. Since the main form of MMP14 that accumulates in K777-treated 

neuroblastoma cells is unknown, one possible explanation of the apparent 

contradiction between higher level of MMP14 and higher level of MMP14 substrates 

in K777-treated neuroblastoma cells is that K777 inhibits cathepsins B and L, and 

prevents the activation of MMP14 from its pro-form. The inhibition of MMP14 

activation prevents MMP14 from cleaving its substrates and itself, causing the 

accumulation of pro-form of MMP14 and its substrates in K777-treated neuroblastoma 

cells.  

MMP14-mediated cleavages of several substrates, such as type I collagen and 

EphA2, are critical for tumor progression [93-94]. In this research, I investigated the 

expression and activity of MMP14 in K777-treated cells, to obtain a better 

understanding of the molecular mechanism regulates MMP14 under K777 treatment 
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and provide more information for targeting cathepsins B and L as a novel approach to 

treat neuroblastoma. 

4.2 Materials and Methods 

4.2.1 Plasmids 

The constructs of wild-type mouse MMP14 (WT MMP14; C-terminally myc6-

tagged), a protease-dead mutant (MMP14 E/A; C-terminally myc6-tagged), and 

Xenopus laevis EphA2 (C-terminally HA-tagged) were generated previously in our 

laboratory. The mouse PTK7 construct (C-terminally HA-tagged) was a gift from Dr. 

Xiaowei Lu at University of Virginia. All plasmids were verified by Sanger 

sequencing (University of Delaware DNA Sequencing & Genotyping Center). 

4.2.2 Cell Culture and Transfection 

Cell culture was conducted as described in section 3.2.3. The HEK293T cells 

were transfected in 6-well tissue culture plates with 3 ADAM12 plasmids and 

incubated for 48-72 hours before collection. 

4.2.3 K777 Treatment 

K777 was a gift from Dr. James Mckerrow at UCSD and was dissolved in 

DMSO at a concentration of 10 mM. After transfection, cells were treated with 10 μM 

K777 and incubated for 48-72 hours before collection. 10 μM DMSO was used as the 

vehicle control.  

4.2.4 Cell Lysis and Western Blotting 

Cell lysis and western blot were performed as described in section 3.2.4. 
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4.3 Results and Discussion 

4.3.1 K777 Treatment Leads to Post-Transcriptional Accumulation of MMP14 

The proteomics analysis indicates a higher level of MMP14 in K777-treated 

neuroblastoma cells [90]. To validate the proteomics data and test whether K777 has 

an effect on exogenously expressed MMP14, MMP14 construct was expressed in the 

HEK293T cells with or without K777 treatment. As shown in Fig. 10, compared to 

control cells, a much higher level of MMP14 was observed in K777-treated cells, 

suggesting that K777 treatment leads to post–transcriptional accumulation of MMP14, 

and that this effect of K777 on MMP14 is independent of cell line. However, since the 

molecular weight difference between the pro- and active form of MMP14 is only 

around 2 KD, the main form of the MMP14 accumulates in K777-treated cells is 

unknown. The effect of K777 treatment on ADAM10, which is a member of the 

ADAM metalloproteinases family, was also tested. However, due to the instability of 

the ADAM10 protein and potentially an unknown problem with the ADAM10 

construct, the expression of ADAM10 was not detected. 
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Figure 10: K777 treatment leads to post-transcriptional accumulation of MMP14. 

HEK293T cells were transfected with 1 µg of plasmid encoding C-

terminal myc-tagged human ADAM10 or C-terminal myc6-tagged mouse 

MMP14, and cultured with or without 10 μM K777 for 3 days. Cell 

lysates were processed for western blot with an anti-myc antibody. 

4.3.2 K777 Treatment Leads to Post-Transcriptional Accumulation of PTK7 

PTK7 and EphA2, which are 2 known substrates of MMP14 and were also 

shown to accumulate in K777-treated neuroblastoma cells by the proteomics analysis 

[90, 98-99], were used to detect the activity of MMP14 under K777 treatment (Fig. 

11).  Since mouse EphA2 construct was not available at the time this experiment was 

conducted, a Xenopus EphA2 construct was used instead and its expression was not 

detected. However, a higher level of PTK7 was observed in K777-treated cells 

compared to control cells, indicating a lower activity of MMP14 in K777-treated cells. 

This result, combined with the fact that a higher level of MMP14 was observed in 

K777-treated cells, suggests that the MMP14 accumulating in K777-treated cells is 
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mainly the pro-form, which has a propeptide to inhibit its protease activity and is not 

capable of cleaving PTK7. 

 

Figure 11: K777 treatment leads to post-transcriptional accumulation of PTK7. 

HEK293T cells were transfected with 1 µg of plasmid encoding C-

terminal HA-tagged Xenopus EphA2 or mouse PTK7, and cultured with 

or without 10 μM K777 for 2 days. Cell lysates were processed for 

western blot with an anti-HA antibody. 

4.3.3 The Effect of K777 on MMP14 Depends on MMP14 Protease Activity 

Our results suggested that the MMP14 accumulates in K777-treated cells is 

mainly pro-form MMP14, which has a propeptide to inhibit its protease activity and is 

not able to cleave substrates. The active form of MMP14, on the other hand, is capable 

of cleaving various substrates and has been shown to degrade itself through 

autocleavage [96-97]. Therefore, the accumulation of MMP14 observed upon K777 
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treatment may be caused by less autocleavage of the MMP14 in K777-treated cells. To 

test this hypothesis, wild-type MMP14 (WT) and protease-dead mutant of MMP14 

(E/A) were expressed in the HEK293T cells with or without K777 treatment. As 

expected, although higher level of wild-type MMP14 was observed in K777-treated 

cells compared to control cells, the level of protease-dead MMP14 remains the same 

in control and K777-treated cells after normalization (Fig. 12), indicating that the 

effect of K777 on MMP14 depends on MMP14 protease activity and the accumulation 

of MMP14 observed under K777 treatment may be caused by less autocleavage. 

 

Figure 12: The effect of K777 on MMP14 depends on MMP14 protease activity. 

HEK293T cells were transfected with 1 µg of plasmid encoding C-

terminal myc6-tagged wild-type mouse MMP14 (WT) or a protease-dead 

mutant (E/A), and incubated with or without 10 μM K777 for 2 days to 

avoid cell death observed in 3-day treatment. Cell lysates were processed 

for western blot with an anti-myc antibody. 
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4.4 Conclusion and Future Directions 

In this study, I investigated the level and activity of MMP14 under K777 

treatment. I found that K777 treatment leads to accumulation of MMP14 and this 

effect is likely post-transcriptional and independent of cell line. I also detected the 

activity of MMP14 under K777 treatment by substrate cleavage assay, and a lower 

activity of MMP14 was found in K777-treated cells, indicating that the MMP14 

accumulates under K777 treatment is mainly in its inactive pro-form. I then 

investigated the role of MMP14 protease activity in the process by expressing the 

protease-dead mutant MMP14 in the cells under K777 treatment. I found that the level 

of protease-dead MMP14 remains the same in control and K777-treated cells, 

indicating that the effect of K777 on MMP14 depends on MMP14 protease activity 

and the accumulation of MMP14 observed under K777 treatment may be caused by 

less autocleavage of the MMP14 in K777-treated cells. My findings help to delineate 

the molecular mechanism through which K777 regulates MMP14, and provide 

important insight on targeting cathepsins B and L as a novel approach to treat 

neuroblastoma. 

Substrate cleavage assay was used to detect the activity of MMP14 under 

K777 treatment in this study. However, the expression of only one of the substrates of 

MMP14 was detected successfully. In the future, more substrates of MMP14, such as 

mouse EphA2 and ProMMP2 [94, 99], should be used to further confirm the activity 

of the MMP14 under K777 treatment. I will also try to separate the pro- and active 

forms of MMP14 in my western blot analyses by increasing gel running time. Finally, 

future research that studies the level and activity of MMP14 upon siRNA-mediated 

knockdown of cathepsins B and L would be helpful to further reveal the molecular 
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mechanism that regulates MMP14 under K777 treatment and clarify the role of 

cathepsins B and L in this process. 
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