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ABSTRACT  
   

Quiescin Sulfhydryl Oxidase 1 (QSOX1) generates disulfide bonds in its client 

substrates via oxidation of free thiols. Localized to the Golgi and secreted, QSOX1 helps 

to fold proteins into their active form. Early work with QSOX1 in cancer began with the 

identification of a peptide from the long form of QSOX1 in plasma from patients with 

pancreatic ductal adenocarcinoma. Subsequent work confirmed the overexpression of 

QSOX1 in numerous cancers in addition to pancreatic, including those originating in the 

breast, lung, brain, and kidney. For my work, I decided to answer the question, “How 

does inhibition of QSOX1 effect the cancer phenotype?” To answer this I sought to fulfill 

the following goals A) determine the overexpression parameters of QSOX1 in cancer, B) 

identify QSOX1 small molecule inhibitors and their effect on the cancer phenotype, and 

C) determine potential biological effects of QSOX1 in cancer. Antibodies raised against 

rQSOX1 or a peptide from QSOX1-L were used to probe cancer cells of various origins 

for QSOX1 expression. High-throughput screening was utilized to identify 3-methoxy-n-

[4(1pyrrolidinyl)phenyl]benzamide (SBI-183) as a lead inhibitor of QSOX1 enzymatic 

activity. Characterization of SBI-183 activity on various tumor cell lines revealed 

inhibition of viability and invasion in vitro, and inhibition of growth, invasion, and 

metastasis in vivo, a phenotype that was consistent with QSOX1 shKnockdown cells. 

Subsequent work identified 3,4,5-trimethoxy-N-[4-(1-pyrrolidinyl)phenyl]benzamide 

(SPX-009) as an SBI-183 analog with stronger inhibition of QSOX1 enzymatic activity, 

resulting in a more potent reduction in tumor invasion in vitro. Additional work with 

QSOX1 shKnockdown and Knockout (KO) cell lines confirmed current literature that 

QSOX1 is biologically active in modulation of the ECM. These results provide evidence 
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for the master regulatory role of QSOX1 in cancer, making it an attractive 

chemotherapeutic target. Additionally, the small molecules identified here may prove to 

be useful probes in further elucidation of QSOX1 tumor biology and biomarker 

discovery. 
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CHAPTER 1 

INTRODUCTION 

The second leading cause of death in the United States is the heterogeneous 

disease cancer, making it a major public health concern (1). Each patient’s germline is 

genetically unique. Additionally, each individual has their own singular gene expression 

modifications, plus an accumulation of genetic and epigenetic mutations from which 

cancer arises. This leads to tumors composed of highly variable cells within an individual 

which are completely different from any other patient (2). The uniqueness of tumors 

makes both drug discovery and fighting cancer exceedingly difficult since 

chemotherapeutics which are effective in one patient may not be effective in another. 

While genetically cancer is heterogeneous, phenotypically it does have general hallmarks 

including uncontrolled cell growth, immortalization, invasion, and metastasis (3). 

Typically, cancer associated deaths are due to metastasis and not the primary tumor (4). 

Current drug discovery methods aim to selectively inhibit at least one of these hallmarks 

(5), with the goal of inhibiting metastasis, thereby prolonging patient survival.  

The goal of cancer drug discovery is to identify novel anti-cancer therapeutics 

while minimizing damage afforded to healthy cells (6). The two major methods currently 

utilized in drug discovery are either target based or phenotype based. In the target based 

approach, modulation of the protein of interest in cells is performed through methods 

such as clustered regularly interspaced short palindromic repeats (CRISPR) or RNA 

interference (RNAi), and the resultant phenotype is observed. An ideal target candidate 

will be overexpressed in cancer cells and be essential in tumor progression, while not 

effecting normal cells (7). Once a target protein has been identified, high-throughput 
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screening strategies are performed utilizing purified target protein and libraries of 

potential chemotherapeutics. After identification of top hits, the compounds are applied 

to a biological system to again observe the phenotype. The major drawbacks of this 

method are the time-consuming data validation to verify the protein of interest as a target, 

and the fact that the interaction of the compound with the protein initially occurs in a 

highly artificial environment. Compounds identified via this method may give a different 

phenotype on cells than what would be expected from inhibition of the target due to off-

target effects, or due to a lack of interaction with the intended target in a biologically 

relevant model. Additional research to increase affinity of the compound for the target 

and to identify other cellular targets is required. In the phenotype based method, the 

targets of the compounds are unknown. Instead, the compounds are directly applied to 

biological systems. Compounds that give the desired phenotype are further screened to 

identify the target or targets. This method provides an unbiased approach in cancer drug 

discovery, and additionally allows for the identification of novel biomarkers, however the 

subsequent screening to identify targets is again exceedingly time-consuming and 

complex (6,8,9). Whichever method is used, the end goal is to improve patient survival, 

so any compound discovered must translate to the clinic. To aid drug discovery, it is 

imperative to have an understanding of the tumor microenvironment, what is occurring in 

tumor cells during invasion and metastasis, and how in vitro growth conditions effect the 

cellular phenotype.  

The primary tumor initially grows in its microenvironment. This heterogeneous 

environment consists of both cancerous and non-cancerous cells, with all cell types 

secreting extracellular matrix (ECM). The ECM, which is constantly undergoing 
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deposition, degradation, and remodeling, is integral in structural support and cell 

signaling for such processes as inter- and intracellular communication, proliferation, 

adhesion, and invasion. Major components of the ECM are variable by tissue type and, 

among many other proteins, include laminin, collagen, and fibronectin (4,10), and their 

numerous sub-types. Each of these proteins contains at least one disulfide bond, leading 

to its final, functional structure. The ECM of a tumor is abnormally stiff due to aberrant 

expression and secretion of ECM structural and remodeling proteins (11,12). This 

stiffness, in turn, enhances tumor proliferation and invasion (13), making proteins of the 

tumor ECM an attractive target in drug discovery. 

 Tumor cell invasion, in which cells invade the surrounding ECM and basement 

membrane, is an early step in the metastatic process, and therefore is regularly studied 

during drug discovery. The general steps leading to deadly cancer metastasis are highly 

influenced by the ECM and are as follows: Epithelial Mesenchymal Transition (EMT), 

Intravasation, Circulation, Engraftment, and Outgrowth (4). EMT, influenced by 

numerous ECM constituents including hyaluronan (HA) and versican, is characterized by 

the downregulation of epithelial protein markers (i.e. E-cadherin) and the upregulation of 

mesenchymal markers (i.e. N-cadherin), resulting in a migratory mesenchymal phenotype 

(4). Once migratory, the tumor cells invade their local microenvironment and enter the 

lymphatic system or bloodstream. This intravasation is influenced by HA, which is 

involved in regulating the integrity of blood vessels. It is degraded to low molecular 

weight (LMW)-HA, which disrupts endothelial cell barrier functions and promotes 

angiogenesis (4,14,15). Survival in the blood stream includes resistance to sheer forces 

and evasion from the immune system. Among other possible pathways, the plasma 
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protein fibrinogen can be secreted by tumor cells and act as an ECM protein, inducing a 

protective barrier of platelets to form around the free-floating tumor cells (4,16–18). 

Following HA mediated adhesion and extravasation at a distal site, the tumor cells must 

set up residence at a foreign site in the body. Tumor secreted ECM constituents such as 

lysyl oxidase (LOX) and tenascin c, make the metastatic site more permissive to 

engraftment. Additionally cancer cells also induce the surrounding stroma to secrete 

tumor-supporting ECM, such as periostin to support tumor adhesion and proliferation 

(4,19,20). Finally, metastatic outgrowth is again heavily influenced by ECM components 

(tenascin c, periostin, fibronectin, etc.) mediating tumor proliferation and viability 

(4,21,22).  

 In order to effectively study tumor biology in the lab, cancer cell lines are 

cultured in vitro and are subjected to various experimental stimuli to determine the effect 

on cell behavior. Commonly, adherent cells are cultured in 2D monolayer conditions in 

which they are seeded onto a flat surface which is coated with a chemical or protein such 

as polylysine or collagen, to promote their adhesion. While 2D culture conditions allow 

scientists to study singular changes to cells, something that is not possible in a cellularly 

heterogeneous animal, often 2D cells do not accurately recapitulate an in vivo phenotype 

(23–25). Differences in proliferation, differentiation, and invasion (25–30) are common 

causing a roughly 90% failure rate of novel therapeutics at the clinical trial level due to a 

lack of efficacy or toxic side effects (28,31). This is because the 2D monolayer does not 

allow for the spatial organization and physical constraints observed with in vivo cells 

(6,28). The 3D tumor biology model allows cells to be morphologically and 

physiologically similar to those observed in vivo, as evidenced by the formation of 
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heterogeneous tumoroids with a hypoxic core, the formation of and interaction with a 

more in vivo-like microenvironment, and more appropriate signal transduction leading to 

in vivo-like gene expression (6,28,32). Further, the 3D tumoroid itself poses a diffusion 

barrier which a studied compound must overcome- a barrier which is not present in flat, 

stretched out, 2D cells (28). While 2D culture systems have a valuable place in tumor 

biology, a model 3D culture system provides data which more closely mimics the 

phenotype observed in the body.  

 The numerous proteins of the tumor microenvironment all contain disulfide bonds 

which are generally thought to be formed in the endoplasmic reticulum (ER), prior to 

membrane localization or secretion (33). The protein family known as sulfhydryl 

oxidases (SOXs) catalyze the formation of disulfide bonds in protein substrates from the 

oxidation of free sulfhydryls, with oxygen as the final electron acceptor resulting in 

hydrogen peroxide (H2O2) as the byproduct of enzymatic activity. Disulfide bonds are a 

covalent linkage which can be reversed (by thiol reductases) or changed (by thiol 

isomerases) (34), and can be intra- or intermolecular (34). The disulfide bond is an 

important structural aspect of ECM proteins, leading to their proper structure and 

functionality (34).  

 There are numerous SOXs which have implications in cancer. As is seen with 

ECM proteins, SOXs are often aberrantly overexpressed by cancer as compared to 

normal tissue, with the implication that their activity benefits tumor survival. Due to their 

intimate involvement with catalyzing the final functional state of client substrates, some 

SOXs may serve as potential “master regulators” of the cancer phenotype. This 

dissertation will focus on QSOX1 (described later). First I will describe three other SOXs 
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which are important in cancer progression and drug discovery, which are related to 

QSOX1 structurally, and which were briefly examined as part of this work; protein 

disulfide isomerase (aliases: PDI, PDIA1, P4HB, PHDB), endoplasmic reticulum 

oxireductin 1 (aliases: ERO1, ERO1L), and augmenter of liver regeneration (aliases: 

ALR, GFER, HPO, HSS, ERV1).  

 PDI, a 55kD protein, is part of the thioredoxin (Trx) superfamily which contain at 

least one CxxC (where “x” is any amino acid) motif (35). PDI has two enzymatically 

active CxxC motifs. It is targeted to the ER via a KDEL retention signal (36,37), but it 

has also been identified in the plasma membrane (37–39). PDI is involved in disulfide 

bond formation, reduction, and isomerization in substrate proteins (40). Nascent 

polypeptides enter the ER with reduced cysteine residues. Oxidized PDI grabs the 

electrons from the cysteine residues, forming a disulfide bond on the substrate while itself 

becoming reduced in the process. To become reoxidized, PDI must coordinate with, 

among other oxidation partners, ERO1. ERO1 reoxidizes PDI via its CxxCxxC motif; on 

ERO1, electrons are shuffled to flavin adenine dinucleotide (FAD) then to molecular 

oxygen as the final electron acceptor (41–43).  

 By gene expression and proteome analysis, PDI is significantly upregulated in 

numerous cancers including those of the brain and central nervous system (CNS) (44–

50), kidney (50–53), ovaries (50,54,55), prostate (50,56–58), lungs (50,59), and male 

germ cells (50,60). It is upregulated in lymphoma (50,61–63), male and female 

infiltrating ductal breast carcinoma (50,64,65), and in breast tumor interstitial fluids 

(50,66). PDI is also a marker in tumor invasion and metastasis in breast cancer (50,67), 

and glioma (68). Inhibiting tumor PDI with bacitracin (69) sensitizes cells to the 
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chemotherapeutics Aplidin (HeLa) (70), fenretinide and velcade (melanoma), and 3-

Bromopyruvate (3BP) (hepatocellular carcinoma or HCC) (71). Inhibition of PDI with 

siRNA in ovarian cancer cell lines severely attenuated their growth, similar to treatment 

with propynoic acid carbamoyl methyl amides (PACMA) 31 (72). While inhibition of 

PDI in tumor cells typically results in cytotoxicity, this is not always the case. One study 

found that siRNA inhibition of PDI was not cytotoxic in HeLa cells. This difference from 

other cancers was possibly due to differential activation of caspase cascades during 

apoptosis (73). PDI demonstrates the necessity of elucidating the full molecular context 

of potential cancer therapeutic targets. 

 There are two isoforms of ERO1 in vertebrates: ERO1α and ERO1β (74–77). 

Both have the same enzymatic function, but, with minor overlap, different tissue 

localization. ERO1α will be discussed briefly in this dissertation due to its wide tissue 

distribution (74,76) and the wealth of data correlating its expression with cancer 

progression.  

ERO1α, a 54kD protein disulfide oxidase, works in close conjunction with PDI in 

the ER. Once PDI forms a disulfide bond in its client substrate and itself becomes 

reduced, ERO1 reoxidizes PDI. ERO1, via its FAD moiety, shuttles the electrons onto 

molecular oxygen as the final electron acceptor, resulting in H2O2. This reaction oxidizes 

ERO1 again, making it available to repeat the cycle with PDI (78–80).  

ERO1α overexpression is associated with a poor prognosis in all cancers surveyed 

(81–92). Inhibition of ERO1α with siRNA in cholangiocarcinoma and HCC reduces 

proliferation and migration (83), and metastasis and angiogenesis (89) respectively. In 

triple negative breast cancer models, siRNA knockdown (KD) or treatment with the 
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ERO1α inhibitor EN460 (93) resulted in a reduction of Programmed Death Ligand 1 

(PD-L1) on the cell surface. In a cervical cancer cell model, CRISPR/Cas9 knockout 

(KO) resulted in decreased intracellular H2O2 which inhibited EMT markers. 

Additionally, cancer cell growth and invasion were also reduced (84). More work is 

needed to understand ERO1α in cancer and how inhibition with antibodies or small 

molecules will impact the cancer phenotype. 

ALR, is an intracellular, 22kD protein localized to the cytosol and to 

mitochondria of all mammalian cells (94,95), however it may also be secreted (96). It is 

dependent on a CxxC motif and FAD for enzymatic function (97), donating electrons 

from enzymatic activity to either cytochrome c (mitochondria) or oxygen (98,99). ALR 

appears to be a favorable prognostic marker in renal cancer (100–102). ALR may have 

antimetastatic properties in HCC (96,103), however another study demonstrated that it 

may be a therapeutic target in hepatoma by inhibiting viability and resistance to 

radiation-induced oxidative stress (104). ALR has been implicated in 

hepatocarcinogenesis (105), and glioma and neuroblastoma anti-apoptosis and anti-

oxidation (106,107). In 2017, Guo et al reported that overexpression of ALR in HCC had 

antitumor effects due to increased intracellular retention of the chemotherapeutic 

doxorubicin (108). Other studies have shown that inhibition of ALR with siRNA 

increases the sensitivity of acute T lymphoblastic leukemia to the chemotherapeutic 

vincristine (109), or decreases tumor growth in vitro and in an in vivo allogeneic mouse 

model of HCC, similar to treatment with an anti-ALR monoclonal antibody (110). The 

apparently conflicting roles of ALR in cancer may be due to differences in localization of 

the long (23kD) and short (15kD) isoforms (96). The short form is found in the nucleus, 
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cytosol, and extracellularly. In each instance it is a pro-proliferative growth factor (111–

117). The long form of ALR is active in the mitochondrial intermembrane space where it 

interacts with MIA40 (mitochondria intermembrane space import and assembly protein 

40), reoxidizing it to its active state, as part of a disulfide relay system (99,118). When 

the long form is localized to the cytosol, it modulates mitochondrial morphology and 

hematopoietic stem cell proliferation (119,120). The seemingly conflicting data in the 

literature make it apparent that it is imperative to note the molecular context of ALR 

when considering research into targeted therapy.  

 An understudied SOX which is overexpressed in all cancers examined to date is 

Quiescin Sulfhydryl Oxidase 1 (QSOX1). In 1993, Coppock et al were studying WI38 

fibroblasts and noted the upregulation of two cDNA clones, termed Q6 and Q10, during 

transition from logarithmic growth to quiescence (121). Later these clones were identified 

as mRNA splice variants of the QSCN6 gene, located on chromosome 1: QSOX1-Long 

(QSOX1-L, 747 amino acids) and QSOX1-Short (QSOX1-S, 604 amino acids) 

(122,123). The reaction catalyzed by QSOX1 is the same as that of PDI/ERO1, however, 

because QSOX1 is one enzyme, the reaction rate is orders of magnitude higher (124). 

Because QSOX1’s reaction is the same as PDI/ERO1, and because QSOX1 can suppress 

the lethality of a complete KO of ERO1 in yeast (125), it would seem that intracellular 

QSOX1 activity would be localized to the ER. Instead, QSOX1 is found primarily in the 

Golgi apparatus and secreted (125,126).  

QSOX1, found in all multicellular organisms (127) and some protists including 

Trypanosoma (128), but not in fungi (122) is comprised of an ancient fusion of two Trx 

domains and an ERV/ALR domain, joined by a helix-rich flexible linker region (HRR). 
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The enzymology of QSOX1 has been well-studied (124,125,128–138). The first Trx 

domain (Trx1) contains the initial CxxC motif imperative in enzymatic activity, C70 and 

C73. These cysteines are responsible for the initial electrophilic attack on the free 

sulfhydryls in a reduced client substrate. The second Trx domain (Trx2) does not contain 

a CxxC motif, but does have two cysteines at C165 and C237 (129). Neither of these 

cysteines are thought to participate in enzymatic activity, however in 2015, Hanavan et al 

reported that the small molecule ebselen bound covalently to both of these cysteines, 

inhibited tumor invasion in vitro, and reduced tumor growth in a mouse xenograft model 

(139). They hypothesized that by binding to these cysteines, ebselen may prevent Trx1 

from coming into close proximity with the ERV/ALR domain which would prevent 

electron shuttling. Alternatively, they proposed that these cysteines may be involved in 

modulation of QSOX1 enzymatic activity. Additionally, in 2019, I reported that the novel 

small molecule SBI-183 bound non-covalently near C237, lending more support for the 

role of this region in modulation of enzymatic activity (27). The HRR allows the QSOX1 

molecule to bend, bringing the Trx1 into close proximity with the ERV/ALR domain 

(136,137). The ERV/ALR domain contains the second CxxC motif of QSOX1 (C449 and 

C452) closely associated with FAD and as the name implies, is a homolog to ALR. Similar 

to the PDI/ERO1α enzymatic activity model, electrons from the initial electrophilic 

attack are shuttled from Trx1 to the CxxC motif in the ERV/ALR domain. From there 

they go to FAD to form FADH2 and then to molecular oxygen as the final electron 

acceptor, resulting in H2O2 as the final byproduct of enzymatic activity (129). 

Downstream of FAD is another CxxC motif (C509 and C512) which, interestingly, is not 

involved in enzymatic activity and its function is unknown (129). QSOX1-S and 
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QSOX1-L contain the same amino acid sequence up until the ERV/ALR domain except 

at 603 and 604. QSOX1-S ends with leucine and isoleucine while QSOX1-L has alanine 

and serine at these positions and continues on, containing the NEQ peptide (140) and a 

transmembrane domain. Both variants are enzymatically active. It is currently unknown 

why there are two forms.   

While the enzymology of QSOX1 is well-characterized, the characterization of its 

biological role is just beginning. In 2007, Morel et al described a protective role for 

QSOX1 in breast cancer during oxidative stress induced apoptosis, partly through 

preservation of mitochondrial polarization (141). In prostate tumorigenesis, QSOX1 

mRNA and protein levels were upregulated following the loss of the transcriptional 

regulator and tumor suppressor Nkx3.1 (142) likely due to its pro-oxidative effects (143). 

In pancreatic cancer cell models, QSOX1 expression was shown to be under the control 

of hypoxia-inducible factor 1 (HIF1) (144). An ECM “master regulator” role for QSOX1 

has been described via modulation of deposition of laminin α4 in siRNA WI38 

fibroblasts (145) and with the small molecule inhibitor, SBI-183 (27); in a shRNA model 

and a hypoxia induced model via activation of the basement membrane degrading matrix 

metalloproteinase (MMP)-2 and -9 (144,146); and via defective fibronectin organization 

in WI38 cells upon addition of exogenous mutant QSOX1 (147). Both fibronectin and 

collagen showed aberrant organization when QSOX1 was inhibited with a monoclonal 

antibody in an allogeneic mouse model (148). Recent work has shown QSOX1 to be 

involved in proliferation, migration, and invasion in glioblastoma cells via the PI3k/AKT 

pathway (149). While these results begin to give insight into the regulation and biological 
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function of QSOX1, much work remains to be done, including discovery of QSOX1 

biological substrates. 

As with the other SOXs discussed here, QSOX1 has been heavily implicated as a 

poor prognostic marker in the progression of many cancers (139,140,142,143,146,150–

156). In a prostate carcinogenesis mouse model (mice are Nkx3.1-/-) QSOX1 mRNA and 

protein expression were upregulated (143). In patients with pancreatic ductal 

adenocarcinoma a peptide from QSOX1-L (termed the NEQ peptide) was discovered 

circulating in their plasma, but not in normal donors. Additionally QSOX1 was 

overexpressed in pancreatic tumors but not in adjacent healthy tissue (140). QSOX1 is a 

biomarker of HCC (155). It has a pro-invasive phenotype in pancreatic cancer 

(27,139,144), in renal cancer (27,139), in nasopharyngeal carcinoma (154), in breast 

cancer (27,148,150–152), in glioblastoma (149), and a pro-metastatic phenotype in lung 

cancer (153). QSOX1 overexpression was shown to increase radioresistance in 

nasopharyngeal carcinoma (154). Interestingly, similar to PDI and ALR, there is also 

literature which apparently conflicts with these pro-tumorigenic and poor prognostic 

reports, stating that QSOX1 is a favorable prognostic marker in breast cancer (157,158) 

and HCC (159). It is possible that these apparent disparities could be explained as being 

due to differential cell signaling as may be the case with PDI, or differential localization 

of the splice variants as may be the case with ALR. Interestingly, differential localization 

of QSOX1 splice variants has been reported by Radom et al in rats; QSOX1-S was 

ubiquitously expressed while QSOX1-L was specifically detected in brain tissue (160). 

Differential subcellular and extracellular compartment localization in different 

tumors/cell lines seems a plausible explanation and has been suggested by Rudolf et al 
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(126). These variable results highlight the need for a full understanding of the molecular 

context of QSOX1 in tumor progression.  

 With the wealth of data which points towards QSOX1 being an important player 

in the progression of cancer, it was hypothesized that inhibition of QSOX1 enzymatic 

activity would suppress the cancer phenotype. Other previous work supports this 

hypothesis. The viability of arsenicals as chemotherapeutics targeting QSOX1 was 

studied. While this approach did inhibit protein folding, the main target of the arsenicals 

was the disordered unfolded proteins themselves, showing the need for QSOX1 targeted 

small molecules (161). Inhibition of QSOX1 enzymatic activity with the small molecule 

ebselen led to a reduction in tumor proliferation and invasion in vitro and a reduction in 

tumor volume in a xenograft nude mouse model (139). Inhibition of QSOX1 enzymatic 

activity with the small molecule SBI-183 resulted in a decrease in tumor proliferation and 

2D and 3D invasion in in vitro models, a reduction in tumor volume of two renal 

xenograft mouse models (nude and NSG mice), and a reduction in metastasis in a 

xenograft CB.17 SCID mouse model (27) (discussed in depth in Chapter 3). Utilizing 

anti-QSOX1 antibodies as potential therapeutics, one paper described a single chain 

antibody which inhibits enzymatic activity, preventing the migration of tumor cells across 

a fibroblast monolayer (138). Additionally anti-QSOX1 monoclonal antibodies decreased 

breast and melanoma tumor growth and metastasis in syngeneic BalbC and C57BL/6 

mouse models, and a breast cancer xenograft nude mouse model (148).  

This work aimed to elucidate the biological expression profile of QSOX1 in 

cancer and identify and characterize targeted novel small molecule therapeutics against 

the enzyme, characterizing the resultant cancer phenotype. The final goal of this work is 
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for QSOX1 small molecule inhibitors to eventually be used clinically in combined 

chemotherapy. Initially QSOX1 expression in cancer cell lines was probed using a 

polyclonal antibody against QSOX1-L. Small molecule screening was performed on a 

library of ~50,000 small molecules in a cell-free QSOX1 enzymatic activity assay in 

collaboration with Sanford Burnham Prebys Medical Discovery Institute (SBI). Of these, 

3-methoxy-n-[4(1pyrrolidinyl)phenyl]benzamide (SBI-183) was a top hit and was 

subjected to further biological analysis. In collaboration with Sapphire Biotech, Inc. ~50 

chemical analogs of SBI-183 were purchased and again screened in the cell-free 

enzymatic assay. Structural modifications to SBI-183 and the resultant effect on 

enzymatic activity and the cancer phenotype were explored. Additionally, this work 

utilized QSOX1 KD and KO models in conjunction with identified potential therapeutics 

as probes to broaden our understanding of the molecular context of QSOX1 in cancer.  
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CHAPTER 2 

METHODS TO ANALYZE THE ROLE OF SMALL MOLECULE INHIBITORS OF 

QSOX1 IN RENAL ADENOCARCINOMA AND SARCOMATOID CARCINOMA, 

BREAST ADENOCARCINOMA, PANCREATIC, AND LUNG CARCINOMA 

Overview:  

In collaboration with Sanford Burnham Prebys Medical Discovery Institute and 

Mayo Clinic, the small molecule, “SBI-183” was identified as the top inhibitor of 

QSOX1 enzymatic activity from the Library of Pharmacologically Active Compounds 

(LOPAC1280) and an in-house library containing 50,000 compounds, utilizing a cell-free 

activity assay with RNaseA as a model substrate. Microscale Thermophoresis and 

Computer Modeling were used to determine the interaction of SBI-183 with QSOX1. 

SBI-183 was screened biologically to determine inhibitory effects. RNAi technology was 

used as a positive control. Mice were implanted with tumor cell line xenografts and 

treated with SBI-183 or vehicle control to determine the effects of SBI-183 on tumor 

growth and metastasis in vivo. Xenograft tumors were harvested and analyzed for effect 

on ECM composition. Subsequent screening was performed on seventy-one additional 

analogs, with one compound, termed SPX-009, emerging as the top hit, with increased 

inhibition of enzymatic activity and 3D invasion as compared to SBI-183. Rescue 

invasion assays were performed, confirming QSOX1 as a cellular target of SPX-009. 

Immunofluorescence on 3D invaded spheroid ECM’s revealed increased intensity of 

laminin α4 in SPX-009 treated spheroids versus controls. This phenotype was likely due 
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to incorrect laminin α4 deposition because of interrupted f-actin formation, indicative of a 

potential additional cellular target of SPX-009 in the cytoskeleton. 

Materials & Methods: 

Compounds 

SBI-183 (molecular weight 296.3723 g/mol) and SPX-009 (molecular weight 356 

g/mol) were purchased from ChemBridge Corp. (San Diego, CA). Compounds were 

dissolved in tissue culture-grade DMSO (Sigma-Aldrich) and kept at -20°C to -80°C as 

10 - 20 mM stock solutions. Other reported compounds were purchased from 

ChemBridge Corp. or synthesized by collaborators as described. See Figure 9, Figure 16, 

and Table 6 for the chemical structures of SBI-183, SPX-009, and all reported 

compounds respectively. 

TCA Precipitation 

One mL of cell culture supernatants were collected and four mL of ice-cold TCA 

precipitation buffer (10% TCA, .007% DTT, in acetone) was added and briefly vortexed. 

Samples were centrifuged at 3,000xg for 10 minutes. Pellets were re-suspended in one 

mL of wash buffer (.007% DTT in acetone) and centrifuged to pellet three times. Pellets 

were re-suspended in 500 µL of rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 

.02M DTT), loaded onto a 3kD Amicon filter (Millipore) and buffer exchanged with 

PBS. A BCA assay was utilized to estimate protein concentration.  

SDS-PAGE Western Blot 

 

Cells were washed two times in PBS and lysed in the flask using ice cold RIPA 

buffer. Pellets were centrifuged at 21,000xg, and the supernatant was removed to a new 

Eppendorf tube. Protein concentration was estimated using a BCA assay.  
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Five – twenty µg total protein was loaded onto an 8-16% Mini-PROTEAN TGX 

Gel (BIORad) and run at 120V for 55 minutes. Proteins were transferred to a PVDF 

membrane at 90V for 90 minutes, on ice. Membranes were blocked with 1% BSA-TBST 

for at least one hour. Membranes were probed with primary antibodies in blocking buffer 

as follows: 2 µg/mL αNEQ polyclonal antibody, αERO1 clone 2G4/12 (Millipore) at 

1:1000, αGFER polyclonal antibody (Sigma-Aldrich) at .4 µg/mL, and αPDI clone RL90 

(Invitrogen) at 1:1000. Membranes were washed 3x with TBST, then probed with the 

appropriate secondary antibody conjugated to HRP for one hour at room temperature. 

Membranes were washed 3 times in TBST, then briefly rinsed in PBS before applying 

SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific). 

Membranes were imaged on Amersham Imager 680 (GE Healthcare) and edited in 

Photoshop.  

ELISA 

High-bind plates (Corning) were coated with 1 µg/mL 3A10.6 monoclonal 

antibody in ELISA coating buffer overnight at 4°C. In a separate plate, cell lysates were 

loaded at 20 µg/mL and diluted two-fold down the plate, prior to loading onto the ELISA 

plate. Cell culture supernatants were concentrated 4x on a 3kD Amicon filter (Millipore), 

then diluted in the same manner as cell pellets prior to ELISA plate loading. The antigen 

was incubated for one hour at room temperature followed by 4 washes with ELISA wash 

buffer (.05% Tween-20 in PBS). Detection antibody was incubated for one hour at room 

temperature and was loaded as follows: αNEQ at 2 µg/mL or 2F1.F4.14 monoclonal 

antibody (biotinylated) at 1 µg/mL. Plates were washed 4x with ELISA wash buffer then 

detected with GαR-HRP (NEQ) or streptavidin-HRP (2F1). After addition of TMB 



  18 

substrate (BD Biosciences) development occurred for 5-20 minutes, and was stopped 

with .016M H2SO4, and read on a plate reader (Molecular Devices).  

Cell Culture 

RCC line 786-O was purchased from the American Type Culture Collection 

(ATCC) and maintained in RPMI 1640 (Corning) containing 10% fetal bovine serum 

(FBS) (Atlanta Biologicals), 1% Penicillin-Streptomycin (Pen-Strep) (Corning), and 1% 

Glutamax (Gibco). A recently derived sarcomatoid RCC line from Mayo Clinic, RCJ-

41T2 (162), was maintained in DMEM in 5-10% FBS, 1% Pen-Strep, and 1% Glutamax. 

The TNBC adenocarcinoma cell line MDA-MB-231 (ATCC), lung adenocarcinoma cell 

line A549 (ATCC), pancreatic ductal adenocarcinoma cell line MIA PaCa2 (ATCC), and 

WI38 fibroblasts (ATCC) were also maintained in 5-10% DMEM. MDA-MB-231-Luc 

(Cell Biolabs) was maintained in 10% RPMI 1640 without Pen-Strep. De-identified 

fibroblasts derived from a 28-year-old Caucasian male with no overt disease were a kind 

gift from Dr. Clifford Folmes. Peripheral blood mononuclear cells were obtained under 

an IRB-approved protocol (#06010000548) from Arizona State University. The identity 

of all cell lines was confirmed by STR analysis. Each cell line also tested negative for 

mycoplasma and mouse pathogens throughout the study and were maintained at 37°C in 

5% CO2. All cell lines were used immediately upon thawing throughout the study. 

Stable Lentiviral QSOX1 KD Generation 

Short hairpin (sh) lentiviral particles were purchased from GeneCopoeia 

containing either sh742 RNA as described (151) (Catalog # LPP-CS-HSH273J-

LVRU6GP-100) or a shScramble (shScr) control (Catalog # LPP- CSHCTR001-

LVRU6GP-025). 786-O cells were seeded at 2.5x104 cells/well in a 6-well plate in 
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complete RPMI 1640. Adherent cells were transduced in triplicate with lentiviral 

particles following the manufacturer’s instructions. After 72 hours, cells were selected in 

puromycin and sub-cloned by limiting dilution. A monoclonal population denoted as 786-

O sh742.E11 was expanded. KD of QSOX1 was determined to be 90% by qRT-PCR as 

compared to the 786-O shScr cells (Figure 10).  

Enzymatic Activity Assay 

PcDNA3.1 containing the short form of human QSOX1 (rQSOX1) was used to 

transfect Freestyle 293F cells (Thermo Fisher Scientific). rQSOX1 was expressed by 

293F cells, harvested from supernatants and purified on a nickel column via the C-

terminal histidine tag. Enzymatic activity of QSOX1 and inhibitory activity of SBI-183 

was confirmed using a fluorogenic assay as previously reported (131). Briefly, a mixture 

of 150 µM dithiothreitol (DTT) substrate (Sigma-Aldrich), was added to 150 nM 

rQSOX1, 1.4 µM horse radish peroxidase (HRP) (Thermo Fisher Scientific), and 1 mM 

homovanillic acid (HVA) (Sigma-Aldrich) in PBS at ambient temperature, pH 7.5. 

Assays were performed in a black plate in a total volume of 150 µL in triplicate. 

Fluorescence was measured at 20 second intervals over 15 minutes after the addition of 

DTT at λex 320 nm/λem 420 nm using a FlexStation spectrophotometer (Molecular 

Devices). SBI-183 was pre-incubated with rQSOX1 for at least 10 minutes at 

concentrations ranging from 6.25 µM – 50 µM.  

Microscale Thermophoresis (MST) 

rQSOX1 was labeled with DyLight 650 Amine-Reactive Dye (Thermo Fisher 

Scientific). Briefly, Dylight-650 was dissolved at 10 mM in dimethylformamide and 

added at 2:1 molar ratios to 86 μM QSOX1 in 50 mM NaPO4
3-, 150 mM NaCl, pH 8.0. 
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The mixture was incubated in the dark for one hour at room temperature on a rocker, and 

dialyzed to 50 mM Tris, 150 mM NaCl pH 8.0 overnight at 4o C. The labeling ratio was 

estimated using ε=250000 M-1cm-1 at 655 nm for DyLight 650 and ε=93110M-1cm-1 at 

280 nm for QSOX1, and found to be 1.1. 

MST experiments were performed in a Monolith NT.115 (Nanotemper). Sixteen 

serial dilutions of SBI-183 (from 250 mM to .0076 mM) with 50 nM Dylight 650-labeled 

QSOX1 in 1x PBS, pH 7.4, 5% DMSO, and .05% Tween 20 were loaded into standard 

MST capillaries and scanned at MST power of 20% at 23oC. To obtain Kd, MST data 

were fitted using MO Affinity Analysis software (Nanotemper). 

Small Molecule Docking 

Docking for SBI-183 was performed using Glide (v. 5.6) within the Schrödinger 

software suite (Schrödinger, LLC) (163). Our modeling techniques have been described 

(164–170). Briefly, we started with conformation searches of the ligand via the method of 

Polak-Ribière conjugate gradient (PRCG) energy minimization with the Optimized 

Potentials for Liquid Simulations (OPLS) 2005 force field (171) for 5000 steps (or until 

the energy difference between subsequent structure was less than .001 kJ/mol-Ǻ) (163). 

Our docking methodology has been described (164,169,172), and the scoring function 

utilized described elsewhere (173). Briefly, molecular refracting molecules were removed 

from the human QSOX1 crystal structure (PDB Codes: 3Q6O) (136). Schrödinger’s 

SiteFinder module focused the grid on the active site region for QSOX1 (Figure 1C). 

Using this grid, initial placement for SBI-183 was docked using the Glide algorithm 

within the Schrödinger suite as a virtual screening workflow (VSW). The docking 

proceeded from lower precision through SP docking and Glide extra precision (XP) 
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(Glide, v. 5.6, Schrödinger, LLC) (170,174). The top poses were ranked for best score 

and unfavorable scoring poses were discarded. Multiple orientations were allowed in the 

site. Site hydroxyls were allowed to move with rotational freedom. Full docking scores 

are given in Appendix A (Table 5). This method provides the ideal conformation of 

ligand binding as utilized within Schrödinger suite, and the top docked pose represents 

the conformation of the ligand required to inhibit QSOX1. Hydrophobic patches were 

utilized within the VSW as an enhancement. XP descriptors were used to obtain atomic 

energy terms that result during the docking run (170,174). Molecular modeling for 

importing and refining the X-ray structure and generation of SBI-183, as well as 

rendering of figure images were completed with Maestro (Schrödinger, LLC).  

Cellular Viability Assay 

Cells were plated at optimized densities (1000 cells/well for 786-0 and RCJ-41T2; 

750 cells/well for MDA-MB-231) (described below) in their respective media, and plated 

in Corning 3570 384-well white titerplates using a MultiFlo bulk dispenser (BioTek). The 

cells were allowed to adhere for 24 hours. Compound and assay controls diluted in 100% 

DMSO were added to the cells using an ATS Gen4 acoustic transfer system (EDC 

Biosystems). A 1:1000 compound:cell volume ratio was enforced to avoid DMSO 

toxicity. After 72 hour compound incubation, 25 µL CellTiter Glo reagent (Promega, 

G7573) diluted 1:4 in MilliQ water was added to the plates using the Multiflo dispenser 

and luminescent signal was read per standard assay protocol using a Molecular Devices 

Paradigm multi-mode reader (TUNE cartridge, luminescent mode).  

Prior to screening, assay optimization experiments were performed for each cell 

line in the assay conditions described above. Cell densities were titrated in control plates 
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containing negative and positive controls (DMSO and 10 µM staurosporine, .1% DMSO 

in assay wells) to identify optimal seeding densities within linear ranges of luminescent 

signal, minimizing CVs (<10%) and maximizing Z’ factors (>.5), per standard NIH assay 

guideline optimization criteria and methods. For primary screens, 20-point 2-fold serial 

dilutions of SBI-183 in 100% DMSO were prepared from a stock concentration of 40 

mM in acoustic-compatible Aurora microplates (Ref ABA200100A); internal plate 

controls for live cells (100% viability) and dead cells (0% viability) were included in 

source plates. After 24 hour seeding time, compound was added acoustically as described 

above. Cellular viabilities for each test well were derived from raw luminescent signal by 

normalization to internal plate controls. Viability experiments were performed in 

triplicate, and normalized data points averaged per dose. Dose-response curves were 

calculated by logistic regression in TIBCO Spotfire (version 7.0.0). 

Proliferation Assay 

786-O, RCJ-41T2, MDA-MB-231, A549, and MIA PaCa2 were seeded in 

triplicate at 2.5x103 cells/well (786-O, RCJ-41T2, A549, and MIA PaCa2) or at 5.0x103 

cells/well (MDA-MB-231) in phenol-red free 10% RPMI 1640 (786-O) or 10% DMEM 

(RCJ-41T2, MDA-MB-231, A549, and MIA PaCa2) in 96 well plates. Adhered cells 

were incubated with two-fold dilutions of SBI-183 starting at 20 μM, or vehicle (.4% 

DMSO) for five days. Cell growth was determined at days 1, 3, and 5 in an MTT assay 

(Molecular Probes) following the manufacturer’s directions.  

Trans-well Invasion Assay 

1.0x105 786-O, RCJ-41T2, MDA-MB-231, and A549 or 5.0x104 MIA PaCa2 

cells were seeded in triplicate onto Matrigel-coated 24-well invasion 8um pore-size 
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inserts (Corning) in serum-free media. Cells were allowed to adhere for 30 minutes prior 

to the addition of DMSO or SBI-183 giving a final concentration in the well of .2% 

DMSO vehicle or 20 µM SBI-183. Inserts were incubated for 4-5 hours (786-O, RCJ-

41T2, MDA-MB-231, and A549) or overnight (MIA PaCa2) at 37°C. Non-invading cells 

were removed, membranes were fixed in ice cold 100% methanol, and mounted on slides 

with DAPI (Vector Laboratories). Three unique fields were captured using the 4x 

objective and then automatically counted on a Cytation 5 microscope (BioTek). Images 

were edited using ImageJ. 

3D Spheroid Invasion Assay 

The following protocol was performed as described in Vinci et al, (2015) with 

slight modifications as stated (175). 786-O and RCJ-41T2 were seeded in triplicate at 

1.25x103 cells/well in 200 µL 10% RPMI 1640 or 5-10% DMEM respectively in Ultra 

Low Attachment (ULA) 96 well plates (Corning). MDA-MB-231, A549, and MIA PaCa2 

were seeded at 1.25x103 - 2.5x103 cells/well in 5-10% DMEM. Plates were centrifuged at 

1000xg for 3 minutes then incubated and allowed to form spheroids for 3 days. Plates 

were chilled to 4°C for 20 minutes and all but 50 µL of media was removed. On ice, 50 

µL of Matrigel Matrix (Corning) was added. Plates were centrifuged at 300xg for 3 

minutes at 4°C, then incubated for 1 hour at 37°C. Each well contained the following 

final concentrations of SBI-183 in complete media: 20 µM, 10 µM, 5 µM, 2.5 µM, or 

.4% DMSO vehicle. Cells were imaged on days 0, 2, 4, 6 (RCJ-41T2 and MDA-MB-

231), and 8 (786-O). Invasion was quantified with ImageJ as total area of invaded cells. 

Subsequent experiments with SBI-183 analogs were initially screened at 1.25 µM 

compound or .01% DMSO vehicle, final concentration. Compounds which had anti-
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invasive properties were further screened at the following final concentrations: 1.25 µM, 

.625 µM, .3125 µM, .156 µM, or .01% DMSO vehicle control. Cells were imaged on day 

0, 1, and 3, depending on cell line. 

Rescue invasions were performed as stated above with the following 

modifications. To the 50 µL of media remaining in the wells, 50 µL of media containing 

either PBS or rQSOX1, and SBI-183 or DMSO was added. Final concentrations in the 

well were 2.5 µM SBI-183 and 5 µM rQSOX1 or .025% DMSO (786-O), 5 µM SBI-183 

and 5 µM rQSOX1 or .05% DMSO (RCJ-41T2), and 2.5 µM SBI-183 and 2.5 µM 

rQSOX1 or .025% DMSO (MDA-MB-231). Matrigel was added as above at a 1:1 

dilution. 

Subsequent rescue invasions with SPX-009 were performed on MDA-MB-231, 

MIA PaCa2, and RCJ-41T2. The final concentrations in the well were .3125 µM SPX-

009 and .625 µM – 1.25 µM rQSOX1 (cell line dependent).  

Tyrosine kinase inhibitor profile 

The “Other-2” Kinase Selectivity Profiling System and the accompanying ADP-

Glo Assay were purchased from Promega (V6927) to assay eight kinases to determine 

possible off-target effects of SBI-183. Assay was performed in a white-bottom, 384 well 

plate (Corning). SBI-183 was assayed at 5 µM (a concentration at which all cell lines 

exhibited significant reduction in proliferation and invasion) in duplicate, following the 

manufacturers instructions. Luminescence was acquired on a SpectraMax M3 (Molecular 

Devices).  
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Animal Studies 

786-O: Fox1nu/nu mice were inoculated with 1.0x106 786-O cells in the right hind 

flank. Seven days post implant (study day 0) mice were dosed daily by oral gavage with 

400 μg/mouse/day SBI-183 dissolved in 100% DMSO. Control mice received 100% 

DMSO. Tumor length and width measurements were obtained using Vernier calipers.  

RCJ-41T2: A part of RCJ-41T2 tumor was minced with a sterilized blade to slurry and 

mixed with equal volume of Matrigel. 100 µL of the resulting mixture was injected 

subcutaneously into 8-10 week old male NSG mice using 1 ml syringes equipped with a 

16-gauge needle. When the tumor grew to approximately 1500 mm3, mice were 

sacrificed, the tumors were harvested and reimplanted into 18, male NSG mice as 

described above. When the average size of the tumors was ~100 mm3, mice were 

randomized into two groups: i) Vehicle: 20% DMSO + 80% PEG-400, gavage daily, ii) 

SBI-183, 100 mg/kg dissolved in the vehicle, oral gavage daily. Treatment was continued 

for 3 weeks. Then, mice were euthanized, and tumors and organs were harvested for 

further analysis. 

MDA-MB-231-Luc: Twenty-four female CB.17 SCID mice aged 8 weeks were 

obtained from Charles River. Mice were inoculated with .1 mL of 50% Matrigel/50% 

Media containing 5x106 MDA-MB-231-Luc cells (Cell Biolabs) into the mammary fat 

pad. Seven days post implant (study day 1) daily oral administration of 100 mg/kg (n = 

12) SBI-183 or vehicle control (n = 12) began. Primary endpoint was assessment of 

treatment effects on spontaneous distal lung metastases determined by ex-vivo 

bioluminescence imaging. SBI-183 was dissolved in DMA (10% total volume)/PEG400 

(90% total volume). Stock solution was made fresh weekly and stored at -20°C. 



  26 

Immunohistochemistry 

RCJ-41T2 xenograft tumors from mice were mounted in paraffin on slides. Slides 

were deparaffinized, rehydrated, and then the antigen was retrieved with citrate buffer 

(pH 6.0, 125°C for 1 minute). Slides were incubated in 3% H2O2 for 10 minutes at room 

temperature. Rabbit anti-laminin α4 antibody (Novus Biologicals) was added at 1:300 

and incubated at 4°C overnight. HRP conjugated anti-rabbit secondary antibody (Vector 

Laboratories) was added and incubated for 30 minutes at room temperature. 3,3'-

Diaminobenzidine (DAB) was used as the chromogen with Hematoxylin counter 

staining. 

Three unique images from each of two tumors per group were obtained using the 

10x objective on an Olympus BX51 microscope. DAB intensity was measured using Fiji 

(176).  

Immunofluorescence 

Cells grown on coverslips: Coverslips were coated for 1 hour with 50 μg/mL 

collagen (Advanced BioMatrix) in .01 M HCl. Collagen was aspirated, coverslips were 

rinsed with PBS, and allowed to air dry under UV radiation for at least 30 minutes. Cells 

were plated in 500 μL complete media at 2.5 x 104 cells/well in duplicate and allowed to 

adhere overnight. The next day, 2X DMSO and SBI-183 were added to give a final 

concentration per well of .2% DMSO and 20 μM SBI-183. Cells were incubated for 24 

hours. Cells were fixed in 4% formaldehyde for 10 minutes at 4°C and rinsed 3x with 1X 

PBS. Cells were permeabilized in .1% Triton X-100 in 1X TBS and incubated for 10 

minutes at 4°C and rinsed 3x with 1X TBS. Blocking was performed using 2% BSA in 

1X TBS-Tween (TBS-T) at room temperature for 30 minutes. Blocking buffer was 
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removed and monoclonal laminin α4 antibody (R&D Systems) was added at 8 μg/mL in 

blocking buffer and incubated for 2 hours at room temperature. Cells were rinsed 3x with 

TBS-T. AlexaFluor 488 goat anti-mouse IgG (Invitrogen) was added in blocking buffer 

at 1 μg/mL and incubated for 45 minutes at room temperature protected from light. Cells 

were rinsed 2x with TBS-T, 1x with TBS, mounted in Prolong Gold Antifade + DAPI 

Mountant (Invitrogen), and imaged using the 63X oil objective on a Zeiss LSM 800 

confocal microscope. Arithmetic mean intensity was quantified using Zen software (blue 

edition). 

For 3D spheroids: 3D spheroids were plated as stated above and allowed to 

invade for 7 days. On the seventh day, spheroids in Matrigel were harvested, mounted in 

HistoGel (Thermo Fisher Scientific), fixed in 10% formalin, and mounted in paraffin on 

slides. Slides were deparaffinized, rehydrated, and then the antigen was retrieved with 

citrate buffer (pH 6.0). Slides were blocked in 10% Goat Serum (Invitrogen) (for primary 

antibodies against laminin α4, nidogen, and fibronectin) or 2.5% horse serum (for 

primary antibody against versican) (Vector Laboratories). Primary antibody was added as 

follows: laminin α4 at 10 µg/mL (MAB7340, R&D Systems), nidogen at 10 µg/mL 

(MAB2570, R&D Systems), fibronectin at 5 µg/mL (MAB1918, R&D Systems), and 

versican at 10 µg/mL (AF3054, R&D Systems). Primary antibodies were incubated for 1 

hour at room temperature. Primary antibody was removed with three PBS washes, five 

minutes each. Secondary incubation was as follows: 1X Alexa Fluor 488 Phalloidin 

(Invitrogen) and Donkey α Mouse Alexa Fluor 647 (laminin α4, nidogen, fibronectin) 

(Molecular Probes) or Donkey α Goat Alexa Fluor 647 (versican) (Invitrogen) at a 

1:5000 dilution. Secondary antibody was incubated at room temperature in the dark for 
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one hour, followed by three PBS washes, five minutes each. Slides were mounted in 

ProLong Gold Antifade Mountant with DAPI (Invitrogen) and imaged using the 63X oil 

objective on a Zeiss LSM 800 confocal microscope. Treated and control cells were 

imaged at the same exposure. Mean intensity was quantified using Zen software (blue 

edition).  

Statistical Analysis 

Unless otherwise noted, all statistical analyses were performed using GraphPad 

Prism version 7.04 or 8 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com.  
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CHAPTER 3 

MOLECULAR INHIBITOR OF QSOX1 SUPPRESSES TUMOR GROWTH IN VIVO 

Fifield AL, Hanavan PD, Faigel DO, Sergienko E, Bobkov A, Meurice N, et al. 
Molecular Inhibitor of QSOX1 Suppresses Tumor Growth in vivo. Mol Cancer Ther 
[Internet]. 2019 Jan 1;molcanther.0233.2019. Available from: 
http://mct.aacrjournals.org/content/early/2019/10/01/1535-7163.MCT-19-0233.abstract 
 

Overview: 

Quiescin Sulfhydryl Oxidase 1 (QSOX1) is an enzyme overexpressed by many 

different tumor types. QSOX1 catalyzes the formation of disulfide bonds in proteins. 

Since short hairpin knockdowns of QSOX1 have been shown to suppress tumor growth 

and invasion in vitro and in vivo, we hypothesized that chemical compounds inhibiting 

QSOX1 enzymatic activity would also suppress tumor growth, invasion, and metastasis. 

High throughput screening using a QSOX1-based enzymatic assay revealed multiple 

potential QSOX1 inhibitors. One of the inhibitors, known as “SBI-183”, suppresses 

tumor cell growth in a Matrigel-based spheroid assay and inhibits invasion in a modified 

Boyden chamber, but does not affect viability of non-malignant cells. Oral administration 

of SBI-183 inhibits tumor growth in two independent human xenograft mouse models of 

renal cell carcinoma. We conclude that SBI-183 warrants further exploration as a useful 

tool for understanding QSOX1 biology and as a potential novel anticancer agent in 

tumors that overexpress QSOX1. 

Results: 

SBI-183 inhibits QSOX1 enzymatic activity in vitro 

SBI-183 emerged as a QSOX1 inhibitor from cell-free high throughput screening 

assays described previously (1). As shown in Figure 1A, SBI-183 inhibits rQSOX1 in a 
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dose-dependent manner in a fluorescence assay developed by Raje et al.(131). H2O2 

produced by QSOX1 activity activates HRP to dimerize HVA resulting in fluorescence at 

420 nm. The first bar in Figure 1A demonstrates that SBI-183 does not inhibit HRP, nor 

does it appear to scavenge H2O2, providing confidence that the target of SBI-183 is 

QSOX1. 

SBI-183 binds to QSOX1 by Microscale Thermophoresis (MST) 

Since SBI-183 appeared to inhibit the enzymatic activity of QSOX1, we wanted 

to determine if it bound to QSOX1. MST was performed in duplicate showing binding of 

SBI-183 to QSOX1 at a Kd of 20 μM (Figure 1B).  

Computer modeling predicting binding location of SBI-183 with QSOX1 in silico 

Since crystal structures of QSOX1 have been generated (135) and SBI-183 

appeared to bind QSOX1, computer modeling was performed predicting the binding 

location of SBI-183. From a SiteFinder search, two sites (Site 1 and Site 2) were 

identified as possible binding locations on QSOX1, however Site 1 was optimal for SBI-

183 binding (Figure 1C). Table 1 displays the results from our docking protocols.  

At Site 1, SBI-183 fits deep into a wedge-like crevice inside QSOX1 that includes the 

following residues within 6Å of SBI-183: C237, Y238, L239, V251, L252, M253, F258, 

Y259, Y262, and L263. Interaction pairs are formed between SBI-183 and QSOX1 with 

frequent ring-ring pi-clouds, H-bonds and charge-charge interactions participating in 

electrostatic interactions with the backbone carbonyls and hydroxyl residues, and 

transient pi-cloud interactions occurring with the phenyl-substituted Tyrosine rings 

(Figure 1D). 
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Figure 1. SBI-183 binds to and inhibits the enzymatic activity of QSOX1. A) Data were 
recorded in triplicate at time = 15 minutes (steady state) after addition of DTT substrate. 
Error represents SEM. Significance was determined by two-way ANOVA and *p<.05, 
****p<.0001. B) MST titrations of rQSOX1 with SBI-183. Red and blue data sets 
represent two independent titrations of 50 nM Dylight650-labeled QSOX1 with 
increasing amounts of SBI-183 (.0076 to 250 µM). Fitting the data yielded Kd= 20 ± 7 
µM. C) QSOX1 is shown with predicted binding Sites 1 and 2 indicated by arrows. The 
boxed gray area for Site 1 is where SBI-183 was shown to bind and is zoomed into for 
panel D. Atom colors are by atom type (C-gray, N-blue, O-red, S-yellow, H-white) and 
ribbons are colored by secondary structure (red-helix, cyan-sheet, gray-random 
coil/loop). D) SBI-183 docked with QSOX1 is given. Key interacting residues within 6Å 
cutoff are labeled and shown in licorice stick rendering. Dashed lines indicating hydrogen 
bonds, pi-cloud interactions, or electrostatics are shown. 

SBI-183 suppresses tumor cell growth in vitro 

To determine if SBI-183 targets QSOX1 in tumor cells, we selected cell lines that 

were previously identified to express QSOX1. The ability of SBI-183 to inhibit viability 
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of tumor cells in a dose-dependent fashion was determined using the CellTiter Glo assay 

(Figure 11). Cells were treated with 2-fold dilutions of SBI-183 between 40 μM and .076 

nM (in triplicate), incubated for 72 hours and analyzed. As shown in Figure 11, inhibition 

of viability was observed for 786-O, RCJ-41T2, and MDA-MB-231 with IC50’s of 4.6 

µM, 3.9 µM, and 2.4 µM respectively.  

Because previous studies demonstrated reduced proliferation of tumor cells when 

QSOX1 was knocked down (KD) using shRNA (139,146,151), we hypothesized that a 

compound which inhibits QSOX1 would similarly decrease tumor growth in vitro. To 

test this, tumor cells were cultured for 5 days in the presence of SBI-183 or .4% DMSO 

vehicle control. An SBI-183 concentration-dependent reduction in cell growth was 

observed for each tumor cell line (Figure 2A-E). To determine if SBI-183 demonstrated 

selectivity for tumor cells, non-malignant adherent human fibroblasts and non-adherent 

PHA-stimulated PBMC from healthy human donors were incubated with SBI-183 for 5 

days under the same conditions. No significant inhibition of cell growth was observed 

compared to vehicle control (Figure 2G & H). Table 2 lists percent growth for Figure 2A-

D. 
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Figure 2. SBI-183 inhibits proliferation of tumor cells, but does not kill fibroblasts or 
rapidly proliferating PBMC. Inhibition of proliferation of A) 786-O, B) RCJ-41T2, C) 
MDA-MB-231, D) A549, and E) MIA PaCa2 with SBI-183 exhibits a dose response. 
This phenotype is similar to that seen in the QSOX1 stable KD cell line F) 786-O 
sh742.E11. Significance was determined by two-way ANOVA. No significant toxicity 
was observed when fibroblasts (G) or PHA-stimulated PBMC (H) were incubated with 
SBI-183 for 5 days. Significance was determined by one-way ANOVA, Kruskal-Wallis 
Test. Experiments were performed in triplicate and error represents SEM. Cells incubated 
with DMSO vehicle alone were used to calculate % growth with the following equation: 
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((Cells + SBI-183)/(Cells + .4% DMSO))x100. % growth of QSOX1 sh742 KD was 
calculated against shScr and *p<.05, **p<.01, ***p<.001, ****p<.0001. 

SBI-183 inhibits tumor invasion in both 2D and 3D models 

We previously reported that silencing QSOX1 expression with shRNA and 

inhibiting QSOX1 with the small molecule ebselen reduced the invasiveness of cancer 

cell lines in vitro (139,146,151). Similarly, we hypothesized that another small molecule 

inhibitor of QSOX1 would also suppress invasion. It is well known that 3D culture 

systems more closely recapitulate in vivo tumor phenotypes than 2D cultures. As seen in 

vivo, compounds may have difficulty diffusing to the center of a spheroid, or may be 

inhibited by hypoxia, leading to decreased efficacy, increased cellular survival, and 

reduced compound sensitivity (28–30). Therefore, in order to more closely mimic how 

naturally occurring tumors would be affected by SBI-183, we utilized a 3D invasion 

model. 786-O, RCJ-41T2, MDA-MB-231, A549, and MIA PaCa2 were grown as 

spheroids. After the addition of Matrigel, spheroids were imaged on the indicated days 

(Figure 3i, 3ii, 3iii, 3iv, and 3v). 786-O, RCJ-41T2, and A549 initially formed dense 

spheroids (Figure 3 panels C, F, & L) which expanded over the course of the experiment 

(Figure 3 panels A, D, & J). RCJ-41T2 formed wandering tendrils as it invaded the 

surrounding matrix (Figure 3 panel D). MDA-MB-231 and MIA PaCa2 initially formed 

loose, grape cluster-like spheroids (Figure 3 panel I & O). At the end of the experiment 

these clusters were greatly enlarged with projections from the main body, and single cells 

migrating from the spheroid (Figure 3 panel G & M). In each cell line tested, incubation 

with SBI-183 reduced invasion through Matrigel (Figure 3i, 3ii, 3iii, 3iv, and 3v panels 

B, E, H, K, N), similar to the reduction observed in QSOX1 stable KD cell line 786-O 
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sh742.E11 (Figure 3vi panel S). IC50’s of 3D invasion were determined to be 1.5 μM for 

MDA-MB-231, 2.3 μM for MIA PaCa2, and 3.6 μM for RCJ-41T2 (Figure 12).  

To ensure the observed decrease in invasion was not simply due to a decrease in 

proliferation due to the length of the 3D experiment, modified Boyden chamber invasion 

assays were also performed (Figure 3vii-xi). These invasion assays confirmed the 3D 

spheroid results.  



  36 

 

Figure 3. 3D & 2D Invasion of cells treated with SBI-183. Inhibition of invasion in 3D 
of (i) 786-O, (ii) RCJ-41T2, (iii) MDA-MB-231, (iv) A549, and (v) MIA PaCa2 exhibits 
a dose response relationship. This phenotype is similar to that seen in the QSOX1 stable 
KD cell line (vi) 786-O sh742.E11. Representative images of 3D invasion on day 0 (C, F, 
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I, L, O) and day 4 or day 6 (cell line dependent) with no compound (.4% DMSO vehicle 
only) (A, D, G, J, M), or 20 μM SBI-183 (B, E, H, K, N). Images of 786-O cells 
transduced with GFP-expressing shRNA scramble (shScr) and QSOX1 KD (sh742.E11) 
on day 0 (P, R) or day 6 (Q, S). Data are representative of three experiments performed in 
triplicate. Scale bar = 300 μm. 786-O sh742.E11 forms smaller spheroids than 786-O 
shScr. To account for this, 786-O shScr spheroids at all time points were normalized 
against 786-O sh742.E11 as follows:  
(Calculated Area shScr) - (Average Area Day 0 shScr – Average Area Day 0 sh742.E11). 
Invasion of all cell lines through a Matrigel coated membrane (2D) was significantly 
inhibited (vii, viii, ix, x, xi and T, U, V, W, X, Y, Z, Ai, Aii, Aiii) 
Experiments were performed in triplicate. Error represents SEM. Significance was 
determined by two-way ANOVA and *p<.05, **p<.01, ***p<.001, ****p<.0001. 

SBI-183 reduces laminin α4 deposition on cells. 

QSOX1 has previously been shown to modulate deposition of laminin α4 into the 

ECM (145). We hypothesized that inhibition of QSOX1 enzymatic activity with SBI-183 

would similarly inhibit laminin α4 deposition on cells grown in vitro. As seen in Figure 4, 

24-hour incubation with 20 μM SBI-183 resulted in decreased laminin α4 deposition by 

immunofluorescence. 
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Figure 4. SBI-183 reduced deposition of laminin α4 in tumor cell ECM by 
immunofluorescence. Treatment with SBI-183 resulted in a decrease of laminin α4 
deposition in the ECM of (A) 786-O, (B) RCJ-41T2, (C) MDA-MB-231, (D) A549, and 
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(E) MIA PaCa2 after 24 hours. Error bars represent SEM. Scale bars = 10 µm. 
Significance was determined by one-way ANOVA and *p<.05, ***p<.001 ****p<.0001. 
 
Exogenous addition of rQSOX1 partially rescues invasion induced by SBI-183 

QSOX1 is overexpressed by tumor cells. It localizes to the Golgi and is secreted. 

Because SBI-183 inhibits the activity of QSOX1 resulting in a decrease in invasion, we 

added exogenous rQSOX1 to rescue the invasive phenotype (139,151). Addition of a 2-

fold molar excess of rQSOX1:SBI183 to 786-O cells partially rescued invasion (Figure 

5A). Addition of equimolar concentration of rQSOX1 partially rescued the invasive 

phenotype of both RCJ-41T2 cells (Figure 5B) and MDA-MB-231 cells (Figure 5C). 
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Figure 5. Partial rescue of invasive phenotype by addition of exogenous rQSOX1. 
Addition of 5 μM rQSOX1 increased invasion of 786-O (A) by 10% by day 6. By day 4, 
5 μM rQSOX1 increased invasion of RCJ-41T2 (B) by 17% and increased invasion of 
MDA-MB-231 (C) by 20%. Experiment was performed in triplicate. Error represents 
SEM. Significance was determined by two-way ANOVA and **p<.01, ***p<.001, 
****p<.0001. 
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SBI-183 does not inhibit eight tested tyrosine kinase’s.  

Small molecules quite often interact with a number of targets within a cell (177). 

Because we observed statistically significant decreases in viability and invasion when 

cells were treated with SBI-183, we tested a panel of tyrosine kinases for inhibition of 

activity when in the presence of SBI-183. As seen in Figure 6, SBI-183 did not inhibit the 

activity of any of these potential cellular targets. 

 

Figure 6. SBI-183 does not inhibit activity of eight tested tyrosine kinases. The eight 
tested kinases showed no inhibition of activity when treated with SBI-183. Significance 
was determined using Welch’s t-test. 
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SBI-183 inhibits tumor growth of 786-O in-vivo 

Since SBI-183 inhibits invasion in vitro, we tested the activity of SBI-183 in two 

independent RCC mouse xenografts. Tumor measurements were obtained at the intervals 

indicated in Figure 7. One mouse from the test group was terminated according to 

IACUC protocol on day 21. At the end of the experiment (day 41), SBI-183-treated 786-

O xenografts had average tumor volumes that were 86% smaller than vehicle-treated 

mice. These results indicate that SBI-183 inhibits the growth of a RCC tumor cell line in 

vivo. 

SBI-183 inhibits tumor growth of RCJ-41T2 in-vivo 

Sarcomatoid RCC is associated with an aggressive, mesenchymal phenotype, and 

is intrinsically resistant to antiangiogenic therapy. To extend our findings to a 

sarcomatoid RCC line recently derived from a patient, 18 NSG mice were inoculated 

with minced RCJ-41T2 tumors obtained from patient-derived xenografts in 50% Matrigel 

and tumors were established for 10 days prior to dosage with 100 mg/kg SBI-183 or 

vehicle control. Data are from 9 control mice and 6 experimental mice (3 mice were lost 

in the experimental group due to an oral gavage problem, not due to the compound). 

Tumor volume was measured every seven days with calipers and volume was calculated 

using the following formula: Tumor volume = .5 X a X b2 where a and b are the longest 

and shortest diameters respectively. Over the course of the experiment, treatment with 

SBI-183 resulted in an average 51% tumor volume reduction compared to control (Figure 
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7). No differences were observed in the overall body weight. These data suggest that SBI-

183 inhibits the growth of a highly aggressive sarcomatoid RCC in vivo.  

 

Figure 7. Treatment with SBI-183 suppresses 786-O and RCJ-41T2 growth in mice. A) 
786-O cells were subcutaneously injected into 4 nude mice per group and tumors were 
established before initiation of daily oral gavage of 400 μg/mouse/day SBI-183 or DMSO 
vehicle. Percentage of decrease was calculated with the following formula: 100-
((Average SBI-183)/(Average Vehicle))x100. B) Daily treatment with SBI-183 
suppresses RCJ-41T2 growth in NSG mice. Data are from 9 control mice and 6 
experimental mice. Percentage decrease was calculated as above. Error bars represent 
SEM. Significance was determined by two-way ANOVA and **p<.01, ****p<.0001. 
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SBI-183 reduces laminin α4 deposition in RCJ-41T2 mouse xenografts  

Because QSOX1 has previously been shown to be involved in the deposition of 

laminin α4 in the ECM (145), we hypothesized that laminin α4 deposition would be 

reduced in xenograft tumors from mice treated with SBI-183. DAB staining intensity due 

to laminin α4 deposition was shown to be significantly reduced in SBI-183 treated mice 

compared to vehicle control (Figure 8). 

 

Figure 8. Treatment with SBI-183 reduced laminin α4 deposition in RCJ-41T2 mouse 
xenografts. DAB staining intensity (Log OD) due to laminin α4 deposition was .115 ± 
.022 for vehicle treated mice and .088 ± .008 for SBI-183 treated mice (p=.0101). Optical 
density (OD) was estimated from three unique images from each of two tumors per group 
with the following formula: OD = Log(max intensity/mean intensity), where max 
intensity = 255 (178). Error represents SEM and was calculated in Microsoft Excel. Scale 
bar = 50 µm. Significance was determined using Welch’s t-test. 
 
Conclusions: 

Despite systemic therapy, distant metastases are the major cause of cancer 

mortality. QSOX1 secreted from tumor and stromal cells is involved in ECM formation 

including laminin and fibronectin deposition (145,147), and post-translational activation 

of MMPs (146). Taken together, QSOX1 plays an important role in ECM-mediated 
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invasive processes. Since tumor-stroma-derived ECM is crucial for metastasis, targeting a 

potential master regulator of the ECM such as QSOX1 may affect multiple ECM proteins 

involved in invasion and metastasis. There are several lines of evidence supporting 

QSOX1 as a potential therapeutic target. First, QSOX1 is overexpressed in several 

malignancies (146,153–155,179) and is an indicator of poor relapse free and overall 

survival in luminal B breast cancer (150–152). Second, enzymatic inhibition of QSOX1 

using either small molecules or Mabs interferes with ECM deposition and reduces tumor 

invasion (139,145,147). Since shRNA silencing of QSOX1 previously demonstrated 

suppression of tumor growth and the invasive phenotype (139,151), we embarked on a 

screening strategy to identify chemical probes to examine the effects of QSOX1 

inhibition in vitro and in vivo. We demonstrate that the small molecule, SBI-183, (i) 

inhibits QSOX1 enzymatic activity in vitro, (ii) binds to QSOX1, (iii) inhibits tumor cell 

growth and invasion in vitro, and (iv) reduces tumor size in two independent mouse 

models. 

We employed an enzymatic assay developed by Colin Thorpe’s group (131) to 

screen for QSOX1 inhibitors in a library of ~50,000 compounds. SBI-183 was identified 

as a lead compound for the inhibition of QSOX1 enzymatic activity (Figure 1A). We 

previously reported that ebselen bound covalently to QSOX1 by LC-MS/MS analysis 

(139), but SBI-183 does not appear to bind covalently to QSOX1. Another measure of 

binding is MST which measures the motion of proteins along microscopic temperature 

gradients and is affected by changes in protein hydration, charge, and size originating 

from ligand binding. Incubation of serial dilutions of SBI-183 with QSOX1 demonstrated 

a temperature shift indicative of binding (Figure 1B). This physical interaction between 
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QSOX1 and SBI-183 supports computer models showing SBI-183 fitting into a crevice in 

QSOX1 at the C-terminal end of the second thioredoxin domain. The strong docking 

score via the SBI-183 benzyl-moiety and the tyrosine ring at Y262, along with the SBI-

183 carbonyl oxygen electrostatic interactions at the nearby tyrosines (Y259, Y262) and 

various van der Waals interactions on the hydrophobic residues (V251, M253, L252, 

F258) with the alkane atoms of SBI-183 creates a solid anchored position for SBI-183 on 

QSOX1. Additionally, the area of interaction includes C237 within 6Å of SBI-183 

binding (Figure 1D). C237 is one of two cysteines that covalently bound ebselen in our 

previous study (139). It is thought that C237 is not involved in QSOX1 enzymatic 

activity (129), however, it is interesting that two compounds which inhibit QSOX1 

interact with it in this location. These data suggest that this region may be important for 

QSOX1 activity. 

In addition to metastatic processes, the ECM is involved in signaling. SBI-183 

suppressed growth in each tumor cell line tested in a concentration-dependent manner 

(Figure 2A-E), but no significant reduction in growth of fibroblasts or PHA-stimulated 

PBMC was observed (Figure 2G-H). This finding agrees with previously published 

immunohistochemistry results in a tumor tissue biopsy that show no QSOX1 protein 

expression in non-malignant tissue or infiltrating lymphocytes (123,140). Furthermore, 

Table 3 demonstrates that the maximal tolerated dose of SBI-183 in healthy nude mice is 

over 200 mg/kg and was limited by solubility of the compound, not toxicity. We do note, 

however, that SBI-183 has a high IC50 in the tested cell lines (Figure 11). As such, while 

we did not observe inhibition of the tyrosine kinases we tested (Figure 6), it is still 

possible that there are other targets of SBI-183 in vivo that suppress tumor growth. 
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To further examine the cancer phenotype, we utilized a well-accepted model of 

3D invasion of spheroids into Matrigel (175,180–182). Incubation with SBI-183 

significantly reduced invasion in all five cell lines (Figure 3i-v). Our 3D results are 

consistent with reduced invasion observed in the trans-well invasion assay (Figure 3vii-

xi). All invasion results are consistent with decreased invasion observed in cells stably 

expressing shRNA specific for QSOX1 (139,151), and could be at least partially due to a 

malformed ECM lacking laminin (as observed in Figure 4 and Figure 8), fibronectin 

(145,147), and reduced MMP-2 and MMP-9 activity (146). Furthermore, addition of 

exogenous rQSOX1 partially rescued SBI-183-induced invasion suppression observed in 

786-O, RCJ-41T2, and MDA-MB-231 (Figure 5) (A549 and MIA PaCa2 were not 

tested). Rescue experiments are difficult to perform with small molecules because the 

small molecule can enter the cell while the target protein remains extracellular. A review 

of polypharmacology discusses that most drugs interact with five or more targets (177). 

In line with this, some VEGF tyrosine kinase inhibitors such as sunitinib, are known to 

also interact with other kinases (111). Similarly, while SBI-183 is active against QSOX1 

(Figure 1A) it likely has various other targets in tumors, explaining why exogenous 

addition of rQSOX1 does not completely rescue the invasive phenotype. However, if 

QSOX1 is a master regulator of multiple disulfide-bonded proteins, even partial 

inhibition of QSOX1 may disrupt folding or proper association of proteins in the ECM. 

To examine the in vivo effects of SBI-183 on tumor growth and metastasis, we 

inoculated mice with 786-O, RCJ-41T2 (Figure 7), and MDA-MB-231 (Figure 13). Mice 

bearing 786-O or RCJ-41T2 tumors that were treated with SBI-183 exhibited a 

statistically significant reduction in tumor volume compared to controls (Figure 7A & B). 
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Mice bearing the TNBC cell line MDA-MB-231-luc interestingly did not exhibit a 

reduction in primary tumor volume (Table 4) but rather exhibited a suppression of 

metastasis as evidenced by a reduction in mean lung radiance of 76% when compared to 

controls (Figure 13). This reduction, while striking, did not reach statistical significance, 

likely due to the death of two control mice. Our MDA-MB-231 in vivo data differs from 

our in vitro data in that SBI-183 slows tumor growth in vitro, but did not slow primary 

tumor growth in mice. However, MDA-MB-231 cells were inhibited from invading in the 

3D spheroid and modified Boyden chamber models which are in vitro surrogates for 

metastasis. It should be noted that the effect of SBI-183 observed depends on the cell line 

tested, suggesting that cells depend differently on QSOX1 activity.  

Our data show that both in vitro and in vivo, SBI-183 suppresses QSOX1 

enzymatic activity which results in inhibition of tumor growth, invasion and possibly 

metastasis in vivo. Further, our data suggest that SBI-183 may be a useful tool to increase 

our understanding of the role of QSOX1 activity in the ECM of cancer and stromal cells 

during invasion and metastasis. Because metastasis is the main cause of death from 

cancer, even partial inhibition of this process may prolong patient survival. Finally, our 

study provides further evidence of QSOX1 as an anti-neoplastic target.  
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Chemical structure of SBI-183: C18H20N2O2 

 

 

Figure 9. Chemical structure of SBI-183.  

Verification of shRNA QSOX1 KD by qRT-PCR 

Data are from three different experiments performed in triplicate and normalized 

against beta actin (ΔCt on the Y axis). Data are indicative of a 90% KD as indicated by 

the following formula: (2^-ΔΔCt) = fold change, then (100 – (1/fold change)) = % KD. 

 

Figure 10. Stably transduced 786-O cells have reduced QSOX1 mRNA expression. Error 
represents SEM. Significance was determined by Welch’s t-test. **p<.01. 
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Results from docking protocols 

 

Table 1. Results from SBI-183 docking protocols. 

Determination of IC50’s by CellTiter Glo 

 
Figure 11. Viability Dose Response Curve. SBI-183 inhibits viability of RCC and TNBC 
with IC50’s of 4.6 µM for 786-O, 3.9 µM for RCJ-41T2, and 2.4 µM for MDA-MB-231. 
Inset: Viability IC50 determination for MIA PaCa2. MIA PaCa2 IC50 was 1.9 µM and was 
determined using MTT. X axis = Log Concentration (nM), and Y axis = Normalized 
Viability. Data are also from 72 hours.  

Compound Rank
Docking 

Score
MW

Lipinski’s 

Rule of 5 

Violations

Total Polar 

Surface 

Area (Å2)

Donor 

Hydrogen 

Bonds 

(possible)

Acceptor 

Hydrogen 

Bonds 

(possible)
SBI-183 2 -7.052 296.4 0 47.366 1 4
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Determination of 3D Invasion IC50 

 

Figure 12. 3D invasion dose response curve for SBI-183. Cells were plated in replicates 
of six and dosed with two-fold dilutions of SBI-183 from 20 µM – 39.1 nM. Invasion 
area values from day 3 were normalized and GraphPad Prism was utilized to determine 
the IC50’s. SBI-183 inhibits 3D invasion of TNBC, pancreatic cancer, and RCC with 
IC50’s of 1.5 μM for MDA-MB-231, 2.3 μM for MIA PaCa2, and 3.6 μM for RCJ-41T2. 

SBI-183 reduces proliferation 

Cells were incubated with the indicated concentrations of SBI-183. The percent 

growth is indicated in the table below and is graphically represented in Figure 2.  
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Table 2. SBI-183 reduces proliferation. SBI-183 reduces proliferation of RCC and 
TNBC on days 3 and 5 at concentrations ranging from 20 μM - .625 μM. 

SBI-183 is not toxic to athymic nude mice  

 
Table 3. SBI-183 is not toxic to athymic nude mice. SBI-183 solubilized in 10% 
dimethylacetamide (DMA) and 90% PEG400 was administered by oral gavage to 3 mice 
per group for 3 days. Neither 100 mg/kg, nor 200 mg/kg appeared to be toxic to athymic 
nude mice. 
 

SBI-183 does not reduce primary tumor growth of MDA-MB-231 in vivo 

Tumor growth was measured at the intervals indicated in Table 4. According to 

IACUC protocol, mouse 1 from the control group was humanely sacrificed on Day 25 

due to tumor size. A second mouse (mouse 8) from the control group was found dead on 

Day 28. 

 

Cell Line (Day 3) 20 μM 10 μM 5 μM 2.5 μM 1.25 μM .625 μM 0 μM

786-O 28% 28% 29% 61% 89% 91% ~

RCJ-41T2 45% 45% 49% 66% 86% 93% ~

MDA-MB-231 54% 56% 56% 58% 75% 84% ~

786-O sh742.E11 ~ ~ ~ ~ ~ ~ 46%

Cell Line (Day 5) 20 μM 10 μM 5 μM 2.5 μM 1.25 μM .625 μM 0 μM
786-O 8% 13% 16% 55% 68% 81% ~

RCJ-41T2 29% 30% 38% 55% 73% 88% ~

MDA-MB-231 39% 31% 27% 42% 78% 99% ~

786-O sh742.E11 ~ ~ ~ ~ ~ ~ 64%
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Table 4. SBI-183 does not reduce primary tumor growth of MDA-MB-231 in vivo. Daily 
treatment with SBI-183 (100 mg/kg) did not result in a decrease of primary tumor 
volume. Twelve mice per group were utilized for this experiment. X = moribund 
sacrifice.  

SBI-183 inhibits metastasis of the triple negative breast cancer line MDA-MB-231.  

MDA-MB-231 is a TNBC cell line that generates spontaneous lung metastases in 

mice after injection into the lymph nodes or mammary fat pad. Since our data suggests 

that QSOX1 plays a role in tumor-derived ECM and ECM genes are upregulated in 

metastases (183), we tested the activity of SBI-183 in a MDA-MB-231 TNBC mouse 

model. After luciferase expressing MDA-MB-231 tumors were established for 7 days, 

SBI-183 or vehicle control was orally administered to mice daily (100 mg/kg). 

Bioluminescence of lung metastases were quantified ex vivo upon termination of the 

experiment. In this metastatic model, there was no difference in primary tumor growth, 

but a 76% difference was observed in lung metastasis between vehicle and SBI-183-

treated mice as measured by lung radiance (Figure 13). Additionally, on day 25 of the 

study, one mouse in the control group was moribund and humanely terminated, and 

another in the control group was found dead on day 28. These two mice were not 

analyzed for lung metastasis by mean lung radiance, but presumably died due to tumor 

growth. This result suggests that in the highly metastatic MDA-MB-231 model, SBI-183 

suppresses lung metastasis of a triple negative breast cancer.  

Group
Median Tumor 

Volume (mm
3
)

0mg/kg 34 40 21 31 0 35 29 27 0 32 27 0 27.8

100mg/kg 39 32 0 30 33 0 27 27 25 36 26 0 27.1

0mg/kg 424 160 94 134 128 117 108 114 186 181 160 121 130.7

100mg/kg 253 194 150 136 210 269 121 111 203 325 121 143 171.7

0mg/kg X 1514 790 875 841 883 1041 1012 1327 1320 1141 563 1012.2

100mg/kg 1522 1405 1285 1352 1393 1908 1399 1244 1511 1970 1202 1995 1402.3

Tumor Volume (mm
3
)

Day 1

Day 13

Day 28
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Figure 13. SBI-183 reduces lung metastasis in vivo. Daily treatment with SBI-183 (100 
mg/kg) resulted in a 76% decrease in lung metastasis of triple negative MDA-MB-231 
breast cancer cells as determined by bioluminescence imaging. Twelve mice per group 
were utilized for this experiment. In the Vehicle group, mouse 1 was a moribund sacrifice 
(day 25) and mouse 8 was found dead (day 28). Percentage of decrease was calculated 
with the following formula: 100-((Average SBI-183)/(Average Vehicle))x100. Error bars 
represent SEM. Significance was determined using Welch’s t-test. P = .197 
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CHAPTER 4 

TARGETED MODIFICATIONS TO THE CHEMICAL STRUCTURE OF SBI-183 

INCREASE INHIBITION OF BOTH QSOX1 ENZYMATIC ACTIVITY AND 

INHIBITION OF TUMOR INVASION 

Overview: 

We previously identified the novel small molecule “SBI-183” as an inhibitor of 

QSOX1 enzymatic activity, leading to suppression of the cancer phenotype. Here we 

embarked on a two-pronged screening strategy to A) identify chemical analogs of SBI-

183 with increased anti-tumorigenic effects, and B) to additionally utilize these analogs 

to elucidate the essential chemical moieties on the lead molecule important in QSOX1 

mediated anti-tumorigenicity. Cell-free screening for inhibition of enzymatic activity 

identified seven potential analogs with inhibition equal to or slightly stronger than that 

observed in SBI-183. Of these, SPX-009 was identified as the top hit with 3.8 to 12-fold 

increased inhibitory potency (cell line dependent) in the 3D invasion assay. Western blot 

analysis was negative for an upregulation of three additional sulfhydryl oxidases in 

response to QSOX1 inhibition. Laminin α4 staining intensity on 3D invaded spheroids by 

immunofluorescence was reduced in shKnockdown cell lines as compared to shScramble 

control, but increased in SPX-009 treated cells, likely due to disorganization of the 

underlying f-actin cytoskeleton. 
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Results: 

The pyrrolidine ring in SBI-183 chemotype series is vital for inhibition of QSOX1 

enzymatic activity. 

We previously reported that, at µM concentrations, SBI-183 inhibited QSOX1 

enzymatic activity, tumor cell proliferation and invasion in vitro, and tumor growth and 

metastasis in vivo (27). We therefore hypothesized that chemical modifications to SBI-

183 would allow insight into the structure-activity relationship between SBI-183 and 

QSOX1. We additionally hypothesized that a compound which more potently inhibited 

QSOX1 would also more effectively inhibit the tumor phenotype. Fifty-three chemical 

analogs of SBI-183 were purchased from ChemBridge and screened for inhibition of 

QSOX1 enzymatic activity in the HVA fluorescence assay (Figure 14A-D). An additional 

eighteen analogs were synthesized by our collaborators at Sapphire Biotech (San Diego, 

CA) (Figure 14E & F). Of the compounds from ChemBridge, seven analogs displayed 

inhibitory activity that was equivalent to or slightly better than that observed with SBI-

183: SPX-009, SPX-010, SPX-011, SPX-025, SPX-026, SPX-029, and SPX-043 (Figure 

14A & C). Of these seven, SPX-009 appeared to be the best candidate (indicated by the 

red star in Figure 14A), having the strongest inhibition of enzymatic activity and an H2O2 

control profile similar to that of SBI-183. Four analogs which appeared to be inhibiting 

QSOX1 activity were observed to also inhibit HRP or scavenge H2O2 in the control: 

SPX-033, SPX-037, SPX-039, and SPX-042 (Figure 14B & D). The compounds 

synthesized by Sapphire Biotech were not tested in the cell-free assay further due to 

inhibition observed in the H2O2 control. However, to ensure we did not erroneously 
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discard a QSOX1 inhibitor that also happened to scavenge H2O2, these compounds were 

screened on cells. 

 

Figure 14. Screening chemical analogs of SBI-183 for inhibition of QSOX1 enzymatic 
activity with the HVA fluorescence assay. Compounds were screened at 20 µM for 
inhibition of QSOX1 enzymatic activity that was similar to or better than the inhibition 
observed with SBI-183 (A, C, & E). Data for SBI-183 is the average of 25 individual 
assays performed in triplicate. The red star (A) indicates the top hit, SPX-009. Figures B, 
D, & F are the no QSOX1, H2O2 control to verify that the observed decrease in 
fluorescent signal was due to QSOX1 inhibition and not inhibition of HRP or scavenging 
of H2O2. Experiments were performed in triplicate. Data were collected at time = 15 
minutes (enzyme steady state). Percent signal was calculated as follows: ((Average 
Compound Signal/Average DMSO Vehicle Control Signal)*100). Error represents 
relative standard deviation and was calculated in Excel.  
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Top hits which did not exhibit scavenging of H2O2 or HRP inhibition were 

assayed at least two times to verify inhibition and to observe a dose response (Figure 15).  
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Figure 15. SBI-183 analogs demonstrate an inhibitory dose response in the HVA 
fluorescence assay. Top hits were assayed at least two times to confirm inhibition and 
dose response. Experiments were performed in triplicate. RFU = Relative Fluorescence 
Units. Data were collected at time = 15 minutes (enzyme steady state). Error represents 
standard deviation. Significance was determined by one-way ANOVA and * = p<.05, 
**p<.01, ***p<.001, ****p<.0001. 

Analysis of the structure of the ChemBridge compounds and the resultant 

inhibition of enzymatic activity revealed that any chemical additions to the pyrrolidine 
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ring of SBI-183 resulted in a loss of QSOX1 inhibition (Table 6). However, examination 

of SPX-5177, SPX-5179, and SPX-5221 reveal that removal of carbons or C-C bonding 

which are distal to the nitrogen of the pyrrolidine ring may not impair inhibitory activity 

(See Table 6). SBI-183 contains a “permissive benzene” (a benzene to which chemical 

changes can be made which may result in similar or increased inhibition of enzymatic 

activity), and a “variable benzene” (a benzene to which chemical changes can be made 

which may result in either the loss of enzymatic inhibition, or retention of enzymatic 

inhibition) (Table 6 & Figure 16). These results indicate that the pyrrolidine ring of SBI-

183 is most important for inhibition of enzymatic activity and that targeted modifications 

to the permissive or variable benzenes can increase inhibitory activity. Further, these 

results implicate SPX-009 as a top candidate for further screening. 

 

 

Figure 16. Chemical structure of SPX-009. Compared to SBI-183, SPX-009 contains the 
addition of 4, 5-methoxy on the permissive benzene. Labelling of “Non-permissive 
pyrrolidine”, “Variable benzene”, and “Permissive benzene” is based on the observed 
inhibition of QSOX1 enzymatic activity from the 53 chemical analogs of SBI-183 in the 
HVA assay.  

SPX-009 inhibits 3D invasion. 

Because invasion is an early step in the metastatic process, we next began a 

screening protocol of SPX-009 on tumor spheroids grown in 3D to mimic the in vivo 
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phenotype. MDA-MB-231, MIA PaCa2, and RCJ-41T2 were treated with concentrations 

of SPX-009 ranging from 10 µM - 1.25 µM. SBI-183 was incubated with the spheroids 

as a control at 10 µM. Additionally, shKnockdown’s were generated as described (27) in 

MDA-MB-231 and MIA PaCa2 as additional controls to further verify the QSOX1 

invasive phenotype. Knockdown was verified by qRT-PCR (Figure 17F, G). SPX-009 

inhibited 3D invasion of all three cell lines at each concentration tested to the same extent 

as SBI-183 at 10 µM. Therefore, two-fold titrations of SPX-009 were performed 

beginning at 1.25 µM to determine the limit of inhibition (Figure 17). Statistically 

significant inhibition was observed in MDA-MB-231 and MIA PaCa2 with dosages of 

SPX-009 down to 156.25 nM, while RCJ-41T2 was significantly inhibited down to 312.5 

nM. As can be seen in Figure 17, panels D, E, & F, each of the three cell lines invaded 

into the surrounding Matrigel matrix in the .01% DMSO control by day 3. Conversely, 

invasion of cells treated with 1.25 µM SPX-009 was statistically significantly inhibited 

on day 3, with only a few solitary cells invading into the surrounding matrix (Figure 17G, 

H, I). A similar reduction in invasion was observed in both shQSOX1-transduced MDA-

MB-231 and shQSOX1-transduced MIA PaCa2 (Figure 17D-E2). Interestingly, while 

shKnockdown inhibition of invasion was statistically significant, it was not as robust as 

that observed with SPX-009 in these cell lines. In all cell lines, 1.25 µM SPX-009 more 

potently inhibited 3D invasion than did the same concentration of SBI-183.  
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Figure 17. SPX-009 inhibits 3D invasion in a dose dependent manner. Two-fold 
dilutions of SPX-009 beginning at 1250 nM resulted in dose dependent inhibition of 3D 
invasion (A-C). Percentage of invasion decrease at 1250 nM was 63% in MDA-MB-231, 
45% in MIA PaCa2, and 53% in RCJ-41T2. Representative images of the spheroids taken 
on day 3 of .01% DMSO control (A1, B1, C1) or treated with 1.25 µM SPX-009 (A2, B2, 
C2). In MDA-MB-231 and MIA PaCa2, shKnockdown of QSOX1 results in a reduction 
in invasion as compared to the shScr control (D & E). Percentage of invasion decrease for 
sh742 as compared to shScr was 26% for MDA-MB-231, and 24% for MIA PaCa2. 
Representative images of shScr invaded spheroid (D1, E1) versus sh742 knockdown (D2, 
E2). Scale bar = 1000 µm. SPX-009 experiments were performed in replicates of six. 
Short hairpin experiments were performed in replicates of twelve. Percentage of invasion 
decrease was calculated as follows: (100-(Average Compound/Average Vehicle 
Control)*100). Error represents standard deviation. Significance was determined by two-
way ANOVA and * = p<.05, **p<.01, ***p<.001, ****p<.0001. 
Short hairpin knockdown was verified by qRT-PCR (F, G). Error represents standard 
deviation. Significance was determined by Welch’s t-test. *p<.05, ***p<.001. 
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IC50 for SPX-009 invasion was calculated as 395 nM for MDA-MB-231, 178.8 

nM for MIA PaCa2, and 304.7 nM for RCJ-41T2 (Figure 18).  

 

Figure 18. Determination of SPX-009 3D Invasion IC50. Cells were plated in replicates 
of six and dosed with two-fold dilutions of SPX-009 from 10 µM – 39.1 nM. Invasion 
area values from day 3 were normalized and GraphPad Prism was utilized to determine 
the IC50’s of MDA-MB-231 (395 nM), MIA PaCa2 (178.8 nM), and RCJ-41T2 (304.7 
nM). 

Because SPX-009 robustly inhibited 3D invasion in all cell lines at 1.25 µM, the 

remaining top hits from the HVA fluorescence assay were screened at the same 

concentration and compared to SPX-009 and SBI-183 (Figure 19). SPX-009 inhibited 3D 

invasion more vigorously than all other compounds. Additionally, it was the only 

compound (with the exception of SBI-183) with consistent anti-invasive properties across 

the three cell lines. 
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Figure 19. SPX-009 is the strongest inhibitor of 3D invasion. The top hits from the 
fluorescence assay were screened at a concentration of 1.25 µM in the 3D invasion assay. 
Assays were stopped once statistical significance was reached for SPX-009: Day 1 (A), 
and Day 3 (B & C). Experiments were performed in replicates of six. % Invasion = 
((Average Compound/Average Vehicle Control)*100). Error represents relative standard 
deviation and was calculated in Excel. Significance was determined by one-way ANOVA 
and * = p<.05, **p<.01, ***p<.001, ****p<.0001.  

SPX-009 inhibits 2D Boyden Chamber Invasion. 

Because the 3D invasion assay in Figure 17 was performed over the course of 

three days, it was possible that the observed decrease in invasion was due to inhibition of 

cell proliferation instead of suppression of invasion. To address this possibility, we 

performed a 2D Boyden Chamber invasion assay to verify our results, in which invasion 

was stopped at 18-24 hours after plating. Since one cell division takes at least 24 hours, 

cell proliferation is not a concern in the 2D invasion assay. As can be seen in Figure 20, 

inhibition of invasion with SPX-009 was statistically significant in MDA-MB-231, MIA 

PaCa2, and RCJ-41T2.  
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Figure 20. SPX-009 inhibits 2D Boyden Chamber invasion in a dose dependent manner. 
Two-fold dilutions of SPX-009 beginning at 1.25 µM resulted in dose dependent 
inhibition of 2D invasion (A-C). Percentage of invasion decrease at 1250 nM SPX-009 
was 68% in MDA-MB-231, 52% in MIA PaCa2, and 65% in RCJ-41T2. Representative 
images of invaded, DAPI-stained nuclei of cells treated with .01% DMSO (A1, B1, C1) 
or 1250 nM SPX-009 (A2, B2, C2). Images were edited for clarity using ImageJ. Scale 
bar = 1000 µm. Experiments were performed in triplicate. Percentage of invasion 
decrease was calculated as follows: (100-(Average Compound/Average Vehicle 
Control)*100). Error represents standard deviation. Significance was determined by one-
way ANOVA and * = p<.05, ****p<.0001.  

Addition of exogenous rQSOX1 partially rescues the invasive phenotype. 

To provide further support for our hypothesis that cellular QSOX1 is the target of 

SPX-009, we performed 3D rescue invasions in which rQSOX1 was added to cells 

exogenously. Similar to SBI-183, addition of exogenous rQSOX1 partially rescued the 

invasive phenotype (27). We incubated SPX-009 with exogenous rQSOX1 on 3D 
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spheroids. Addition of a four-fold molar excess of rQSOX1 partially rescued the invasive 

phenotype of MDA-MB-231 (Figure 21A), while a two-fold molar excess of rQSOX1 

partially rescued the invasive phenotype of MIA PaCa2 and RCJ-41T2 (Figure 21B & C). 

These data further support QSOX1 as a cellular target of SPX-009. 

 

Figure 21. Addition of exogenous rQSOX1 partially rescues 3D invasion. Incubation of 
312.5 nM SPX-009 with exogenous rQSOX1 resulted in a partial rescue of 3D invasion 
by day 3 in each cell line. Addition of a four-fold molar excess of rQSOX1:SPX-009 
resulted in a 16% increase in 3D invasion as compared to SPX-009 alone (A). Addition 
of a two-fold molar excess of rQSOX1:SPX-009 to MIA PaCa2 and RCJ-41T2 resulted 
in 17% (B) and 19% (C) increase in invasion respectively when compared to SPX-009 
alone. Experiments were performed in replicates of six. Error represents standard 
deviation. Significance was determined by two-way ANOVA and * = p<.05, **p<.01, 
****p<.0001. 

Verification of lack of cellular activity with SPX-006 & SPX-007. 

It was observed that SPX-006 and SPX-007 both contained the substitution of a 

piperidine ring for the pyrrolidine ring of SBI-183. SPX-006 additionally contained the 

substitution of a benzyloxy moiety in place of the methoxy group on the permissive 

benzene. In addition to the piperidine ring, SPX-007 contained a fluorine at the ortho 

position on the variable benzene (See Table 6). These modifications resulted in a loss of 

inhibition of QSOX1 enzymatic activity (Figure 14A). Therefore, it was hypothesized 

that SPX-006 and SPX-007 would not inhibit 3D invasion as strongly as SBI-183. At a 
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concentration of 10 µM, SPX-006 and SPX-007 both exhibited a statistically significant 

reduction in 3D invasion inhibition in each cell line tested when compared to SBI-183 

(Figure 22). Interestingly, substitution of the bulky benzyloxy group on the permissive 

benzene of SPX-006 reduced inhibition of 3D invasion more than the addition of the 

fluorine on the variable benzene of SPX-007. Because the targeted modifications made to 

SPX-006 and SPX-007 resulted in a loss of activity in the HVA assay and a reduction in 

inhibition of the cancer phenotype, these results support the role of QSOX1 in cancer and 

further support QSOX1 as a cellular target of SPX-009. 

 

Figure 22. Alterations to the chemical structure of SBI-183 resulting in a loss of QSOX1 
enzymatic activity also resulted in a loss of inhibition of 3D invasion. Spheroids were 
dosed with SPX-006 and SPX-007 at a concentration of 10 µM and compared to the same 
concentration of SBI-183 in MDA-MB-231 (A), MIA PaCa2 (B), and RCJ-41T2 (C). In 
each cell line, both compounds were less potent than SBI-183 by day 3. Incubation of 
tumor cell lines with SPX-006 increased invasion over incubation with SBI-183 by 261% 
in MDA-MB-231, by 163% in MIA PaCa2, and by 191% in RCJ-41T2. Incubation with 
SPX-007 increased invasion over incubation with SBI-183 by 213% in MDA-MB-231, 
by 129% in MIA PaCa2, and by 144% in RCJ-41T2. Experiments were performed in 
replicates of six. Percentage of invasion increase was calculated as follows: ((Average 
SPX Compound/Average SBI-183)*100). Error represents standard deviation. 
Significance was determined by two-way ANOVA and ***p<.001, ****p<.0001.  
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Targeted modifications to SBI-183 begin to reveal compound functionality. 

Because SPX-009 was our best inhibitor of QSOX1 enzymatic activity in the 

HVA fluorescence assay and was active at inhibiting 3D invasion, our collaborators at 

Sapphire Biotech synthesized a number of additional SBI-183 analogs with targeted 

modifications (Table 6). As with the compounds purchased from ChemBridge, these 

compounds were screened in the HVA fluorescence assay (Figure 14E & F). All of the 

compounds except SPX-5226 appeared to have a similar activity profile to SBI-183, 

however most also scavenged H2O2 or inhibited HRP (Figure 14F). Therefore, to ensure 

we did not erroneously discard a QSOX1 inhibitory compound, these compounds were 

further screened in the 3D invasion assay. AM-2172 (addition of a fluorine adjacent to 

pyrrolidine ring on the variable benzene, used in F19 NMR studies) displayed an anti-

invasive profile similar to SPX-009 (Figure 23A, C, E), further supporting our previous 

conclusions that targeted modification can be made to this benzene and activity retained. 

SPX-5179 (removal of C-C bond between carbons 3-4 of pyrrolidine ring) had activity 

similar to SBI-183 (Figure 23A, C, E). This was the first SBI-183 analog screened 

containing a change to the pyrrolidine ring which did not eradicate activity. Interestingly, 

in the compounds purchased from Chembridge, modifications to the pyrrolidine ring 

constituted additional chemical groups, making the ring larger and bulkier. These results 

with SPX-5179 indicate that with direct SBI-183 analogs, modification of the pyrrolidine 

ring which result in a smaller or more flexible structure, are possible and still retain 

activity. In contrast, SPX-5177 has the same modification to carbons 3-4 on the 

pyrrolidine ring but otherwise has the same structure as SPX-009, and it was not active in 

the 3D invasion assay (Figure 23A, C, E). Similarly, SPX-5221, also a direct SPX-009 
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analog, no longer contains carbons 3-4 of the pyrrolidine ring, and has no activity in the 

3D invasion assay (Figure 23A, C, E). These results indicate that targeted modifications 

to the ring which make it smaller or more flexible are possible with direct SBI-183 

analogs, but are not possible with SPX-009 analogs.  

SBI-183 and SPX-009 contain an amide bond. Because amide bonds are easily 

cleaved in vivo (184), Sapphire Biotech synthesized sulfonamides, eliminating this amide 

bond. SPX-5229.1, 5229.2, 5229.3, 6003, 52091, and 52092 (Table 6) were synthesized 

and screened for anti-QSOX1 activity (Figure 14E & F) and in the 3D invasion assay 

(Figure 23B, D, F). Because SBI-183 was most active on cells at 20 µM, this 

concentration was used in the initial screenings of the sulfonamides, however, each of the 

sulfonamides scavenge H2O2 or inhibit HRP (Figure 14F). As can be seen in Figure 23, 

panels B, D, & F, SPX-52091 was the only sulfonamide tested that was consistently 

active on cells, but it was not as active as SBI-183.  
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Figure 23. Targeted modifications to SBI-183 inhibit 3D invasion. The compounds were 
synthesized by Sapphire Biotech and screened in the 3D invasion assay at 1.25 µM. By 
day 1, MDA-MB-231 and RCJ-41T2 were inhibited by AM-2172 and SPX-5226 (A & 
E). MDA-MB-231 was additionally inhibited by SPX-5179 (A). MIA PaCa2 was 
inhibited by SPX-5226 by day 1 (C). By day 3, MIA PaCa2 was also inhibited by AM-
2172 and SPX-5179 (C1), while RCJ-41T2 was additionally inhibited by SPX-5179 (E1). 
SBI-183 sulfonamide analogs were screened at 20 µM and data are from day 1 (B, D, F). 
Aside from SBI-183, SPX-52091 was the only sulfonamide analog to consistently inhibit 
3D invasion. Experiments were plated in replicates of six. % Invasion = ((Average 
Compound/Average Vehicle Control)*100). Error represents relative standard deviation 
and was calculated in Excel. Significance was determined by two-way ANOVA and 
*p<.05, **p<.01, ***p<.001, ****p<.0001. 

SPX-009 modulates spheroid formation. 

Cells grown in 3D form tumoroids and exhibit a more natural ECM than those 

grown in 2D (6,28,32). Further, QSOX1 modulates the structure of cancer ECM (27,144–

148). We therefore hypothesized that SPX-009, which inhibits QSOX1, would inhibit the 
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ability of tumor cell lines to form spheroids. Cells were plated as for a 3D invasion assay, 

but in the presence of .01% DMSO (vehicle control), 1.25 µM SBI-183, or 1.25 µM 

SPX-009. In contrast to the 3D invasion assay, no Matrigel was added to the cells. 

Instead, on day three, the tumoroids were imaged in media alone and area was quantified. 

It was expected that all cell lines would form looser spheroids. Surprisingly, we observed 

that the cell lines which initially formed loose, grape-like clustered spheroids, MDA-MB-

231 and MIA PaCa2, both formed smaller spheroids in the presence of SBI-183 and 

SPX-009 (Figure 24A-A3, B-B3). The cell lines which initially formed dense spheroids, 

RCJ-41T2, A549, and Panc1, formed the looser spheroids, as expected in the presence of 

SPX-009, but were not affected by the presence of SBI-183 (Figure 24C-C3, E-E3). 
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Figure 24. SPX-009 modulates spheroid formation. Cells were plated in replicates of 
four in the presence of 1.25 µM SBI-183 or SPX-009 and allowed to form spheroids for 3 
days. Data are from day 3. MDA-MB-231 and MIA PaCa2, cell lines which initially form 
loose, grape-like spheroids formed smaller, denser spheroids in the presence of SBI-183 
and SPX-009 (A-A3, B-B3). RCJ-41T2, A549, and Panc1, cell lines which initially form 
dense spheroids, formed looser spheroids in the presence of SPX-009. Scale bar = 1000 
µm. Error represents standard deviation. Significance was determined by one-way 
ANOVA and ** = p<.01, ***p<.001, ****p<.0001. 

SPX-009 inhibits proliferation by MTT by day 5, but not by day 3. 

We next wanted to determine if the smaller spheroids formed by MDA-MB-231 

and MIA PaCa2, were due to inhibition of proliferation. Additionally, while we knew 

from the 2D Boyden Chamber invasion assay that SPX-009 does inhibit invasion, we 

wanted further clarification on the time course of inhibition. Therefore, we performed 

MTT assays on days 1, 3, and 5 to measure proliferation. These results revealed that 

while inhibition with SPX-009 was statistically significant by day 3 in MIA PaCA2 at the 

highest dosage (Figure 25B & B1) it did not inhibit proliferation by day 3 in MDA-MB-
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231 or RCJ-41T2 (Figure 25A, A1, C, C1). By day 5, statistically significant inhibition of 

proliferation was observed in all 3 cell lines. Inhibition of proliferation of normal 

fibroblasts (Figure 25F) was statistically significant at 625 nM, but not at 1250 nM on 

day 3, but by day 5 both concentrations were statistically significant. Interestingly, 

shKnockdown of QSOX1 in MDA-MB-231 and MIA PaCa2 did not display any 

inhibition of proliferation at any time point (Figure 25D & E).  

 

Figure 25. SPX-009 inhibits proliferation by day five, but not by day three by MTT. Cell 
lines were incubated with the indicated concentration of SBI-183 or SPX-009 in 
replicates of six for 1, 3, and 5 days. By day 3, some statistically significant inhibition 
was observed in MIA PaCa2 at the highest dosage of SPX-009 (B and B1), and in normal 
Fibroblasts at 625 nM SPX-009 (F) but no statistically significant inhibition was 
observed at other dosages or in other cell lines (A, A1, C, C1). By day 5, statistically 
significant inhibition of proliferation was observed in all cell lines (A, B, C, F). 
Percentage of proliferation decrease on day 5 at 1250 nM SPX-009 was 32% in MDA-
MB-231, 74% in MIA PaCa2, 28% in RCJ-41T2, and 14% in normal Fibroblasts. 
Percentage of proliferation decrease was calculated as follows: (100-(Average 
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Compound/Average Vehicle Control)*100). Short hairpin knockdown of QSOX1 in 
MDA-MB-231 and MIA PaCa2 (D & E) did not result in inhibition of proliferation at 
any time point tested. Error represents standard deviation. Significance was determined 
by two-way ANOVA and * = p<.05, ** = p<.01, ***p<.001, ****p<.0001.  

 
IC50 was determined by dosing the cells with two-fold dilutions of SPX-009 from 

10 µM to .039 µM (Figure 26) and was calculated as 1.3 µM for MDA-MB-231, .87 µM 

for MIA PaCa2, and 1.0 µM for RCJ-41T2. While some of the inhibition of 3D invasion 

that is observed with SPX-009 in MIA PaCa2 could be at least partially due to inhibition 

of proliferation at 1250 nM SPX-009, the full dose-response observed in Figure 17 is 

indeed due to inhibition of invasion. Additionally, while the smaller spheroids formed by 

MIA PaCa2 in the presence of SPX-009 are likely due to inhibition of proliferation, the 

smaller spheroids formed by MDA-MB-231 in the presence of SPX-009 were not due to 

inhibition of proliferation (Figure 24). Finally, for all cell lines, these results indicate that 

the observed inhibition of 3D invasion is not due to suppression of proliferation. 
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Figure 26. Determination of SPX-009 viability IC50. Cells were plated in replicates of 
six. MTT values from day 3 were normalized and GraphPad Prism was utilized to 
determine the IC50’s of MDA-MB-231 (1.3 µM), MIA PaCa2 (.87 µM), and RCJ-41T2 
(1.0 µM). 

QSOX1 levels increase over time. 

We next questioned why we did not observe inhibition of proliferation by day 3 in 

the MTT assay. We hypothesized that tumor cells continuously secrete QSOX1, 

therefore, QSOX1 levels in tumor supernatant would increase over time. Cells were 

plated at 4x10^4 cells/well in a six-well plate. Western blot analysis with the αNEQ 

antibody (long form) on tumor supernatants collected on days three and nine revealed 

that QSOX1-L levels do indeed increase the longer the supernatant is on the cells (Figure 

27A, B, C). While very faint expression of QSOX1-L can be detected by western blot on 

day 3, much more robust expression is detected on day nine in all three cell lines. 



  76 

Because the cells were 100% confluent by day nine, we next questioned if QSOX1-L 

expression was due to cell number or cell-cell contact. Cells were plated in a T225 flask 

at 10x10^6 cells/flask (large amount of cells, cell-cell contact) and at 1x10^6 cells/flask 

(large amount of cells, no cell-cell contact) and supernatant from day 3 was again 

collected. Probing these supernatants with the αNEQ antibody revealed clear and robust 

expression of QSOX1-L in all three cell lines under both conditions (Figure 27D), 

indicating cell-cell contact is not required for QSOX1-L expression in tumor cells. To 

determine if QSOX1-L is involved in cell adhesion, 10x10^6 cells were plated in a T225 

and then a capture ELISA specific for both QSOX1-S and QSOX1-L was performed on 

supernatant collected after 2 (cells loosely adhered), 4 (cells more firmly adhered), 8 

(cells adhered), and 24 hours. As can be seen in Figure 27, graph E, total QSOX1 levels 

in the supernatant are steady within the first two time points (collections each separated 

by 2 hours), then levels increase at the eight hour (on cells for 4 hours) and 24 hour time 

points (on cells for 16 hours). Because very low levels of QSOX1 which are undetectable 

by ELISA may play an important role in cell adhesion, and therefore in the tumor 

microenvironment, these results cannot rule out a role for QSOX1 in cell adhesion. 

However, these results do agree with our western blot data indicating that QSOX1 

accumulates in supernatant over time. Finally, we questioned if the increased levels of 

QSOX1 protein in the supernatant correlated with increased mRNA expression. Total 

QSOX1 mRNA levels, normalized to β-actin, revealed steady mRNA expression for all 

cell lines on days 1-7 when compared to day 1 (Figure 27F). Compared to day 1, on day 9 

a statistically significant increase in QSOX1 mRNA expression was observed in MIA 

PaCa2, but not in MDA-MB-231 or RCJ-41T2. Taken together, these results reveal that 
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QSOX1 protein in supernatant accumulates over time. In our MTT, low levels of QSOX1 

on the day 1 and day 3 time points could explain why no statistically significant 

inhibition of proliferation was observed.  

  

Figure 27. QSOX1 levels in supernatant increase over time. Cells were plated in 
triplicate at 4x10^4 cells/well in a six well plate. Media from days 3 and 9 were TCA-
precipitated and protein concentration was estimated using the BCA method. 20 µg total 
protein was loaded/lane. Probing with the αNEQ antibody revealed very faint expression 
of QSOX1-L on day 3, and much more robust expression was observed by day 9 (A, B, 
C) for each cell line. WI38 supernatant collected after ten days on cells was included as a 
positive control. Collection of day 3 supernatant from cells plated at 10x10^6 cells in a 
T225 flask revealed that the amount of QSOX1-L in supernatant is directly related to the 
number of cells (D). Collection of day 3 supernatant from cells plated at 1x10^6 cells in a 
T225 flask revealed that cancer cell expression of QSOX1-L is not contingent upon cell-
cell contact. A capture ELISA specific for both QSOX1-S and QSOX1-L indicated that 
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QSOX1 accumulates in supernatant over time (E). QSOX1 mRNA levels normalized 
against β-actin were steady for MDA-MB-231 and MIA PaCa2 on days 1-7 (F). RCJ-
41T2 QSOX1 mRNA levels were steady except for an increase on day 3, which leveled 
back out by day 5. A statistically significant increase of mRNA expression was observed 
in MIA PaCa2 on day 9 as compared to day 1, but no similar increases were observed in 
MDA-MB-231 or RCJ-41T2. 

Inhibition of QSOX1 does not increase expression of PDI, ERO1α, or ALR. 

QSOX1-/- mice were found to overexpress ERO1α in their heart tissue. Because 

sulfhydryl oxidase activity is required for proper protein folding and function, we 

hypothesized that when QSOX1 activity is inhibited, other sulfhydryl oxidases would be 

upregulated in compensation. While there are many sulfhydryl oxidases, we chose three 

which share some similarity to QSOX1: PDI (contains two CxxC motifs), ERO1α 

(contains FAD moiety, reoxidizes PDI), and ALR (contains a CxxC motif and a FAD 

moiety). Levels of PDI (Figure 28A) under all conditions appeared similar, with no clear 

increase in band intensity. Levels of ERO1α (Figure 28B) appeared slightly variable 

under the different conditions with a decrease in band intensity in short hairpin 

transduced MIA PaCa2 compared to control (Figure 28B-D3 & 4), which was not 

mimicked in the MIA PaCa2 compound-treated conditions (Figure 28B-G5, 6, & 7). 

Similar inconsistency was observed in ALR (Figure 28C) in which 2.5 µM SBI-183 

treated MDA-MB-231 (Figure 28C-F6) appeared to have slightly stronger band intensity 

than the .01% DMSO control, but the short hairpin transduced MDA-MB-231 did not 

display this difference (Figure 28C-D1 & 2). Finally, levels of all three sulfhydryl 

oxidases appeared the same between HAP-1 parental (Figure 28E1) and HAP-1 KO 

(Figure 28E2). While it is possible that a sulfhydryl oxidase is upregulated in response to 
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inhibition of QSOX1, these results indicate that PDI, ERO1α, and ALR are not 

upregulated in compensation of inhibition of QSOX1 activity in tumor cells.  

  

Figure 28. Inhibiting QSOX1 does not increase expression of three sulfhydryl oxidases 
in compensation. Total protein of cell lysate was estimated using BCA and 10 µg total 
protein was loaded into gel. After transfer to PVDF membrane, blots were probed with 
antibody against PDI (A), ERO1α (B), or ALR (C). Lanes are as follows: MDA-MB-231 
shScr is D1, MDA-MB-231 sh742 is D2, MIA PaCa2 shScr is D3, MIA PaCa2 sh742 is 
D4. E1 is HAP-1 parental, E2 is HAP-1 KO. Columns 5, 6, and 7 are .01% DMSO 
vehicle control, 2.5 µM SBI-183, and 1.25 µM SPX-009 respectively. Rows F, G, and H 
are MDA-MB-231, MIA PaCa2, and RCJ-41T2 respectively. No consistent changes in 
band intensity were observed under any condition.  

Inhibition of QSOX1 causes disruption to the ECM via laminin α4 deposition. 

QSOX1 is involved in fibronectin organization and incorporation of laminin α4 into the 

ECM of fibroblasts and cancer cells grown in 2D or in mouse models (27,145,147,148). 

We hypothesized that tumor cells grown in the 3D model would show similar ECM 

impairment when treated with the small molecule SPX-009. To study the ECM in this 

model, we chose to probe for the following proteins: laminin α4, fibronectin, nidogen, 

and versican. Laminin α4 and fibronectin were chosen for the reasons listed above. 

Nidogen was chosen because of its well-known interaction with laminin α4 (185,186). 
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Versican, which is involved in tumor progression, invasion, and EMT (187,188) was also 

chosen due to QSOX1’s involvement in the same (27,139,148).  

Cells were grown as described for a 3D invasion assay and allowed to invade for 

seven days. Short hairpin knockdown of QSOX1 in MDA-MB-231 and MIA PaCa2 

resulted in a decrease in laminin α4 fluorescence intensity, as did a complete KO of 

QSOX1 in HAP-1, when compared to the shScramble (MDA-MB-231, MIA PaCa2) or 

Parental (HAP-1) controls (Figure 29A, B, E, F, I, J, K, white arrows). This decrease in 

laminin α4 intensity agrees with previous work (27,145). A surprising observation was 

made, however, on the cells treated with 312 nM SPX-009 when compared to their 

vehicle (DMSO) controls; an increase in laminin α4 chain intensity was observed (Figure 

29C, D, G, H, K, white arrows).  
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Figure 29. Genetic Knockdown or KO of QSOX1, or inhibition of QSOX1 with SPX-
009, modulates ECM formation via deposition of laminin α4 in 3D invaded cells. Cells 
grown in 3D and invaded into Matrigel were formalin-fixed, paraffin embedded, and 
mounted on slides. Subsequent immunostaining for laminin α4 revealed that 
shKnockdown of QSOX1 in MDA-MB-231 and MIA PaCa2 resulted in a decrease in 
laminin α4 staining intensity compared to shScramble controls (A, B, E, F, K). The 
shlentiviral constructs contained a GFP marker. QSOX1 KO in HAP-1 also resulted in a 
reduction in laminin α4 staining intensity (I, J, K). Treatment of MDA-MB-231 and MIA 
PaCa2 with 312 nM SPX-009 resulted in an increase in laminin α4 staining intensity (C, 
D, G, H, K). All cell lines which were not treated with shRNA were counterstained with 
phalloidin Alexa Fluor-488 to visualize F-actin organization. Images were obtained on a 
Zeiss LSM 800 confocal microscope on the 63X oil objective. Treated cells versus their 
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controls were imaged at the same fluorescent intensity. Scale bar = 10 µm. Graphical 
representation of intensity is from five unique images. Error equals standard deviation.  
 

Examination of the deposition pattern of laminin α4 in the SPX-009 treated cells 

revealed disorganization of laminin α4 ECM assembly (Figure 30). Specifically, vehicle 

treated cells (Figure 30A, B) displayed a smooth deposition pattern. MDA-MB-231 with 

vehicle showed some concentration of laminin α4 along the edges of some cells, but this 

concentration appeared regular. MIA PaCa2 vehicle treated cells displayed continuous 

laminin α4 staining. Observation of the SPX-009 treated cells, in contrast, showed 

discontinuous concentration of laminin α4 deposition across the cells (Figure 30C, D, 

white arrows) in a whirl pattern in some areas, and strong concentration in others.  
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Figure 30. 3D invaded cells treated with SPX-009 display disorganization of Laminin 
α4. Images are from Figure 29, enlarged to show detail of laminin α4 deposition in 
MDA-MB-231 vehicle (A) versus 312 nM SPX-009 treated cells (C), and MIA PaCa2 
vehicle (B) versus 312 nM SPX-009 treated cells (D) . White arrows indicate areas of 
differential laminin α4 staining (concentration, whirl patterning). Scale bar = 10 µm. 

Observation of the F-actin cytoskeleton revealed a similar patterning in the SPX-

009 treated cells which was especially pronounced in MIA PaCa2 (Figure 31C, D, white 

arrows marked with “w”).  
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Figure 31. Treatment with SPX-009 causes disorganization of F-actin in 3D invaded 
cells. Images are from Figure 29, enlarged to show detail of F-actin organization in 
MDA-MB-231 vehicle (A) versus 312 nM SPX-009 treated cells (C), and MIA PaCa2 
vehicle (B) versus 312 nM SPX-009 treated cells (D). White arrows indicate areas of 
differential laminin α4 staining from Figure 30, while the addition of a “w” indicates 
differential whirling pattern. Scale bar = 10 µm. 

Observation of intensity and organization of the three remaining ECM proteins 

fibronectin, nidogen, and versican, did not yield any consistent differences in the treated 

versus the controls. Fibronectin intensity was statistically significantly higher in MIA 
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PaCa2 SPX-009 treated cells compared to vehicle control, and in HAP-1 KO versus 

Parental control, but no differences were observed in the other cell lines (Figure 32).  
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Figure 32. Immunostaining of fibronectin on 3D invaded cells does not yield any 
consistent changes in intensity or organization between conditions/cell lines. Cells grown 
in 3D and invaded into Matrigel were formalin-fixed, paraffin embedded, and mounted 
on slides. Subsequent immunostaining for fibronectin revealed no changes in 
shKnockdown of QSOX1 in MDA-MB-231 and MIA PaCa2 compared to shScramble 
controls (A, B, E, F, K). The shlentiviral constructs contained a GFP marker. QSOX1 KO 
in HAP-1 resulted in an increase in fibronectin intensity (I, J, K). Treatment of MDA-
MB-231 with 312 nM SPX-009 resulted in no changes in fibronectin intensity (C, D, K), 
but the same treatment in MIA PaCa2 resulted in an increase in intensity (G, H, K). All 
cell lines which were not treated with shRNA were counterstained with phalloidin Alexa 
Fluor-488 to visualize F-actin organization. Images were obtained on a Zeiss LSM 800 
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confocal microscope on the 63X oil objective. Treated cells versus their controls were 
imaged at the same fluorescent intensity. Scale bar = 10 µm. Graphical representation of 
intensity is from five unique images. Error equals standard deviation. 

Immunostaining for nidogen yielded consistently higher intensity signal in the 

shKnockdown cells and the SPX-009 treated cells versus controls in MIA PaCa2 (Figure 

33). The other cell lines did not display a similar increase.  
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Figure 33. Immunostaining of nidogen on 3D invaded cells causes an increase in nidogen 
intensity in MIA PaCa2, but no changes in other cell lines. Cells grown in 3D and 
invaded into Matrigel were formalin-fixed, paraffin embedded, and mounted on slides. 
Subsequent immunostaining for nidogen revealed no changes in MDA-MB-231 (A, B, C, 
D, K) or in HAP-1 (I, J, K). MIA PaCa2 revealed a consistent increase in nidogen 
intensity in both the sh742 QSOX1 knockdown cells and 312 nM SPX-009 treated cells 
versus controls (E, F, G, H, K). The shlentiviral constructs contained a GFP marker. All 
cell lines which were not treated with shRNA were counterstained with phalloidin Alexa 
Fluor-488 to visualize F-actin organization. Images were obtained on a Zeiss LSM 800 
confocal microscope on the 63X oil objective. Treated cells versus their controls were 
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imaged at the same fluorescent intensity. Scale bar = 10 µm. Graphical representation of 
intensity is from five unique images. Error equals standard deviation. 

Immunostaining for versican yielded a statistically significant increase in intensity 

in MDA-MB-231 sh742 cells compared to the shScramble controls, but no other cell 

lines mimicked this change (Figure 34).  
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Figure 34. Immunostaining of versican on 3D invaded cells resulted in no consistent 
changes between condition/cell lines. Cells grown in 3D and invaded into Matrigel were 
formalin-fixed, paraffin embedded, and mounted on slides. Subsequent immunostaining 
for versican revealed no changes in any treated cells versus controls except in 
shKnockdown MDA-MB-231. Here an increase in versican intensity was observed in the 
knockdown versus the shScramble control (A, B, K). This change was not mimicked in 
the 312 nM SPX-009 treated cells versus vehicle control (C, D, K). The shlentiviral 
constructs contained a GFP marker. All cell lines which were not treated with shRNA 
were counterstained with phalloidin Alexa Fluor-488 to visualize F-actin organization. 
Images were obtained on a Zeiss LSM 800 confocal microscope on the 63X oil objective. 
Treated cells versus their controls were imaged at the same fluorescent intensity. Scale 
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bar = 10 µm. Graphical representation of intensity is from five unique images. Error 
equals standard deviation. 

Alexa-fluor 647 αMouse (laminin α4, fibronectin, nidogen) and αGoat (versican) 

secondary only can be viewed in Figure 35 (all MDA-MB-231 & MIA PaCa2) and 

Figure 36 (all HAP-1). 
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Figure 35. Immunofluorescence images of 3D invaded Short Hairpin, DMSO vehicle, or 
SPX-009 treated MDA-MB-231 and MIA PaCa2 not treated with primary antibody 
(secondary antibody only control). Images were taken at the highest exposure used in 
obtaining the images for laminin α4, fibronectin, nidogen (αMouse), or versican (αGoat). 
The shlentiviral constructs contained a GFP marker. All cell lines which were not treated 
with shRNA were counterstained with phalloidin Alexa Fluor-488 to visualize F-actin 
organization. Images were obtained on a Zeiss LSM 800 confocal microscope on the 63X 
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oil objective. Treated cells versus their controls were imaged at the same fluorescent 
intensity. Scale bar = 10 µm. 

  

Figure 36. Immunofluorescence images of 3D invasion HAP-1 Parental or HAP-1 
QSOX1 KO incubated without primary antibody (secondary antibody only control). 
Images were taken at the highest exposure used in obtaining the images for laminin α4, 
fibronectin, nidogen (αMouse), or versican (αGoat). Phalloidin Alexa Fluor-488 was 
utilized as a counterstain to visualize F-actin organization. Images were obtained on a 
Zeiss LSM 800 confocal microscope on the 63X oil objective. Treated cells versus their 
controls were imaged at the same fluorescent intensity. Scale bar = 10 µm. 

Conclusions: 

SBI-183 was initially identified as a lead anti-QSOX1 compound exhibiting anti-

tumorigenic effects, yet it was limited by high IC50 values. Our subsequent lead 

optimization protocol identified SPX-009 as the top QSOX1 inhibitory small molecule 

from a library of seventy-one novel analogs. 

While SPX-009 suppressed 3D invasion more strongly than did SBI-183, we 

found it interesting that, though statistically significant, inhibition due to QSOX1 

knockdown was not as potent as that observed in cells dosed with SPX-009 (-24% in 
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MDA-MB-231 sh742 versus -63% in MDA-MB-231 + 1.25 µM SPX-009, and -26% in 

MIA PaCa2 sh742 versus -45% in MIA PaCa2 + 1.25 µM SPX-009). Additionally, in our 

MTT assays, shKnockdown’s of QSOX1 did not inhibit proliferation, while SPX-009 

did. Interestingly, these data agree with recent literature in which inhibition of QSOX1 

enzymatic activity with a monoclonal antibody did not affect proliferation of the mouse 

breast cancer cell line 4T1 when grown in culture, but tumors in mice treated with the 

same were smaller than controls. This was considered indicative of QSOX1’s interaction 

with a proper microenvironment (148). Taken together, these data suggest that, similar to 

SBI-183 (27) and numerous other small molecules (177), SPX-009 has other targets 

within cells in addition to QSOX1. We utilized GraphPad Prism to determine if there was 

a correlation between QSOX1 secretion and SPX-009 IC50’s in 3D invasion and 

proliferation (Figure 37). The p value for correlation in 3D invasion was .0573, while the 

p value for correlation in proliferation was .2954 indicating that QSOX1 secretion and 

SPX-009 IC50’s were not correlated. However, these results do lend additional support for 

the hypothesis that SPX-009 does have other targets within cells. Inhibition of multiple 

cellular targets would compound the observed inhibitory phenotype. Another possible 

explanation for the apparent discrepancies observed in the shKnockdown’s and SPX-009 

treated cells is that cell lines differentially rely on QSOX1 enzymatic activity. Of all cell 

lines tested, MDA-MB-231 consistently had the highest levels of QSOX1 secreted into 

the supernatant, while MIA PaCa2 consistently had lower levels. However, tumors are 

well known to be genetically unstable, leading to the random overexpression of numerous 

proteins (189). Therefore, while MDA-MB-231 secretes high levels of QSOX1, it may 

not heavily rely on its activity for 3D invasion or proliferation. In contrast, while MIA 
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PaCa2 secretes much lower levels of QSOX1, it may be “addicted” to QSOX1 activity in 

3D invasion or proliferation (190,191). Further research is required to determine the 

extent of tumor cell reliance on QSOX1 enzymatic activity in the various aspects of the 

cancer phenotype. 

While SPX-009 likely has other cellular targets than QSOX1, it is still certainly 

active on QSOX1 as determined by our 3D rescue invasion assays (Figure 21) and by our 

3D invasion assays with compounds that were inactive in the QSOX1 enzymatic activity 

assay (Figure 22). In our 3D rescue invasion assay, addition of a four-fold molar excess 

of QSOX1 to SPX-009 yielded a 16% increase in invasion of MDA-MB-231 (Figure 

21A). Addition of a two-fold molar excess of QSOX1 to SPX-009 yielded a 17% and 

19% increase in invasion of MIA PaCa2 and RCJ-41T2, respectively (Figure 21B, C). As 

discussed with SBI-183, the likely reason for only a partial rescue of invasion is because 

addition of exogenous rQSOX1 only overcomes the effects of external small molecule 

inhibitors against external QSOX1 (27). Small molecules can additionally enter the cell 

and therefore also inhibit intracellular QSOX1, while exogenously added rQSOX1 cannot 

enter the cell. As an additional line of evidence for QSOX1 as a cellular target of SPX-

009 in 3D invasion, we utilized two other analogs of SBI-183 which did not have activity 

in the HVA fluorescence assay against QSOX1: SPX-006 and SPX-007 (see Table 6 for 

chemical structures). As seen in Figure 22, both compounds display a statistically 

significant reduction in 3D invasion inhibition in all cell lines tested, as compared to SBI-

183. At 10 µM, SPX-006 inhibition of invasion looked essentially the same as the DMSO 

vehicle control in all cell lines. SPX-007, also at 10 µM, did display some inhibition of 

invasion, however this inhibition, is statistically significantly less than that observed in 
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SBI-183. Further, it is important to note that both compounds were tested at 10 µM, 

while SPX-009 at that same concentration inhibited invasion considerably. Taken 

together, these data suggest that QSOX1 is a cellular target of SPX-009 because A) 

addition of exogenous rQSOX1 partially rescued the invasive phenotype, and B) analogs 

which were inactive in the HVA fluorescence assay were also inactive in the 3D invasion 

assay. 

Further lead optimization studies were performed on SBI-183 analogs synthesized 

by Sapphire Biotech by screening for cellular activity in the 3D invasion assay (Figure 

23A, C, C1, E, E1). Only AM-2172, SPX-5226, and SPX-5179 displayed inhibitory 

activity. AM-2172 contains the addition of a fluorine on the permissive benzene ring of 

SPX-009 and was purposely synthesized for use in F19 NMR studies as a spy molecule 

analog of SPX-009. Similar to ebselen and SBI-183 (27,139), these future NMR studies 

will be important in QSOX1 enzymology. This is because small molecules have the 

potential for highly targeted protein binding. The small molecule can bind directly to the 

target in a location that A) directly inhibits protein-protein interaction (QSOX1 binding to 

substrate), B) directly inhibits enzymatic activity (ability of QSOX1 to perform 

electrophilic attack on substrate sulfhydryls and subsequent electron shuttling), or C) 

binds outside of any active site, but the binding causes changes in protein conformation 

and/or dynamics, inhibiting activity (192). SPX-5226 is an analog of SPX-009 containing 

three ethoxy groups off the permissive benzene ring. SPX-5179 is the first molecule 

tested which contained a change to the pyrrolidine ring which did not abolish activity. 

The specific reasons for why the chemical modifications of SPX-009, SPX-5226, and 

SPX-5179 are active is currently unknown. More work is needed to elucidate this, as well 
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as what other modifications can be made which increase inhibitory activity. While none 

of the tested compounds were as universally inhibitory as SPX-009, they do begin to 

allow us some insight into chemical modifications that may be made to further increase 

potency.  

To examine the biology of QSOX1 inhibition, we first looked at expression of 

sulfhydryl oxidases that shared some similarity to QSOX1. There is high redundancy of 

cellular sulfhydryl oxidases, therefore it seems possible that inhibition of one sulfhydryl 

oxidase that is overexpressed by tumor cells (Figure 27) would lead to overexpression of 

another sulfhydryl oxidase. Additionally, ERO1α was overexpressed in the hearts of 

QSOX1-/- mice (193). Here we tested three sulfhydryl oxidases which are related to the 

cancer phenotype, and which share some similarity to QSOX1: PDI, ERO1α, and ALR. 

Interestingly, in the presence of QSOX1 inhibition, we did not observe overexpression of 

any of these enzymes (Figure 28). Because QSOX1-/- mice overexpressed ERO1α in 

heart tissue, and we did not observe a similar increase in any tumor cell line, this suggests 

that expression of sulfhydryl oxidases may be cell type dependent. As mentioned, there 

are numerous other sulfhydryl oxidases within cells- therefore it is still possible that 

inhibition of QSOX1 enzymatic activity does lead to overexpression of a sulfhydryl 

oxidase not tested here. The fact that we did not observe the upregulation of another 

sulfhydryl oxidase upon QSOX1 inhibition supports the role of QSOX1 as a master 

regulator of the ECM, making it an attractive target in anticancer therapeutics. 

Cancer cells are heavily influenced by their microenvironment, including 

signaling for proliferation, migration, and invasion (11,12). Previous work has shown 

QSOX1 modulation of the ECM via deposition of laminin α4 and changes in matrix 
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integrity via fibronectin (27,145,147,148), therefore we sought to begin characterization 

of tumor ECM on cells grown in 3D. In addition to examining laminin α4 and 

fibronectin, we also stained for nidogen (involved in laminin polymerization and ECM 

incorporation (185)) and versican (involved in tumor progression, invasion, and EMT 

(187,188)) due to the observed role of QSOX1 in tumor invasion and metastasis (27,148). 

Immunofluorescent staining on each of our cell lines for fibronectin, nidogen, and 

versican did not reveal any consistent changes in the treated cells versus controls. 

However, in our cell lines with genetic modulation of QSOX1 expression (short hairpin 

MDA-MB-231, short hairpin MIA PaCa2, and HAP-1) we observed statistically 

significant reductions in deposition of laminin α4 in the ECM of the treated compared to 

the shScramble or Parental controls, agreeing with the current literature (Figure 29). In 

cells that were treated with SPX-009 we expected to see this same reduction when 

compared to the DMSO control. Instead, we observed a statistically significant increase 

in intensity signal in SPX-009 treated MDA-MB-231 cells. We also observed an increase 

in signal in SPX-009 treated MIA PaCa2 cells, however this was not statistically 

significant. In addition to the increases in intensity, we also noted disorganization of 

laminin α4, including concentration of the staining and a whirling pattern (Figure 30). 

Observation of our F-actin counterstains revealed some similar disorganization, 

especially in MIA PaCa2 SPX-009 treated cells (Figure 31). α-dystroglycan is a cell-

surface associated laminin receptor which interacts with F-actin via transmembrane β-

dystroglycan (194). The disorganization of intracellular F-actin and subsequent modified 

organization of laminin α4 is likely responsible for the increased laminin α4 intensity 

(concentration) and disorganization (Figure 29). The extreme disorganization observed in 
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MIA PaCa2 could also explain the smaller, denser spheroids observed when this cell line 

was incubated with SPX-009 during spheroid formation (Figure 24). The minor 

disorganization of F-actin observed in MDA-MB-231 by immunofluorescence is also 

consistent with the minor reduction in initial spheroid formation when treated with SPX-

009 (Figure 24). F-actin does contain intermolecular disulfide bonds, however, the 

formation and disassembly of filamentous actin is modulated through the activity of Rho 

GTPases (195) in the cytoplasm. Because QSOX1 is found primarily in the Golgi and 

secreted (126), it seems unlikely that it is involved in the formation of F-actin. As 

mentioned previously, SPX-009 likely has cellular targets in addition to anti-QSOX1 

activity, similar to other small molecules (27,177). Our immunofluorescence results may 

be indicative of other cellular targets of SPX-009, which is corroborated by our data 

showing no correlation between QSOX1 expression and inhibition of proliferation or 3D 

invasion with SPX-009 (Figure 37). Due to their role in tumor progression and 

metastasis, cytoskeletal components are an emerging area of research in anti-cancer 

therapeutics. Two such recent targets which interact with F-actin are fascin and CapG. 

Fascin is involved in F-actin bundling and its inhibition was observed to block invasion 

and metastasis of MDA-MB-231 and the mouse 4T1 mammary gland cell line (196,197). 

CapG binds reversibly to the end of F-actin. Inhibition of CapG with a nanobody resulted 

in a decrease in invasion and metastasis of MDA-MB-231 (198). If SPX-009 is indeed 

interacting with a cytoskeleton component in addition to QSOX1, any specific biological 

modulations that are due to QSOX1 activity alone would be difficult to identify.  

In summary, here we begin to address chemical modifications to the small 

molecule SBI-183 resulting in a novel top hit, SPX-009, which cause it to inhibit QSOX1 
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cell-free enzymatic activity and cancer cell invasion more strongly. We note 

modifications to the non-permissive pyrrolidine ring may be possible if they make this 

structure more flexible. Further work is needed to fully elucidate the range of 

modifications that can be made to SBI-183 and retain or increase anti-QSOX1 cellular 

activity. Additionally, more work is needed to exchange the peptide bond located 

between the two benzenes for a structure that is not readily cleaved in vivo. Our data 

provide further evidence for the pro-tumorigenic role of QSOX1. Short hairpin 

knockdown or KO of QSOX1 resulted in a decrease in deposition of laminin α4 in the 

ECM of three different cell lines. Inhibition of QSOX1 via the small molecule SPX-009 

reduces invasion in an in vivo-like, 3D model. This invasion was partially rescued by the 

addition of exogenous rQSOX1, indicating that QSOX1 is a cellular target of SPX-009. 

However, our immunofluorescence data on 3D invaded spheroids indicates that SPX-009 

may additionally be targeting components of the cytoskeleton, contributing to the 

observed phenotype.  

 



  101 

SPX-009 IC50 and QSOX1 secretion correlation. 

 

Figure 37. SPX-009 IC50’s in 3D invasion and proliferation do not correlate with QSOX1 
expression. Total QSOX1 in the supernatant of five cell lines (points on graph from left 
to right: A549, Panc1, MIA PaCa2, RCJ-41T2, and MDA-MB-231) was measured by 
capture ELISA, normalized, and plotted against IC50 values for 3D invasion (A) and 
proliferation (B). Correlation was determined using GraphPad Prism.  
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

Traditional cancer treatments center around conventional chemotherapy in which 

cytotoxic drugs kill rapidly proliferating tumor cells. A major drawback of this method is 

the lack of specificity of cytotoxic drugs for cancer cells, killing normal cells in the 

process (199). As our understanding of the processes driving tumor growth expanded, 

targeted chemotherapy arose. In targeted chemotherapy, a drug specific for an individual 

tumor-derived protein upon which tumor growth is dependent is utilized to kill cancer 

cells with increased precision (200). For targeted chemotherapy to be effective, the 

context of vulnerability of the patient’s tumor must be known (i.e. genomic, 

transcriptomic, and proteomic sequencing to identify mutational vulnerabilities). A major 

drawback of the targeted therapy method is that a single biomarker may only be involved 

in one or two molecular pathways. Depending on the pathway inhibited, this means that 

targeting a single marker by itself may not be enough to stop the spread of cancer. 

Additionally, the heterogeneity of tumors makes them extremely difficult to treat, as there 

is not a “one size fits all” regimen that is effective on all tumors. This heterogeneity gives 

rise to drug resistance, a common result of single drug cancer treatments. Drug resistance 

occurs when an anti-neoplastic agent kills all the cancer cells which express the marker it 

is effective against, leaving only those cells without that marker to survive and 

proliferate. Modern chemotherapy tactics have shifted to include combination 

chemotherapy. This approach utilizes two or more anti-cancer drugs to attack two or 

more tumor-specific targets at once, decreasing potential resistance while inhibiting 

multiple molecular pathways (201). With the rise in monoclonal antibody cancer 
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therapies, including monoclonal antibodies conjugated to drugs, tumor markers are 

routinely utilized when determining the best combination therapy for a patient. In the 

ongoing fight against cancer, it is therefore imperative to continue to grow our 

understanding of tumor biology, identifying potential novel cancer markers, and 

identifying small molecules or antibodies to target them. To that end, this work sought to 

further our knowledge of one understudied potential cancer marker, QSOX1, deepening 

our understanding of the role of QSOX1 in the cancer phenotype. 

QSOX1 is an emerging cancer-associated enzyme which is overexpressed in 

many different tumor types (27,139,140,144,146,148–155). Through its oxidation of free 

thiols to form disulfide bonds, it acts on client substrates to help fold them into their 

proper shape in the Golgi or ECM (124–126,128–138). Here we characterize two novel 

inhibitors of QSOX1 enzymatic activity: SBI-183 and its analog SPX-009 (Figure 1, 

Figure 14, Figure 15). For this work, it was important to study three things: binding of the 

small molecules to QSOX1, inhibition of QSOX1 enzymatic activity, and inhibition of 

invasion/metastasis.  

Our work demonstrates that SBI-183 binds to and inhibits the enzymatic activity 

of QSOX1 (Figure 1). Current work is underway utilizing NMR to determine the binding 

location of SPX-009 to QSOX1. Like ebselen, the binding location of SBI-183 was 

shown to be near C237 (27,139). The identification of this cysteine as a binding location 

for two independent QSOX1 small molecule inhibitors indicates it is a potential substrate 

binding location, as this cysteine is not thought to be involved in QSOX1 enzymatic 

activity (129,137). Another possibility is that, as hypothesized with ebselen, binding of 

SBI-183 to this cysteine hampers the flexibility of the QSOX1 disordered region which 
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functions like a hinge such that the Trx1 domain is unable to come into close proximity 

with the ERV domain to ultimately transfer electrons to the FAD domain (139). Future 

studies will be required to assess these hypotheses and determine the mechanism of 

action of SBI-183 and SPX-009 inhibition of QSOX1 activity. 

 Next, we studied the effects of SBI-183 and SPX-009 on cells. Invasion, a 

precursor to metastasis, is commonly studied in the lab utilizing a Boyden chamber, 2D 

microenvironment. In this assay, cells invade from a serum free media chamber, through 

a Matrigel coated membrane, and into a chamber containing serum, following a nutrient 

gradient. This assay typically takes less than 24 hours, so that proliferation is not a factor 

in quantification of the results. In this model of invasion, we observed that both SBI-183 

and SPX-009 inhibited the invasion of all cell lines (Figure 3, Figure 20), with SPX-009 

doing so at lower concentrations than SBI-183. In addition to the 2D classical model, we 

extensively utilized a 3D invasion assay in which cells invaded from a tumoroid or 

spheroid into the surrounding Matrigel matrix (30,175). Because cancer spheroids have 

proper intercellular communication, and because a compound must diffuse through layers 

of cells in order to effect those in the center, the 3D nature of this tumor 

microenvironment allowed for a more biologically relevant model to study cancer 

invasion. We noted that in all cell lines tested, SPX-009 again more potently inhibited 

invasion in this model than did SBI-183 (Figure 3, Figure 12, Figure 17, Figure 18). This 

inhibition was likely due to a malformed ECM (Figure 29) via deposition of laminin α4. 

Future work should focus on optimizing co-culture methods, expanding the presented 

monoculture conditions to include the microenvironmental interactions between tumor 
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cells and their supporting “normal” stromal cells. With proper controls, the 3D invasion 

model is a robust measure of tumor invasion in vitro. 

In addition to standard invasion assays, we also performed 3D rescue invasion 

assays, in which rQSOX1 was added exogenously to wells containing SBI-183 or SPX-

009 to “rescue” the invasive cancer phenotype. These “rescues” were only partially 

effective (Figure 5, Figure 21). This could be due to the inability of exogenous QSOX1 to 

enter cells where small molecules are likely inhibiting QSOX1 in the ER and Golgi. In 

conjunction with this, another possibility is that the partial rescue could be due to the 

tendency for small molecules to interact with cellular targets in addition to QSOX1 (177). 

In support of this idea, we observed that inhibition of QSOX1 expression by 

shKnockdown or KO resulted in a decrease in laminin α4 staining intensity in the ECM 

of three tested cell lines in a 3D invasion model when compared to controls (Figure 29), 

which is in agreement with the literature (27,145). In contrast, however, staining for 

laminin α4 in the ECM of SPX-009 treated 3D invaded cells resulted in an increase in 

intensity as compared to the controls, likely due to aberrant concentration of the protein, 

resulting in a more intense signal (Figure 29, Figure 30). Study of the pattern of laminin 

α4 organization under these conditions revealed disorganization that was similar to that 

observed with F-actin (Figure 31). Because QSOX1 is localized to the Golgi and is 

secreted (126), while G-actin forms F-actin in the cytoplasm (195), it seems unlikely that 

SPX-009 would disrupt F-actin formation via inhibition of QSOX1. This suggests that 

SPX-009 is inhibiting the proper formation of the ECM through QSOX1 inhibition as 

described above, and possibly also targeting a cytoskeletal component. Further work 
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might characterize all cellular targets of SPX-009 since it may have activity against non-

QSOX1 proteins.  

We next extended our findings to mouse models. In agreement with current literature, we 

observed that inhibition of QSOX1 enzymatic activity with the small molecule SBI-183 

was not toxic to athymic nude mice (Table 3), and resulted in a decrease in tumor volume 

in a RCC xenograft model, and in a sarcomatoid RCC xenograft model (Figure 7) 

(139,148,149). Metastasis of a TNBC was also reduced following inhibition of QSXO1 

enzymatic activity (Figure 13). These results are further corroborated by our previous 

publications and that of other groups showing that QSOX1 promotes metastasis (153), 

and that inhibition of QSOX1 activity with a monoclonal antibody reduces metastasis in a 

mouse breast cancer model (148). Inhibition of the cancer phenotype in mice is partially 

due to a malformed tumor ECM via laminin α4 deposition (Figure 8), (145,147). 

Currently work is underway to determine the pharmacokinetics of SPX-009 in a murine 

model. Future work will characterize the toxicity, anti-proliferative, and anti-metastatic 

properties of SPX-009 in vivo. Because current literature suggests that QSOX1 is 

involved in metastasis, it would be prudent to perform a large-scale study on the 

expression of QSOX1 in primary tumors vs. matched metastatic sites to deepen our 

understanding of its biology. 

In addition to our study of invasion and metastasis with SBI-183 and SPX-009, 

we also examined cellular viability when QSOX1 was inhibited. Treatment with SBI-183 

and SPX-009 resulted in a decrease in cellular viability (Figure 2, Figure 25). In the 

stable shKnockdown cell line 786-O sh742.E11, a decrease in cellular viability was also 

noted (Figure 2). These findings agree with much of the current literature regarding the 
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involvement of QSOX1 in tumor viability (27,139,146,149,151). However, in some 

tumor cell lines, we did not observe any change in viability. In MDA-MB-231 and MIA 

PaCa2 shKnockdown cells, tumor cell viability was not affected (Figure 25), but we did 

observe a reduction in 3D invasion of these same cells (Figure 17). Two other groups 

observed a similar phenomenon in Lewis lung cancer (LLC) (153) and in a mouse breast 

cancer (4T1) (148). In the LLC model, no difference in proliferation was observed in 

their QSOX1 shKnockdown vs. their controls, however in their mouse model with the 

same, QSOX1 shKnockdown tumors were smaller than controls. In the 4T1 breast cancer 

model, no inhibition of viability was observed when an anti-QSOX1 monoclonal 

antibody was incubated with 4T1 cells in culture. They did, however, observe a reduction 

in tumor volume when mice bearing 4T1 tumors were dosed with this same antibody 

(148). These data point to the importance of studying QSOX1 in a biologically relevant 

model. A properly formed tumor microenvironment appears to be essential when 

studying QSOX1 and will be crucial in the elucidation of QSOX1’s in vivo substrates. 

These data also suggest that tumor cell lines may differentially rely on QSOX1 enzymatic 

activity under different growth conditions.  

Structurally, a major drawback of both SBI-183 and SPX-009 is their shared 

peptide bond, located between the two benzenes (Figure 9, Figure 16). This is because 

this bond is readily cleaved in vivo resulting in a loss of bioavailability of the compound. 

Our collaborators at Sapphire Biotech synthesized a number of analogs in which this 

peptide bond was replaced with a sulfonamide (Table 6), however this particular 

substitution routinely resulted in a loss of cellular activity (Figure 23). It will be 

important to synthesize a molecule which does not contain the amide linkage, and which 
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is active on cells. Further chemical synthesis should center on the creation of 

sulfonamides with additional active chemical modifications as noted in Figure 23. For 

instance, SPX-5226, while not as inhibitory as SPX-009, might provide a pathway for 

synthesis of new analogs resistant to breakdown while retaining activity. Synthesis of an 

analog containing three ethoxy groups on the permissive benzene with a sulfonamide 

linkage may prove active. Alternatively, there are numerous other amide bond surrogates 

which are utilized in medicinal chemistry other than sulfonamides including alkenes, 

fluoroalkenes, ketomethylenes, depsipeptides, methyleneaminos, and 

trifluoroethylamines, to name just a few (202). Any one of these may increase inhibition 

of QSOX1 enzymatic activity and prove inhibitory on cells, while remaining biologically 

available.  

As mentioned numerous times in this work, the direct, in vivo substrates of 

QSOX1 are unknown. It is thought that QSOX1 is involved in incorporation of the pro-

invasive ECM component laminin α4 into the ECM of WI38 fibroblasts (145) and a 

sarcomatoid renal cell carcinoma, RCJ-41T2 (27). Additionally, inhibition of QSOX1 

with a monoclonal antibody caused disorganization of fibronectin in the ECM of WI38 

fibroblasts (147) and in murine breast cancer models (148). While the disarray of these 

ECM components might suggest that they are direct substrates of extracellular QSOX1, 

in the case of laminin at least, this is unlikely. Laminins are assembled intracellularly, 

and are not secreted until incorporation of the alpha chain occurs (203–205). Further, in 

the WI38 model in which QSOX1 had been knocked down with a siRNA, laminin α4 

was identified in its complete, heterotrimeric form. Only its localization (in the 

supernatant instead of incorporated into the ECM) was abnormal (145). Additionally, 
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maleimide-gold labelling followed by scanning electron microscopy identified QSOX1 

target cysteines in the defined ECM of these cells, rather than on laminin scaffolding sites 

on the cell membrane. The authors suggest that extracellular QSOX1 is required for 

incorporation of laminin α4 into the ECM, rather than being required for its folding 

(145). Regarding fibronectin organization, it may be possible that fibronectin is an in vivo 

substrate of QSOX1 via interaction with the QSOX1 cis-proline loop. However, directly 

observing the interaction of QSOX1 with its substrates via classic thiol trapping has 

proven elusive (147). Further work to identify the in vivo substrates is required. Because 

an increase in free sulfhydryls has been observed in the ECM of cells treated with RNAi 

for QSOX1 (145), it has been suggested to utilize maleimide conjugated to biotin to label 

these free thiols for identification (206). An additional possibility would be to utilize the 

high throughput Nucleic Acid Programmable Protein Array – Surface Plasmon 

Resonance imaging (NAPPA-SPRi) system (207–209) followed by confirmation of the in 

vivo relevance of the identified substrates with FRET microscopy. These methods would 

inform on the potential substrates of QSOX1, deepening our understanding of QSOX1 

biology in both normal and cancer cells.  

Here we establish that inhibition of QSOX1 enzymatic activity utilizing small 

molecules or shRNA leads to a reduction in tumor invasion in vitro, and tumor growth 

and metastasis in vivo, through modulation of tumor ECM via laminin α4 deposition. 

Due to its overexpression in and promotion of numerous cancers 

(27,139,140,144,146,148–155), QSOX1 is an exciting potential therapeutic target. Future 

research should focus on the elucidation of the tumor biology of QSOX1 in a biologically 

relevant molecular context as well as full characterization of QSOX1 small molecule 
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inhibitors as probes to reveal mechanism of action. Since 90% of patient deaths are due to 

metastasis, complete understanding of the role of QSOX1 in cancer has the potential to 

preserve patient lives. 
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APPENDIX A 

FULL DOCKING SCORES FOR SBI-183 
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Table 5. Full results from SBI-183 docking protocols. 

Title docking score mol MW dipole SASA FOSA FISA PISA WPSA volume donorHB

SBI-0143183 -7.052 296.368 5.628 596.922 279.955 48.024 268.942 0 1023.298 1

Title accptHB dip^2/V ACxDN^.5/SA glob QPpolrz QPlogPC16 QPlogPoct QPlogPw QPlogPo/w QPlogS

SBI-0143183 4.25 0.030956 0.0071199 0.8227147 35.44 10.129 15.387 8.301 3.9 -5.125

Title CIQPlogS QPlogHERG QPPCaco QPlogBB QPPMDCK QPlogKp IP(eV) EA(eV) #metab QPlogKhsa

SBI-0143183 -4.301 -5.683 3471.271 -0.09 1899.127 -1.169 7.854 0.305 2 0.448

Title HumanOralAbsorption PercentHumanOralAbsorption SAfluorine SAamideO PSA #NandO RuleOfFive RuleOfThree #ringatoms #in34

SBI-0143183 3 100 0 0 47.366 4 0 0 17 0

Title #in56 #noncon #nonHatm Jm compound code

SBI-0143183 17 4 22 0.15 SBI-0143183
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CHEMICAL STRUCTURES FOR TESTED COMPOUNDS 
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Changes to permissive benzene

Changes to variable benzene

Changes to permissive & variable benzene 

Changes to permissive benzene & add to pyrrolidine

Changes to permissive & variable benzene & add to pyrrolidine

Changes to permissive benzene

Changes to permissive & variable benzene 

Change to permissive benzene & remove from pyrrolidine

UNKNOWN Undefined

LOSS OF 

INHIBITION

SAME OR 

BETTER 

INHIBITION

COLOR CODE: CHEMICAL CHANGES & RESULTANT HVA ASSAY ACTIVITY

SPX ID MW Structure SPX ID MW Structure SPX ID MW Structure

SBI-183 296 1 324 2 372

3 338 4 331 5 306

6 386 7 328 8 301

9 356 10 326 11 296

12 290 13 417 14 416

15 353 16 347 17 296

18 357 19 341 20 342
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SPX ID MW Structure SPX ID MW Structure SPX ID MW Structure

21 327 22 346 23 316

24 345 25 311 26 280

27 346 28 284 29 392

30 380 31 311 32 411

33 416 34 338 35 361
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Table 6. List of SPX compounds and structures. The table displays the SPX ID, the 
molecular weight (MW) and the structure for each compound. Compounds 1-53 were 
purchased from ChemBridge. The subsequent eighteen compounds were synthesized by 
Sapphire Biotech. The color code represents the chemical modifications made to the 
structure of SBI-183 and the resultant inhibitory activity in the HVA fluorescence assay.  


