
 

i 

 

 

 

 

The Relationship between P-glycoprotein, 

Carbonic Anhydrase XII, and the 

Thioredoxin System in Bortezomib Resistant 

Multiple Myeloma Cells 

 

 

 

Yu Zhang 

Bachelor of Bimolecular Science 

 

School of Environment and Science 

Griffith University 

 

 Submitted in the fulfilment of the requirements of the 

degree of Master of Science 

June 2019 

 



 

i 

 

Abstract 

Multiple myeloma (MM), also known as plasma cell myeloma, is a hematological 

cancer. In 2003, the first proteasome inhibitor BTZ was approved by the U.S. Food and 

Drug Administration to treat MM. This dipeptide boronic acid analogue bortezomib 

(BTZ) is a proteasome inhibitor that targets the 26S proteasome complex and became 

an effective anti-MM drug. However, despite this encouraging progress, drug resistance 

remains a prominent challenge to myeloma therapy using BTZ. MM is still considered 

to be an incurable disease. Therefore, it is important to understand the mechanism of 

action of BTZ and the mechanism of BTZ resistance in MM. 

 

The essence of the mechanism of the action of BTZ is the inhibition of the proteasome, 

which inhibits the protein degradation of the ubiquitin-proteasome pathway. This 

inhibition results in the blocking of the degradation of abnormal proteins, thus 

triggering ER stress and apoptosis and the blocking of the degradation of key regulatory 

proteins, thus directly altering pro-survival or pro-apoptotic signalling cascades. The 

mechanisms of BTZ resistance is complicated, which include genetic abnormalities in 

the proteasome, use of an alternative protein degradation pathway, aberrant survival 

signalling pathways, metabolism, microenvironment, and drug efflux such as via P-

glycoprotein (Pgp).  

 

The role of Pgp in BTZ resistant MM has been studied. It has been shown that BTZ is 

one of the substrates of Pgp. However, the correlation between Pgp and BTZ resistance 

in MM conflicts in different studies. This study found that the mRNA level and activity 

level of Pgp were upregulated, and the inhibition of Ppg by tariquidar overcame the 

BTZ resistance in both acquired and hypoxia-induced RPMI8226 and U266 myeloma 

cells. These results suggest that the Pgp indeed plays a role in the BTZ resistance in 

MM. 
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Recent studies showed that carbonic anhydrase XII (CAXII) is overexpressed in the 

Pgp-positive chemoresistant lung, osteosarcoma, and colon cancer cells and its activity 

is necessary for the activity of Pgp, and the inhibition of CAXII overcomes the Pgp-

mediated chemoresistance. This study showed that The CAXII inhibitor Psammaplin C 

reduced the Pgp activity and overcame the BTZ resistance in the acquired and hypoxia-

induced RPMI8226 and U266 myeloma cells. These results support that CAXII plays 

a role in the BTZ resistance in MM. 

 

Previous structural studies showed that both Pgp and CAXII contain a disulfide bond, 

which allows the possibility that they may be regulated by the thioredoxin (Trx) system. 

This study showed that the inhibition of Trx system by auranofin reduced the Pgp 

expression levels in the hypoxia-induced BTZ resistant RMI8226 and MM cell and also 

reduced the mRNA levels of CAXII in the hypoxia-induced BTZ resistant RPMI8226 

and U266 myeloma cells. These results support that the Trx system could be capable of 

regulating the expression of Pgp and CAXII in MM. 

 

Based on the results obtained with Pgp and CAXII, the expression levels of Pgp and 

CAXII in MM patients were also analysed using bioinformatics methods. Using 

publically available datasets this study showed Pgp and CAXII have higher expression 

in MM patients who respond to BTZ than the patients who do not respond to BTZ. 

These results support that CAXII and Pgp play an important role in BTZ resistance in 

MM. 

 

In addition, bioinformatics analysis highlighted 327 differently expressed genes in the 

relapsed MM patients. The interactions analysis by the Ingenuity Pathway Analysis 

program highlighted potential targets for BTZ resistance in the relapsed MM cells 

including NFκB, ElK1, HOXB9, CALM, and Fyn. 

 

In conclusion, this project highlights the role of Pgp and CAXII in the resistant MM 
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cells. This project also showed that the Trx system could be capable of regulating the 

expression of Pgp and CAXII in MM. Bioinformatics analysis highlights 327 

differently expressed genes in the relapsed MM patients compared to newly diagnosed 

MM patients and potential targets for BTZ resistance including nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB), ETS Like-1 protein (ElK1), 

Homeobox B9 (HOXB9), calmodulin (CALM), and tyrosine-protein kinase (Fyn). 
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Chapter 1: Introduction 

1.1 Cancer 

Cancer is a group of diseases involving abnormal cell growth with the potential to 

invade or spread to other parts of the body.  They form a subset of neoplasms or 

tumours. A neoplasm or tumour is a group of cells that have undergone unregulated 

growth and will often form a mass or lump but may be distributed diffusely (Fearon et 

al., 2011). All tumour cells show the six hallmarks of cancer (Hanahan and Weinberg, 

2000). They include cell growth and division absent the proper signals, continuous 

growth and division even given contrary signals, avoidance of programmed cell death, 

limitless number of cell divisions, promoting blood vessel construction, invasion of 

tissue and formation of metastases (Hanahan and Weinberg, 2000). In the classical view, 

cancer is a set of diseases that are driven by progressive genetic abnormalities that 

include mutations in tumour-suppressor genes and, oncogenes and chromosomal 

abnormalities and epigenetic alterations that include DNA methylation, histone 

modification, and changes in chromosomal architecture (Knudson, 2001, Kanwal and 

Gupta, 2012). Cancer is the second leading cause of death globally and is responsible 

for an estimated 9.6 million deaths in 2018. Globally, about 1 in 6 deaths is due to 

cancer (Bray et al., 2018). Cancers are classified in two ways: by the type of tissue in 

which cancer originates (histological type) and by primary site or the location in the 

body where cancer first developed. From a histological standpoint, there are hundreds 

of different cancers, which are grouped into six major categories: carcinoma, sarcoma, 

myeloma, leukemia, lymphoma and mixed type (Fearon et al., 2011). In these cancers, 

multiple myeloma (MM) has a high incidence and fatality rate (Cowan et al., 2018), 

thus is of significant interest as cancer to study further with a goal of developing new 

and more effective therapies. 
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1.2 Multiple myeloma 

MM, also known as plasma cell myeloma, is a hematological cancer. It is characterized 

by malignant proliferation of clonal plasma cells in the bone marrow (Matsui et al., 

2008, Morgan et al., 2012).  

 

1.2.1 The development of MM 

The development of MM from plasma cells can be well explained. The plasma cells 

develop from B cells and undergo a series of transformations, which are known as 

monoclonal gammopathy of undetermined significance (MGUS), smouldering multiple 

myeloma (SMM), and relapsed multiple myeloma (Kyle and Rajkumar, 2009a, Matsui 

et al., 2008, Morgan et al., 2012) and can be seen in Figure 1.1. 

 

 

Figure 1.1: Development of MM 

MM is developed from the plasma cells and undergoes a series of transformations, 

which include MGUS and SMM and finally converts to relapsed MM. The figure is 

prepared by Yu Zhang using the references cited in the text (Rajkumar, 2005, Lonial, 

2010). 

 

Bone marrow dependent lymphocytes, also known as B lymphocytes or B cells, 

develop from hematopoietic stem cells (HSCs) that are originally in the bone marrow. 

Progenitor B cells undergo a series of development steps and finally grow into mature 

B cells. The mature B cells move to peripheral organs through the blood and then to the 

lymph nodes. Once the mature B cells in lymph nodes are stimulated by antigens, they 

develop into plasma cells. Plasma cells are a type of white blood cell responsible for 

producing immunoglobulins, which are usually called antibodies (Murphy and Weaver, 

2016). 
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However, once a plasma cell becomes malignant, it reproduces in an uncontrolled 

fashion, resulting in overproduction of the specific antibody the original cell was 

generated to produce; this specific protein is called monoclonal protein or M protein.  

At the beginning of this overproduction, the abnormal distribution of antibodies does 

not threaten the patient’s health; this stage is called monoclonal gammopathy of 

undetermined significance. In this stage, monoclonal bone marrow plasma cells are less 

than 10%, and M proteins do not present in the serum or urine (Landgren et al., 2009, 

Landgren et al., 2006). 

 

Smouldering multiple myeloma is an asymptomatic clonal plasma cell disorder; it is 

considered to be an intermediate stage between MGUS and MM. However, SMM has 

a higher risk of progression to malignancy than MGUS; 10% per year in SMM vs 1% 

per year in MGUS. In SMM, patients do not show clinical symptoms, and the clonal 

premalignant plasma cells in the bone marrow remain stable for more than 5 years. 

However, about 10% of monoclonal plasma cells can be detected in the bone marrow 

or soft tissue, and M proteins present in the serum and urine (Rajkumar, 2005). 

 

With the increased proliferation of the malignant plasma cells, the SMM develops to 

MM. In this stage, monoclonal plasma cells in the bone marrow are more than 10%, 

and M proteins present in the serum and urine (Landgren et al., 2009). In addition, a 

biopsy-proven plasmacytoma and a myeloma-related organ dysfunction can be found. 

Moreover, some blood biochemical indexes, such as hemoglobin, serum calcium, and 

serum creatinine levels are abnormal (Landgren et al., 2009). 

 

After undergoing chemotherapy for MM or after a period of remission, since MM does 

not have a complete cure, it is likely that patients will relapse at some point. This is 

called relapsed multiple myeloma or recurrent multiple myeloma. MM is considered to 

be an incurable cancer; therefore, the relapse is inevitable. The relapsed myeloma cells 
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possibly acquire drug resistance; for example, around 50% patients do not respond to 

BTZ after the MM cells have relapsed (Goldman et al., 1988, Lonial, 2010, Richardson 

et al., 2005). 

 

1.2.2 The pathogenesis and risk factors of MM 

The cause of multiple myeloma isn't entirely clear yet, but it is generally accepted that 

it occurs as a result of multi-step and multi-factor transformations of plasma cells. 

Ultimately, like other cancers, the genetic abnormality is the essential cause of MM. 

The genetic abnormality can be derived from chromosome abnormalities, the 

rearrangement of genes, the translocation of genes, point mutations, and can occur 

directly in the myeloma stem cells (Chng et al., 2007). A number of genes are involved 

in the generation of MM including immunoglobulin genes, oncogenes (e.g., B-cell 

lymphoma 1 (bcl-1), c-myc, ras), suppressor genes (e.g., p53, retinoblastoma 1 (Rb1), 

anti-ras), and cytokine receptor genes (e.g., interleukin 6 (IL-6), tumor necrosis factor 

(TNF), erythropoietin (EPO)) (Bergsagel and Kuehl, 2005, Hideshima et al., 2007, 

Weaver and Tariman, 2017). In addition, in an epigenetic study, it has been found that 

the DNA methylation patterns of MM and normal plasma cells are different, which 

represents a de novo epigenetic reprogramming in MM (Agirre et al., 2015). 

 

The pervasive risk factors of cancers such as age, chronic infection, lowered immunity, 

exposure to certain chemicals, and exposure to radiation which generally cause genetic 

mutation are confirmed to be associated with MM (Dispenzieri et al., 2008, Zervas et 

al., 2006, Vacca et al., 1994, Landgren et al., 2009). In addition, other risk factors  

obesity is related to multiple myeloma; each increase of body mass index by 5 

kilograms increases the risk by 11% (Roberts et al., 2010). A racial disparity is also 

observed in MM. MM occurrence is twice as common in black people compared with 

white people; especially, the incidence rate in African American people is the highest 

(Roberts et al., 2010). One protein, hyperphosphorylated paratarg-7 (pP-7) is a common 
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target in patients with MM and is particularly highly expressed in African American, 

which may partly explain the observed racial disparities in MM (Grass et al., 2011).  

Moreover, gender may be another risk factor; the incidence rate in males is slightly 

higher than in females (Becker, 2011). Finally, while MM is not considered to be a 

hereditary disease, a familial predisposition to myeloma exists (Koura and Langston, 

2013). Identification of hyperphosphorylated paratarg proteins and identification of 

putative susceptibility loci by genome-wide association study (GWAS) have provided 

more evidence, which indicates inherited predisposition of MM (Baris et al., 2013, 

Koura and Langston, 2013). 

 

The myeloma cells, as malignant plasma cells, overexpress various enzymes, cytokines 

and signalling molecules that can result in diseases. Overexpression of 100 genes in 

MM have been shown to have clinical significance (Baris et al., 2013, Zhan et al., 2002). 

For example, MM cells phenotypically express CD38, CD56, and CD138; 

approximately 20% of MM cells express CD20 (Rawstron et al., 1999, Lin et al., 2004). 

MM cells can overproduce an autocrine and paracrine plasma cell growth factor, IL-6, 

which is considered to be critical for the pathogenesis of MM (Burger, 2013, Treon and 

Anderson, 1998). MM cells also overexpress tumour necrosis factor a TNF, interleukin 

1 (IL-1), vascular endothelial growth factor (VEGF), transforming growth factor b 

(TGF-β), and receptor activator of NF-κB (RANK); they play an important role in the 

pathogenesis of multiple myeloma (Zhan et al., 2002). 

 

1.2.3 The symptoms of MM 

MM cells can move in the blood vessels, accumulate in the bone and other organs, and 

form plasmacytomas. Therefore, MM can affect many organs, and the symptoms vary 

greatly. It is commonly recognized that the clinical manifestations of MM can be 

divided into 3 categories—plasma cell growth in the bone marrow and skeletal disease, 

immunologic abnormalities, and effects of abnormal paraprotein production (Nau and 
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Lewis, 2008, Fairfield et al., 2016). 

 

Due to the growth of MM cells in the bone, bone pain is the most common manifesting 

symptom of MM (Kyle and Rajkumar, 2009a). MM cells lead to the overproduction of 

the receptor activator for nuclear factor κB ligand (RANKL), and RANKL activates 

osteoclasts, which have a critical function in the maintenance, repair, and remodelling 

of bones of the vertebral skeleton. The excessive osteoclasts can resorb bones and result 

in widespread osteopenia, lytic lesions, and fractures (Body et al., 2006). Other proteins, 

such as macrophage inflammatory protein-1 alpha (MIP-1α), interleukin, osteopontin, 

and VEGF also play an important role in bone disease of MM (Terpos and Dimopoulos, 

2005). In addition, the replacement of normal bone marrow by MM cells inhibit the 

production of normal red blood cell production, thus causing anemia (Ludwig et al., 

1990). 

 

For immunologic abnormalities, infection is another common symptom of MM. Due to 

the overproduction of the specific M proteins, the normal immunoglobulin values 

decrease; this causes patients with MM to often suffer from infections (Group, 2003). 

 

Most MM cells overproduce specific antibodies and free light chains and therefore the 

kidneys must metabolize these proteins at an abnormally high level. This may damage 

the kidneys and cause kidney failure (Durie and Salmon, 1975). Meanwhile, the 

resorption of bone also increases the calcium level in the blood and causes 

hypercalcemia, which aggravates the bund of kidneys. In addition, MM possibly causes 

hyperviscosity of the blood, which may be dependent on the abnormal paraprotein 

(DeFronzo et al., 1978). MM also causes some neurological symptoms (e.g., weakness, 

confusion, headache, and retinopathy). These pathological conditions may be due to the 

single or combined influence of the main symptoms (Kyle and Rajkumar, 2009a). 
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1.2.4 The epidemiology of MM 

MM is the second most common blood cancer after non-Hodgkins lymphoma (Cowan 

et al., 2018). Worldwide in 2016, there were 138,509 incident cases of MM with an age-

standardized incidence rate of 2.1 per 100,000 persons (Cowan et al., 2018). MM also 

has a high mortality; MM was responsible for 98 437 deaths globally with an age-

standardized death rate of 1.5 per 100 000 persons (Cowan et al., 2018). Geographically, 

Australia, New Zealand, Europe and North America have the highest incidence rate. In 

Australia, the incidence rate is about 5.8 new cases per 100,000 people per year, which 

is observably higher than the global average (2.2 new cases per 100,000 people per year) 

(Cowan et al., 2018). 

 

1.2.5 The treatment of MM 

Currently, chemotherapy is the main treatment of cancer with radiotherapy, 

hematopoietic stem cell transplantation, surgical operation and immunotherapy are 

used as adjuvant therapies. Generally, chemotherapy can be divided into traditional 

drugs and targeted drugs (Alexanian et al., 1969, Kyle and Rajkumar, 2009b). 

 

Since the drug melphalan was developed to treat MM in 1958, many traditional 

chemotherapies have been developed and used successively. These traditional drugs 

include alkylating agents (e.g., melphalan, cyclophosphamide, carmustine, and 

procarbazine, anthracycline antibiotics (e.g., doxorubicin, and pegylated doxorubicin), 

adrenocortical hormones (e.g., dexamethasone, and prednisolone), vinblastine (e.g., 

vincristine), and podophyllotoxin (e.g., etoposide) melphalan (Kyle and Rajkumar, 

2009b). Some of the traditional chemotherapeutics, such as melphalan, 

cyclophosphamide, doxorubicin, pegylated doxorubicin and dexamethasone, after 

years of being used, are still indispensable for the treatment of MM (Kyle and Rajkumar, 

2009b). 

https://www.cancer.net/node/31269
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Since the 21st century, many targeted drugs have been developed and used to treat MM. 

The most frequently used targeted drugs can be divided into 4 categories: 

immunomodulatory drugs, proteasome inhibitors, monoclonal antibodies, and histone 

deacetylase inhibitors. The immunomodulatory drugs include thalidomide (D'Amato et 

al., 1994), lenalidomide (Kotla et al., 2009), and pomalidomide (Zhu et al., 2013). The 

proteasome inhibitors include bortezomib (BTZ), carfilzomib, ixazomib, oprozomib, 

marizomib, and salinosporamide (Adams, 2004, Dick and Fleming, 2010, Myung et al., 

2001, Voorhees and Orlowski, 2006). The monoclonal antibodies include daratumumab 

(Touzeau and Moreau, 2017), and elotuzumab (Fancher and Bunk, 2016). The histone 

deacetylase inhibitors include vorinostat, panobinostat, and ricolinostat (Mann et al., 

2007, Laubach et al., 2015, Amengual et al., 2017). Other targeted drugs include 

bendamustine, perifosine, aplidin, and IL-6 antibody. (Lentzsch et al., 2012, Kondapaka 

et al., 2003, Fulciniti et al., 2009, García-Fernández et al., 2002). 

 

In addition, there are approximately 180 new drugs found in the literature and 

preclinical trials showed that they may be useful for treatment of MM. Moreover, 

approximately 30 drugs are currently been tested in clinical trials (Guerrieri, 2018). The 

most recent drugs developed are shown in Figure 1.2. 
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Figure 1.2: Treatment of MM 

Preclinical clinical studies leading to FDA approvals in MM. In the past years, the FDA 

has approved the proteasome inhibitors bortezomib, carfilzomib, and ixazomib; the 

immunomodulatory drugs thalidomide, lenalidomide, and pomalidomide; the 

monoclonal antibodies elotuzumab and daratumumab. The figure is prepared by Yu 

Zhang using the references cited in the text (Anderson, 2016). 

 

1.3 Bortezomib 

BTZ, bortezomib, also known as PS-341, is the first therapeutic proteasome inhibitor. 

In 2003, it was approved by the Food and Drug Administration (FDA) to be used in the 

treatment of MM (Dick and Fleming, 2010). Bortezomib is a dipeptide boronic acid 

derivative that contains pyrazinoic acid, phenylalanine and leucine with boronic acid in 

its structure (Dick and Fleming, 2010). The molecular formula of bortezomib is 

C19H25BN4O4 and its chemical IUPAC name is [3-methyl-1-(3-phenyl-2-pyrazin-2-

ylcarbonylamino-propanoyl) amino-butyl] boronic acid (Figure 1.3). 
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Figure 1.3: Chemical structure of bortezomib (PS-341) (CSID: 343402 obtained 

from www.chemspider.com). 

 

1.3.1 Ubiquitin-proteasome pathway 

The essence of the mechanisms of the action of BTZ is the inhibition of the proteasome, 

which inhibits the protein degradation step of the ubiquitin-proteasome pathway. 

 

The proteasome most exclusively used in mammals is the cytosolic 26S proteasome, 

which is about 2000 kDa in molecular mass containing one 20S proteasome subunit 

and two 19S regulatory cap subunits (Adams, 2003). The 20S core is composed of 4 

stacked rings: 2 outer rings (α rings) and 2 internal rings (β rings) in which proteolysis 

occurs. Each β ring consists of 7 subunits containing 3 active enzymatic sites termed 

trypsin-like, chymotrypsin-like, and post-glutamyl peptide hydrolase-like (caspase-like) 

(Adams, 2003, Adams, 2002b). 

 

In humans, approximately 20% of intracellular proteins are degraded by lysosomes, and 

more than 80% of intracellular proteins are degraded by the ubiquitin-proteasome 

https://en.wikipedia.org/wiki/Molecular_mass
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pathway (Lecker et al., 2006). The ubiquitin-proteasome pathway includes two 

discrete and successive steps: (1) covalent binding to multiple ubiquitin molecules to 

the protein substrate, and (2) degradation of the ubiquitin-tagged protein by the 26S 

proteasome with the release of free and reusable ubiquitin (Adams, 2003, Adams, 

2002b). Covalent attachment of ubiquitin to the protein substrate proceeds via a three-

step cascade mechanism (Figure 1.4). First, the ubiquitin-activating enzyme, E1, 

formates a high-energy thiol ester and activates the C-terminal glycine residue of 

ubiquitin. Second, the ubiquitin-conjugating enzymes, E2s, transfers ,the activated 

ubiquitin to the ubiquitin-protein ligase family, E3s. Third, the E3 catalyzes the 

formation of a peptide/isopeptide bond between a carboxyl group at the C-terminus of 

ubiquitin and an amine group of the substrate. Finally the polyubiquitylated proteins 

are recognized and degraded 3 to 25 aminoacid peptides by the 26S proteasome within 

the 20S core (Tanaka, 2009, Adams, 2002b, Adams, 2003, Tu et al., 2012). 

 

 
Figure 1.4: The ubiquitin proteasome pathway.  

Ubiquitin is activated by adding to E1, and E1 transfers ubiquitin to E2, E2 then 

interacts with E3, leading to the formation of a polyubiquitin chain. Finally, the targeted 

protein is degraded to small peptides by the 26S proteasome. E1: Ubiquitin activating 

enzyme; E2: Ubiquitin conjugating enzyme; E3: Ubiquitin ligases. This figure is drew 

by Yu based on Tu’s review (Tu et al., 2012). 
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In general, tumour cells have a more developed proteasome pathway than normal cells, 

because tumour cells have an abundant capability for synthesis, movement, and 

modification of proteins because of their advanced cell proliferation and highly 

activated invasion into other organs (Crawford et al., 2009, Crawford et al., 2011). To 

compensate the stress from the uncontrolled synthesis of proteins, tumour cells develop 

the proteasome pathway to degrade the misfolded proteins (Masaki, 2016, Chen et al., 

2017). MM cells, as abnormal B plasma cells, continuously synthesize and secrete a 

large number of immunoglobulins and various cytokines. The concentrations of 

proteasomal proteins and their mRNA levels were consistently much higher in MM 

cells than in resting peripheral lymphocytes and monocytes from healthy adults (Cao 

and Mao, 2011). Therefore, the ubiquitin-proteasome pathway is critical in MM cells. 

 

1.3.2 Mechanisms of BTZ action 

The essence of the mechanism of action of BTZ is the inhibition of the proteasome, 

which inhibits protein degradation through the ubiquitin-proteasome pathway. These 

mechanisms can be divided into two categories: (1) blocking the degradation of 

abnormal proteins, thus triggering endoplasmic reticulum (ER) stress and apoptosis; (2) 

blocking the degradation of key regulatory proteins, thus directly altering pro-survival 

or pro-apoptotic signalling cascades (Nikesitch and Ling, 2016). 

 

1.3.2.1 Endoplasmic reticulum stress 

The first mechanism is the ER stress. In MM cells, numerous newly synthesized 

proteins, such as cytokines, chemokines, and immunoglobulins, are transported to the 

ER, folded with the assistance of ER chaperones, and modified as mature proteins by 

the addition of a complicated structure of glycoproteins in the ER and Golgi body. 

However, since most of the proteins are abnormal, this causes the accumulation of 

unfolded proteins in the ER, which is called ER stress. 
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To compensate for ER stress, the cellular ER stress response generally activates 

two protein degradation pathways, lysosome-mediated protein degradation 

via autophagy and the ubiquitin-proteasome via endoplasmic-reticulum-associated 

protein degradation (ERAD) (Shen et al., 2007, Masaki, 2016). ERAD involves the 

recognition of misfolded or mutated proteins in the ER, retro-translocation into the 

cytosol proteins, and the ubiquitin-dependent degradation by the proteasome (Ruggiano 

et al., 2014). ERAD is recognized as the main cellular mechanism of degradation of 

unfolded proteins. When the buildup of misfolded or unfolded proteins exceeds the ER 

capacity, autophagy can be induced to degrade accumulated proteins and thus alleviate 

ER stress (Sano and Reed, 2013). When the ER stress is too severe, the abnormal 

proteins are transported from the ER into the cytosol. In the cytosol, the abnormal 

proteins are degraded via the ubiquitin-proteasome pathway, as mentioned before. In 

this case, the inhibition of the proteasome by BTZ effectively prevents the cells 

escaping from ER stress, thus leading to myeloma cell apoptosis. 

 

1.3.2.2 Key regulatory proteins degraded by the proteasome 

The second mechanism is that proteasome inhibition can directly block the degradation 

of pro-apoptotic regulatory proteins to cause cell death. Various proteins can be 

degraded by the proteasome; some of them are critical in cancer processes including 

cyclin A, cyclin B, cyclin D, cyclin E, p27, p21, cdc25 phosphatase, C-fos, C-jun, N-

myc, p53, BCL 2 associated X (Bax), and nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor (IκB). (Adams, 2004, Adams, 2002b, Adams, 2003). 

 

The main regulatory protein is IκB. The I-κB is the endogenous inhibitor of the NF-κB; 

NF-κB is a protein complex that controls gene transcription, cytokine production and 

cell survival (Oeckinghaus and Ghosh, 2009). It is a transcription factor family, which 

contains five proteins: NF-κB1 (p50), NF-κB2 (p52), RelA (p65), RelB, and c-Rel 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/unfolded-protein-response
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proteolysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autophagy
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endoplasmic-reticulum-associated-protein-degradation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-folding
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(Oeckinghaus and Ghosh, 2009). The I-κB binds to NF-κB, forming a complex that 

inhibits the activity of NF-κB. If cell-surface receptors are stimulated by their specific 

ligands, signal transduction occurs. Then, the I-κB is marked and degraded by the 

ubiquitin-proteasome pathway, hence the NF-κB is activated and enters the cell nucleus. 

Consequently, NF-κB activates transcription of genes encoding anti-apoptotic factors, 

cell adhesion molecules (e.g., Intercellular Adhesion Molecule 1(ICAM1) and Vascular 

cell adhesion molecule 1 (VCAM1), cytokines (e.g., IL-6, IGF-1 and TNF), and cyclins. 

This stimulates cell proliferation and prevents apoptosis, regulates tumour angiogenesis, 

promotes tumour metastasis, and remodels tumour metabolism (Xia et al., 2014, 

Masaki, 2016, Adams, 2004). Therefore, the NF-κB pathway plays a role as a cancer 

promoter. When inhibition of the proteasome occurs due to BTZ administration, the I-

κBα accumulates in the cytosol and inactivates the activity of NF-κB, thereby 

suppressing cancer survival and growth. 

 

1.4 Resistance of BTZ in MM 

The mechanisms of BTZ resistance in MM have been studied for many years. The 

mechanisms of BTZ resistance can be divided into 5 categories, as presented in Table 

1.1: (1) Genetic abnormalities in the proteasome; (2) Use of alternative protein 

degradation pathway; (3) Aberrant survival signaling pathways; (4) Metabolism; (5) 

Microenvironment; (6) Drug Efflux. 
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Table 1.1: Summary of the mechanisms of BTZ resistance in MM 

Genetic abnormalities of the proteasome Mutation and overexpression of PSMB5 

Alternative protein degradation pathway Autophagy 

Overexpression of HSPs 

Aberrant survival signaling pathways NF-kB pathway 

PI3K/AKT/mTOR pathways 

c-Met 

Metabolism 
Amino acid metabolism 

Glycolysis metabolism 

Microenvironment 
Hypoxia 

MUC 1 

Drug Efflux Pgp 

 

1.4.1 Genetic abnormalities in the proteasome 

The first mechanism of BTZ resistance is the presence of mutations of proteasome 

subunits, which disrupt the ability of BTZ to bind to and to inhibit proteasomes. 

Oerlemans et al. firstly reported the point mutation (G322A mutant) that occurs in the 

proteasome subunit beta 5 (PSMB5), introducing an Ala to Thr substitution at amino 

acid 49 (Oerlemans et al., 2008) in the human BTZ resistant monocytic THP1 cells. Lu 

et al. also reported the G322A mutation of the proteasome in the BTZ resistant human T 

lymphocyte cells (Lu et al., 2008). Ri et al. established two BTZ resistant MM cell lines 

KMS-11/BTZ and OPM 2/BTZ, and demonstrated these resistant MM cells have a 

G322A mutation of PSMB5 gene. KMS-11 parental cells transfected to express mutated 

PSMB5 showed reduced BTZ induced apoptosis compared with those cells expressing 

wild-type PSMB5 or the parental cells (Ri et al., 2010). Franke et al. confirmed the 

https://en.wikipedia.org/wiki/T_lymphocyte
https://en.wikipedia.org/wiki/T_lymphocyte
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G322A, C323T PSMB5 mutations in the BTZ resistant MM cell line RPMI8226/BTZ 

and acute lymphoblastic leukemia cell line CEM/BTZ selected by BTZ exposure 

(Franke et al., 2012). However, Balsas et al. reported these was no G322A mutation in 

their BTZ resistant MM cell line RPMI-8226/7B (Balsas et al., 2012). Strutural study 

confirmed that the G332A resulted in Ala49Thr and lead to the decrease of affinity of 

BTZ binding S1 pocket of PSMB5. Therefore, the mutation reduced the effect of 

proteasome inhibitor BTZ and caused the BTZ resistance in MM cells (Groll et al., 

2006, Borissenko and Groll, 2007). Other mutation in the PSMB5 including C332T, 

A247G, G311T, and A310G also all lead to amino acid changes; G332T leads to 

Cys52Phe substitution, A247G leads to Thr21Ala substitution, and G311T/A310G 

changes Met45 residue (Borissenko and Groll, 2007, Groll et al., 2006, Lü and Wang, 

2013). Cys52Phe substitution leads to a slight repulsion of BTZ binding to the S1 

pocket. Thr21Ala substitution decreases affinityof BTZ binding to the PSMB5. Met45 

change structure of the S1 pocket after BTZ binding (Heinemeyer et al., 1997, Lü and 

Wang, 2013). Therefore, the piont mutation could change the structure of proteasome 

and prevent the BTZ binding to the proteasome, thus result in BTZ resistance. 

 

On the other hand, the overexpression of PSMB5 also compensates for the inhibition 

of the proteasome. Oerlemans et al reported that in the BTZ resistant monocytic THP1 

cells, the mRNA of PSMB5 was overexpressed and could be associated with BTZ 

resistance (Oerlemans et al., 2008). Balas et al showed that the BTZ resistant 

RPMI8226/7B MM cells which did contain point mutation showed a higher PSMB5 

expression level and this overexpression of PSMB5 could be associated with the BTZ 

resistance (Balsas et al., 2012). 

 

Therefore, genetic abnormalities in the proteasome including nucleotide mutations and 

changes in expression of PSMB5 is one mechanism that possibly leads to BTZ 

resistance in MM. 
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1.4.2 Alternative protein degradation 

1.4.2.1 Autophagy 

When the misfolded proteins cannot be degraded by the ubiquitin-proteasome pathway, 

cells can activate the other protein degradation machnism, the autophagy-lysosome 

system (Johansen and Lamark, 2011). Autophagy is a cellular catabolic mechanism 

capable of degrading and recycling many cellular substrates, such as damaged cellular 

organelles and protein aggregates (Johansen and Lamark, 2011). In the autophagy 

degradation pathway, substrates firstly bind to autophagosomes. The autophagosome 

then fuses with lysosomes to cause degradation of the substrates (Lilienbaum, 2013). 

In MM cells, Zeng et al. showed that the autophagy inhibitor 3-MA sensitized the BTZ 

resistant RPMI8226 MM cells exposed to oridonin (Zeng et al., 2012). They suggested 

the inhibition of autophagy reduced the BTZ resistance via regulating intracellular ros 

and NAD-dependent deacetylase sirtuin-1 (sirt1). Therefore, autophagy could be the 

mechnism of BTZ resistance in myeloma cells. 

 

1.4.2.2 Heat shock proteins 

Heat shock proteins (HSPs) are a family of proteins that act as molecular chaperones. 

HSPs include HSP90, HSP70, HSP60, HSP40 and HSP27. The functions of them 

include folding or unfolding of proteins, assembly of multiprotein complexes, transport 

of proteins into correct subcellular compartments, and protection of cells against stress. 

(Lindquist and Craig, 1988). HSPs could be burdened with the ER stress when the 

ubiquitin-proteasome pathway is inhibition by BTZ, lead to cell survival, and cause the 

BTZ resistance (Calderwood and Gong, 2016). Shah et al. showed that the BTZ 

treatment induced the heat shock response protection of MM cells (Shah et al., 2016). 

Shang et al. reported that HSP 27 was overexpressed in the BTZ resistant U266 MM 

cells and silencing HSP 27 gene expression significantly increased BTZ-induced 

apoptotic rate (Shang et al., 2018). Therefore, HSPs could be the mechanism of the 

javascript:;
javascript:;
javascript:;
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BTZ resistance in MM. 

 

1.4.3 Aberrant signalling pathways 

Overexpression or constitutive activation in signalling cascades can maintain cell 

survival and result in the BTZ resistance. For examples, the NFκB pathway, 

PI3K/AKT/mTOR signalling pathways, and c-Met. 

 

As mentioned before, the NFκB pathway is an important pathway involved in MM. 

Some studies showed NFκB is constitutively activated in primary patient MM cells and 

in MM cell lines (Markovina et al., 2008, Yang et al., 2008). These cells with high 

NFκB activity level are more resistant to BTZ than the cell with low NFκB cells. The 

study by Murray et al. showed that the inhibition of NFκB by ibrutinib overcame the 

BTZ resistant MM cells (Murray et al., 2015). Interestingly, Hideshima et al. reported 

that a significant fraction of patients’ MM cells treated with BTZ did not activate NFκB. 

(Hideshima et al., 2009). Therefore, the NFκB pathway could be one of the 

meachanisms of BTZ resistance in MM. 

 

The PI3K/AKT/mTOR pathway is an intracellular signalling pathway that regulates 

cell metabolism, growth, proliferation and survival (Porta et al., 

2014).  Phosphatidylinositol 3-kinase (PI3K), protein kinase B (PKB or AKT), and 

mammalian target of rapamycin (mTOR) are main proteins in this pathway. This 

pathway is overexpressed or overactive in many cancer, thus reduces cell apoptosis and 

increase cell proliferation (Porta et al., 2014). The study by Tolcher et al. showed the 

AKT inhibitor afuresertib reduced the BTZ resistance in MM (Tolcher et al., 2015).  

 

The study conducted by Que et al. showed c-Met, a receptor tyrosine kinase is over-

expressed in human myeloma cell lines and promotes the survival and drug resistance 

of MM cells (Que et al., 2012). This study confirmed that the knockdown of c-Met 
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enhances sensitivity to BTZ in the BTZ resistant U266 MM cells by inhibiting 

Akt/mTOR activity. Hence, c-Met is associated with BTZ resistance in MM. 

 

1.4.4 Metabolism 

1.4.4.1 Amino acid metabolism 

The study reported by Zaal et al. showed BTZ resistance in MM is associated with 

increased serine synthesis (Zaal et al., 2017). Their results imply that BTZ resistance is 

associated with high activity of the serine synthesis pathway and overexpression of D-

3-phosphoglycerate dehydrogenase (PHGDH). PHGDH is an enzyme involved in the 

early steps of L-serine synthesis in animal cells. L-serine is involved in D-serine 

synthesis. Either removal of serine from the diet or inhibition of PHGDH increased the 

efficacy of BTZ treatment in both sensitive and resistant MM patients. Therefore, Zaal 

and colleagues propose PHGDH expression as a novel biomarker for predicting the 

BTZ response of patients and could be associated with BTZ resistance in myeloma cells. 

 

Glutaminase is an amidohydrolase enzyme that generates glutamate from glutamine. 

Effenberger et al. showed that the inhibition of glutaminase induces apoptosis via MYC 

degradation in MM cells (Effenberger et al., 2017). Ravyn et al. reported that the 

inhibition of glutaminase by CB-839 synergized another proteasome inhibitor, 

carfilzomib, in resistant MM cells (Thompson et al., 2017). Therefore, glutamate 

metabolism could be a mechanism of BTZ resistance. 

 

1.4.4.2 Glycolysis metabolism 

Lactate dehydrogenase (LDH) regulates glycolysis and the conversion of pyruvate and 

NADH to lactate and NAD+ respectively (Berg et al., 2002). Maiso et al showed that 

the pharmacological inhibition of lactate dehydrogenase A (LDHA) and knockdown of 
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LDHA restored the sensitivity of BTZ resistance in MM cells (Berg et al., 2002). This 

result suggests that the lactate could be a metabolic signature and LDHA could be a 

novel target for drug resistance in MM. 

 

1.4.5 Microenvironment 

The microenvironment of MM is comprised of extracellular matrix components (e.g. 

collagens, laminin, and fibronectin) and cellular parts (e.g. bone marrow stem cells 

(BMSCs), osteoblasts, and osteoclasts) (Saltarella et al., 2015). 

 

1.4.5.1 Hypoxia 

Hypoxia is defined as a condition when the oxygen tension is 10 mmHg or lower in a 

particular area of the tissue (Lu and Kang, 2010). Hypoxia is a common phenomenon 

in many solid tumours because of the uncontrollable cell proliferation and aberrant 

blood vessel formation within the tumour region (Keith and Simon, 2007). Hypoxia has 

been shown to induce BTZ resistance by inducing HIF1α and its downstream proteins 

(Muz et al., 2014). Therefore, hypoxia could be an important signature in the BTZ 

resistant MM cells.  

 

1.4.5.2 Mucin 1 

Mucin 1 (MUC1) is an O-glycosylated membrane protein. Its function is to form 

protective mucous barriers on epithelial surfaces and it also plays a role in intracellular 

signalling (Taylor-Papadimitriou et al., 1999). MUC 1 is overexpressed in most MM 

cells (Takahashi et al., 1994). Yin et al. showed that the inhibition of MUC1 reduced 

the BTZ resistance in MM cells. Therefore, MUC1 could be a mechanism of the BTZ 

resistance in MM. 
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1.4.6 Drug Efflux 

Another common mechanism involved in drug resistance consists of upregulation of 

channel proteins/transporters that mediate expulsion of drug from the cells These 

transporters include multidrug resistance-associated protein 1 (MRP1, ABCC1) and 

bile salt export pump (BSEP, ABCB11) and P-glycoprotein (Pgp, ABCB1), which is 

the mostly studied transporter associated with drug resistance. 

 

P-glycoprotein (Pgp), also known as multidrug resistance protein 1 (MDR1) is a 

member of the ATP-binding cassette (ABC) transporters superfamily. Pgp has the 

broadest spectrum of substrates; many drugs are substrates of Pgp, including BTZ. Pgp 

transports BTZ out of cells and thus decreases the toxicity of BTZ (Ward et al., 2013). 

Pgp plays an important role in drug resistance, however, the role of Pgp in the acquired 

BTZ resistant MM cells remain controversial (Abraham et al., 2015). This is the first 

question discussed in this thesis. 

 

1.5 P-glycoprotein 

P-glycoprotein (Pgp), also known as multidrug resistance protein 1 (MDR1) or ATP-

binding cassette sub-family B member 1 (ABCB1) or cluster of differentiation 243 

(CD243) is a member of the ABC transporters superfamily. It was first discovered in 

the plasma membrane of mammalian cells in 1971. Pgp is a 170 kDa molecule 

comprised of two pseudosymmetric halves, each containing a nucleotide-binding 

domain (NBD) and a transmembrane domain (TMD) (Ward et al., 2013). 

 

The function of Pgp is to transport various molecules across extra- and intra-cellular 

membranes. As shown in Figure 1.5, a substrate enters Pgp either from an opening 

within the inner leaflet of the membrane or from an opening at the cytoplasmic side of 

the protein (Ward et al., 2013). Binding of ATP to the NBDs drives conformational 
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changes in the TMDs and switches the transporter’s overall conformation from inward-

facing to outward-facing; this conformational change results in the transport of 

substrates out of the cell. Then, hydrolysis of ATP and release of ADP reset the 

conformation of Pgp, so that Pgp can transport again (Ward et al., 2013). 

 

Pgp has the broadest spectrum of substrates; many drugs are the substrates of Pgp, 

including aldosterone, amprenavir, bilirubin, cimetidine, colchicine, cortisol, 

cyclosporine, dexamethasone, doxorubicin, erythromycin, fexofenadine, indinavir, 

loperamide, methylprednisolone, morphine, nelfinavir, quinidine, saquinavir, 

terfenadine, vecuronium, and so on (Kim, 2002). A recent study shows that BTZ is also 

a substrate of Pgp (O’Connor et al., 2013). 

 

 

Figure 1.5: Mechanism of Pgp transport 

A substrate enters Pgp either from an opening within the inner leaflet of the membrane 

or from an opening at the cytoplasmic side of the protein. Binding of ATP to the NBDs 

drives conformational changes in the TMDs and switches the transporter’s overall 

conformation from inward-facing to outward-facing; this conformational change results 

in the transport of substrates out of the cell. The figure is prepared by Yu Zhang using 

the references cited in the text (Ward et al., 2013). 

 

Pgp has been shown to be expressed in the apical domain of the enterocyte of the lower 

gastro-intestinal tract (jejunum, duodenum, ileum, and colon), thereby limiting the 

absorption of drug substrates from the gastro-intestinal tract. In addition, in liver and 

kidney, expression of this transporter to the apical cell membrane of hepatocytes and 
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kidney proximal tubular cells results in enhanced excretion of drug substrates into bile 

and urine, respectively (Staud et al., 2010, Xue et al., 2016). Pgp is also expressed in 

many cancer cells such as colon, kidney, adrenocortical and hepatocellular, and breast 

cancer (Gottesman et al., 2002, Szakács et al., 2006, Cordon-Cardo et al., 1990). In 

addition, in the drug-resistant cell lines of many cancers, the expression level of Pgp is 

highly increased (Gottesman et al., 2002, Szakács et al., 2006, Cordon-Cardo et al., 

1990). In MM, the role of Pgp has been debated, with different results reported 

(Abraham et al., 2015). While some studies showed the expression of Pgp did not 

increase in BTZ resistant MM (Schwarzenbach, 2002, O’Connor et al., 2013, 

Sonneveld et al., 1992, Besse et al., 2018), other studies reported that the expression 

levels of Pgp in BTZ-resistant MM were 3~4 times higher than BTZ-sensitive MM 

cells (Abraham et al., 2015, Buda et al., 2010). 

The Pgp in cancer cells transports the anticancer drugs out of the cells, thereby reducing 

the intracellular concentration and cytotoxicity of the drugs, and thus causing drug 

resistance. To overcome this chemoresistance some inhibitors were invented to target 

Pgp, such as quinidine, verapamil, atorvastatin, erythromycin, elacridar, and tariquidar 

(Kim, 2002). However, because of the wide distribution of Pgp in human, the direct 

inhibition of did not show the good selectivity (Ueda, 2011, Kopecka et al., 2015). 

Previous studies show carbonic anhydrases XII (CAXII) is overexpressed in the Pgp-

positive doxorubicin resistant colon, lung, and osteosarcoma cancer cells and its 

activity is necessary for the activity of Pgp, and the inhibition of CAXII overcomes the 

Pgp-mediated chemoresistance (Kopecka et al., 2015, Kopecka et al., 2016). 

 

1.6 Carbonic anhydrases XII 

Carbonic anhydrase XII is a member of the carbonic anhydrase family. Carbonic 

anhydrases (CAs) catalyze a reversible reaction of carbon dioxide hydration and 

dehydration. Based on cellular and sub-cellular location, CAs are classified into four 

different groups: cytosolic (CA I, II, III, VII, XIII); mitochondrial (CA VA, VB); 
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secretory (CA VI), and membrane-associated (CA IV, IX, XIV, XV). CAXII is a 44 kDa 

dimeric membrane protein (Parks et al., 2011, Lindskog, 1997). 

 

The function of CAs is to catalyze the reversible hydration of carbon dioxide: CO2 + 

H2O ⇌ HCO3
- + H+ (Maren, 1967, Parks et al., 2011). CAXII, like many CAs, has a 

similar structure and function. The active site amino acids are occupied with a Zn+ ion 

that is coordinated with three histidine residues, His94, His96, and His119, and a water 

molecule or hydroxide ion (Waheed and Sly, 2017). In summary, Zn+ with a hydroxyl 

ion binds to a CO2 molecule and catalyzes the formation of bicarbonate, and then the 

bicarbonate ion is displaced by a water molecule. CAXII plays an important role in pH 

regulation and the HCO3
-, CO2, and ion transport in cells (Waheed and Sly, 2017). 

 

Expression of CAXII protein has been observed in different human tissues, including 

the epithelial cells of the endometrium, the large intestine, the gastric mucosa, 

pancreatic epithelium, kidney, eye, sweat glands, and so on (Waheed and Sly, 2017). In 

addition, expression of CAXII has been reported in different cancers. CAXII expression 

has been found in kidney cancer (clear cell carcinomas and oncocytomas), colorectal 

tumours, brain tumours, gliomas, hemangioblastomas, meningiomas, breast cancer, cell 

lung cancer, and cervical cancer. A recent study has shown that the expression of CAXII 

in doxorubicin-resistant human colon cancer, lung cancer, breast cancer, and 

osteosarcoma cell lines is higher than in the drug-sensitive parental cell lines (Waheed 

and Sly, 2017). 

 

A recent study shows the overexpression of CAXII maintains a slightly alkaline 

intracellular pH in doxorubicin-resistant osteosarcoma, colon, lung, and breast cancer 

cell lines (Kopecka et al., 2015, Kopecka et al., 2016). As shown in figure 1.6 the CAXII 

catalyzes the hydrolysis of CO2 and generate bicarbonates outside the cells, then the 

bicarbonates enter the cell via by passive transport through Na/HCO3
- cotransporters 

(NBC). The bicarbonates react with H+ and generate carbon dioxides, then the carbon 
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dioxide diffuses from inside of cells to the outside of cells. This process decreases the 

concentration of hydrogen ions and slightly increases the intracellular pH. This alkaline 

pH promotes the activity of Pgp, and the inhibition of CAXII overcomes Pgp-mediated 

drug (doxorubicin) resistance in osteosarcoma, colon, lung, and breast cancer cells 

(Kopecka et al., 2015, Kopecka et al., 2016). 
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Figure 1.6: Mechanism of CAXII regulating Pgp activity. 

Bicarbonate binds to hydrogen and CA II catalyses the generation of carbon dioxide.. 

The carbon dioxide is hydrolyzed by CAXII outside cells and generates bicarbonate. 

The bicarbonate reenters cells by Na/HCO3 cotransporters (NBCs) and can react with 

hydrogen again. This circulation reduces the concentration of hydrogen ions, thus 

increases pH. The increase in pH promotes the activity of Pgp. The figure is prepared 

by Yu Zhang using the references cited in the text (Mboge et al., 2018, Kopecka et al., 

2015, Kopecka et al., 2016).  

 

The previous structure study showed CAXII has a single disulphide linkage between 

Cys-23 and Cys-203 and the protein contains other conserved cysteine residues 

(Waheed and Sly, 2017). Therefore, it is possible that CAXII could be a target of the 

thioredoxin (Trx) system. 

 

1.7 The thioredoxin system 

The thioredoxin (Trx) system is an important antioxidant system, which exists in all 

species. The thioredoxin system is comprised of Trx, nicotinamide adenine dinucleotide 
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phosphate (NADPH), and thioredoxin reductase (TrxR) (Holmgren, 1985, Lu and 

Holmgren, 2014). 

 

Trx is a class of small redox proteins containing a dithiol-disulphide active site. The 

Trx protein is expressed as different isoforms: the cytoplasmic Trx1 and mitochondrial 

Trx2. Trx1 is a 12 kD protein found primarily in the cytosol and occasionally in the 

nucleus. Trx1 contains five cysteine residues at positions 32, 35, 62, 69, and 73. Cys32 

and Cys35 are in the active site, while Cys 62, 69, and 73 are the structural residues. 

Trx2 has a similar redox active site to that found in Trx1, Cys 32 and Cys 35, but lacks 

the other structural cysteine residues found in Trx1(Das and Das, 2000). 

 

The structure, function, and mechanism of Trxs are similar. The function of Trx is to 

reduce the target oxidized protein residues and it can also directly scavenge ROS 

(Holmgren, 1995, Arnér and Holmgren, 2000). Trx contains a conserved active site (-

Cys-Gly-Pro-Cys-), which is present as a disulphide in oxidized Trx (Trx-S2). This 

disulphide can be reduced to a dithiol Trx-(SH2) by its reductase TrxR. Trx-(SH2) is 

the major protein disulphide reductase of cells, and it reduces many target oxidized 

proteins that contain disulphide bonds (Holmgren, 1995, Arnér and Holmgren, 2000). 

As a disulphide-reducing protein, Trx has many targets, such as ribonucleotide 

reductase, methionine sulfoxide reductase, p53, NF-κB, activator protein 1 (AP1), 

apoptosis signal-regulating kinase 1 (ASK1), and others (Kruusma et al., 2006). Trx 

keeps proteins reduced, maintains a reducing intracellular environment and controls the 

cells’ redox potential together with glutathione and glutaredoxins (Holmgren, 1995, 

Arnér and Holmgren, 2000). 

 

TrxR is not only a member of the Trx system but also a member of the pyridine 

nucleotide-disulphide oxidoreductase family that includes glutathione reductase, 

lipoamide dehydrogenase, and mercuric ion reductase. The TrxR family consists of 

three family members: cytosolic thioredoxin reductase 1 (TrxR1), mitochondrial 
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thioredoxin reductase 2 (TrxR2), and testis-specific thioredoxin glutathione reductase 

(TrxR3). While structurally similar, they are broadly distinguished by their differential 

expression; TrxR1 predominantly localizes to the cytosol, TrxR2 to the mitochondria, 

and TrxR3 to the testis (Lu and Holmgren, 2014, Lu and Holmgren, 2009).  

 

The structure, function, and mechanism of TrxRs are similar. Of most significance, the 

TrxR proteins contain a selanocysteine (Sec) residue in their C-terminal region. TrxR1 

is a 55 kDa flavoprotein consisting of a large homodimer (Zhong et al., 2000, Lu and 

Holmgren, 2014). TrxR1 contains two binding domains in TrxR, one for flavin adenine 

dinucleotide (FAD) and another for NADPH; it also contains an interface domain, a 

discrete active centre, and a Sec as the penultimate amino acid (Zhong et al., 2000). The 

FAD and NADPH binding domains are functional active sites. The FAD-binding 

domain is a C-terminal sequence containing a selenocysteine Gly-Cys-Sec-Gly that is 

essential for its redox activity, and the NADPH binding domain is an N-terminal 

conserved catalytic site CVNVGC positioned from residues 59 to 64. The N-terminal 

active site receives electrons from NADPH via the FAD molecule and then transfers 

these electrons to the C-terminal selenocysteine redox active site on the other subunit. 

This process results in the formation of a selenolate C-terminal active site region, which 

then can reduce the target substrate (Zhong et al., 2000). TrxR2 contains a similar 

structural domain organization to TrxR1 and contains a selenocysteine redox active site 

region in its C-terminal region (Zhong et al., 2000). 
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Figure 1.7 The thioredoxin system 

Reduced Trx catalyzes the reduction of oxidized cellular proteins. When the Trx 

becomes oxidized, TrxR continuously reduces the oxidized Trx. Meanwhile, TrxR 

enzyme reduces oxidized TrxR by using NADPH. The figure is prepared by Prahlad 

Raninga using the references cited in the text (Holmgren, 1985). 

 

Trx1 and TrxR1 play an important role in cancer and drug resistance. Trx1 and TrxR1 

have been shown to be overexpressed in a number of cancers including breast cancers, 

thyroid cancers, prostate cancers, colorectal carcinomas, malignant melanoma, oral 

squamous cell carcinoma, lymphomas, and leukemia (Lincoln et al., 2003, Iwasawa et 

al., 2011, Sakurai et al., 2005). 

 

As mentioned before, because Trx1 has several target proteins, Trx1 and TrxR1 are 

involved in a number of intracellular redox signalling pathways that are associated with 

cancer growth and chemoresistance. Trx1 has been shown to be able to activate the 

redox-sensitive transcription factors, NF-кB. Trx1 reduces Cys62 in the NF-кB subunit 

p50 allowing NF-кB to bind to the recognition site present in the promoter region of its 

target genes, which promotes cell growth, survival, and drug resistance (Ray et al., 2012, 

Holmgren and Lu, 2010). In addition, Trx1 has been shown to regulate the activity of 

other transcription factors, activator protein 1 (AP-1) (Hirota et al., 1997). Trx1 was 

shown to directly bind to redox factor 1 in the nucleus, which reduces the activity of 

Ref-1, and in turn to activates the transcriptional activity of AP-1. AP-1 regulates gene 

expression in response to a variety of stimuli, including cytokines, growth factors, stress, 

and bacterial and viral infections (Xanthoudakis and Curran, 1992, Hirota et al., 1997). 
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Moreover, the inhibition of Ref-1 also activates HIF-1a and p53, thus Trx1 also 

regulates HIF-1a and p53 (Ueno et al., 1999, Welsh et al., 2002, Jung and Seo, 2012). 

The overexpression of Trx1 has been shown to inhibit the tumour suppressor function 

of phosphatase and tensin homolog (PTEN) and leads to increased tumour cell 

proliferation (Ueno et al., 1999). Other pathways regulated by Trx1 include the 

extracellular signal-regulated kinase (ERK) pathway (Ilari et al., 2012), and the 

apoptosis signal-regulating kinase 1 pathwa. (Roberts et al., 1996, Zhang et al., 2004). 

The inhibition of TrxR1 has been shown to inhibit the activity of Trx, thus it promotes 

tumour apoptosis, inhibits tumour growth and development, and reverses the resistance 

to chemotherapies (Crooke and Mirabelli, 1983, Gromer et al., 1998). For MM, Both 

Trx1 and TrxR1 are expressed in drug-sensitive MM and overexpressed in BTZ 

resistant multiple myeloma cell lines. Previous studies also showed that TrxR1 

inhibition can overcome acquired bortezomib resistance in MM (Raninga et al., 2015, 

Raninga et al., 2016).  

 

1.8 Targeting the Pgp, CAXII, and Trx system proteins by drugs 

As mentioned before, Pgp, CAXII, and the Trx system are possibly associated with 

BTZ resistance in MM. The pharmacological inhibitors of these target proteins possibly 

have the potential to overcome the BTZ resistance. Therefore, these pharmacological 

inhibitors were chosen in this project to test their effect on the BTZ resistance in MM. 

They include the Trx system inhibitor auranofin (Roder and Thomson, 2015, Chaffman 

et al., 1984), CAXII inhibitor psammaplin c (Mujumdar et al., 2016), and Pgp inhibitor 

tariquidar (Weidner et al., 2016). 

 

1.8.1 Auranofin 

Auranofin is a neutral, linear, gold phosphine compound; its IUPAC name is [S-

triethylphosphinegold(I)-2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopran-oside] (Roder 

javascript:;
javascript:;
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and Thomson, 2015, Chaffman et al., 1984) and its structure is shown in Figure 1.8. 

 

 

Figure 1.8: Chemical structure of auranofin. (CSID: 21242895 obtained from 

www.chemspider.com). 

 

Auranofin was approved by the FDA in 1985 for treatment of rheumatoid arthritis, was 

effective in vitro and in vivo against E. histolytica and both metronidazole-sensitive and 

-resistant strains of Giardia. In addition, it was also used to HIV, amebiases, and 

tuberculosis (Delafuente and Osborn, 1984, Roder and Thomson, 2015). It has been 

reported that auranofin has anti-cancer activity against various types of human cancers 

(Roder and Thomson, 2015). Auranofin has been shown to be an inhibitor of nuclear 

factor kappa-B kinase subunit beta (IKK-β), of mitochondrial peroxiredoxin-5, and of 

TrxR1 (Ilari et al., 2012, Roberts et al., 1996, Crooke and Mirabelli, 1983). Auranofin 

can irreversibly bind to the selenocysteine residue of TrxR1 and inhibit its activity. 

Therefore in many drug-sensitive and resistant cancer cells, auranofin has been shown 

to induce apoptosis by inhibiting TrxR1 activity (Roder and Thomson, 2015). In MM, 

auranofin has been shown to lead to apoptosis in drug-resistant MM and overcome both 

hypoxia-induced and acquired bortezomib resistance in MM through NF-κB inhibition 

(Raninga et al., 2015, Raninga et al., 2016). 
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1.8.2 Psammaplin c 

Psammaplin c is a sulfonamide natural product. Its IUPAC name is (2E)-3-(3-bromo-

4-hydroxyphenyl)-2-hydroxyimino-N-(2-sulfamoylethyl) propa-namide (Mujumdar et 

al., 2016) and its structure is shown in Figure 1.9. 

 

 

Figure 1.9: Chemical structure of Psammaplin C. (CSID: 343402 obtained from 

www.chemspider.com). 

 

Psammaplin C was isolated in 1991 from the marine sponge Pseudoceratina purpurea. 

It was reported to have the ability to inhibit both histone deacetylase and DNA 

methyltransferase (Mujumdar et al., 2016). A recent study shows psammaplin C is a 

subnanomolar inhibitor of human CAXII and displays good isoform selectivity for hCA 

XII compared to any of the other CA proteins (Mujumdar et al., 2016). 

 

1.8.3 Tariquidar 

Tariquidar is an anthranilic acid derivative third generation Pgp inhibitors (Weidner et 

al., 2016). Its IUPAC name is N-[2-(4-[2-(6,7-dimethoxy-1,2,3,4-

tetrahydroisoquinolin-2-yl)ethyl] phenylcarbamoyl)-4,5-dimethoxyphenyl]quinoline-

3-carboxamide and its structure is shown in Figure 1.10. 

 



   

33 

 

 

Figure 1.10: Chemical structure of Tariquidar. (CSID: 130650 obtained from 

www.chemspider.com). 

 

Tariquidar contains a tertiary amine, dimethoxyphenyl group and amide group in its 

chemical structure, which contribute to its inhibition against Pgp. It is proposed that 

tariquidar and its derivatives may bind to the H-binding site of Pgp through multiple 

mechanisms (Fox and Bates, 2007). Results of in vitro assays of three different models 

have shown that tariquidar inhibits Pgp with 50% inhibition concentration IC50 values 

ranging from 15 to 223 nM in cells (Kannan et al., 2010, Hubensack et al., 2008). Many 

studies show tariquidar inhibits Pgp and overcomes multidrug resistance in cancer cells 

(Thomas and Coley, 2003, Gottesman et al., 2002). However, up to now, few clinical 

trials were completed.  

 

1.9 Significance and Research Aims 

As discussed earlier, MM is a hematological cancer characterized by clonal 

proliferation of malignant plasma cells (Palumbo and Anderson, 2011). MM is the 

second most common blood cancer after non-Hodgkin lymphoma (Cowan et al., 2018). 

A significant advancement has been made in the development of anti-MM therapies 

and many new agents including bortezomib, carfilzomib, thalidomide, and 

lenalidomide have been introduced for the treatment of MM patients. However, despite 

these encouraging progresses, drug resistance remains a prominent challenge to 

https://www.cancer.net/node/31269
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myeloma therapy using BTZ. Relapse of MM and disease progression is common even 

after the achievement of complete remission. At present, MM is still considered as an 

incurable disease (Cottini et al., 2014). Therefore, it is important to understand the 

mechanism of action of BTZ and the mechanism of BTZ resistance in MM. 

 

Among many mechanisms of BTZ resistance in MM, Pgp is one of the most 

mechanisms of concern. However, the role of Pgp in BTZ resistant MM is still unclear 

and the conclusions of some studies conflict. Some studies showed the expression of 

Pgp does not increase (Schwarzenbach, 2002, O’Connor et al., 2013, Sonneveld et al., 

1992) while some studies showed Pgp contributes to BTZ resistance in MM (Abraham 

et al., 2015, Buda et al., 2010, Michaelis et al., 2006). Therefore, it is significant to 

study the role of Pgp in BTZ resistance in MM. 

 

In addition, recent studies showed that CAXII was overexpressed in the Pgp-positive 

doxorubicin resistant cells and its activity is necessary for the activity of Pgp (Kopecka 

et al., 2015, Kopecka et al., 2016). Furthermore, the inhibition of CA XII overcomes 

the Pgp-mediated chemoresistance in human doxorubicin resistant colon, lung, 

osteosarcoma, and breast cancer cells. (Kopecka et al., 2015, Kopecka et al., 2016). 

However, the reaction between CAXII and Pgp in BTZ resistant MM is still unclear. 

Therefore, it is possible that CAXII modulates Pgp in BTZ resistant MM and inhibition 

of CAXII could be a new therapy for BTZ resistant myeloma. 

 

Furthermore, Trx as a cancer target has been shown to play a significant role in MM. 

Both Trx1 and TrxR1 are expressed in drug-sensitive MM and overexpressed in the 

BTZ resistant MM (Lincoln et al., 2003, Li et al., 2012). Previous studies also showed 

that TrxR1 inhibition can overcome acquired BTZ resistance in MM (Raninga et al., 

2015, Raninga et al., 2016). However, the mechanisms of Trx overcoming BTZ 

resistance is necessary to be studied. Both Pgp and CAXII have disulphide linkages, 

which could be modulated by Trx. It was previously shown that CA in marine diatoms 
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was regulated via the Trx system (Kikutani et al., 2012), but it has not yet been shown 

if this same mechanism is present in mammalian cells. 

 

This project focused on elucidating the role of Pgp in the BTZ resistance in acquired 

and hypoxia-induced BTZ resistant MM. In addition, the project also investigated the 

effect of the pharmacological inhibition of CAXII and Trx on the BTZ resistance in 

acquired and hypoxia-induced BTZ resistant MM to understand the crosstalk between 

Pgp, CAXII and Trx system. 

 

The specific aims undertaken in this project are as follows: 

1. To examine the role of Pgp in acquired and hypoxia-induced BTZ resistant 

myeloma cells. 

2. To examine the role of CAXII in acquired and hypoxia-induced BTZ resistant 

myeloma cells. 

3. To examine the effect of pharmacological inhibition of Pgp, CAXII, and Trx system 

on acquired and hypoxia-induced BTZ resistant myeloma cells. 

4. To understand the cross-talk between Pgp, CAXII and Trx system in MM. 

5. To use a bioinformatics approach to investigate the expression level of Pgp and 

CAXII in relapsed MM. 

6. To use a bioinformatics approach to investigate the differently expressed genes and 

find possible targets for the BTZ resistance in MM. 

 

1.10 Hypotheses 

The hypotheses in this project include: 

1. Pgp contributes to BTZ resistance in resistant myeloma cells. 

2. CAXII regulates the function of Pgp in resistant myeloma cells. 

3. Trx regulates the expression and function of CAXII, thus regulating the function of 

Pgp. 
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Chapter 2: Materials and methods 

2.1 Materials 

2.1.1 Cell lines  

The RPMI8226 and U266 MM cell lines were used in this project. RPMI8226 cells 

were originally derived from the peripheral blood of a 61-year-old male with IgG 

lambda-type MM (Matsuoka et al., 1967). U266 cells were originally derived from the 

peripheral blood of a 53-year-old male with IgE-secreting refractory myeloma (Nilsson 

et al., 1970). MM cell lines were kindly provided by Dr Slavica Vuckovic from the 

QIMR Berghofer Medical Research Institute, Brisbane, Australia. 

 

2.1.2 Oligonucleotides 

 

Table 2.1: List of oligonucleotides 

Oligonucleotid

e 

Sequence Length Tm 

(℃) 

Application  

L32 Forward 5’-

CAGGGTTCGTAGAAGATTCA

AGGG 

24 57 qRT-PCR 

L32 Reverse 5'-

CTTGGAGGAAAACATTGTGA

GCGATC 

26 58 qRT-PCR 

Pgp Forward 5’-

GGGGACCGCAATGGAGGAG

CAAA 

23 60 qRT-PCR 

Pgp Reverse 5’- 27 60 qRT-PCR 
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GGCAGCCAAAGTTCCCACCA

CCATATA 

CAXII 

Forward 

5’-

ACCTGCACTGGGGGAACCCG

AAT 

23 60 qRT-PCR 

CAXII 

Reverse 

5’-

GGCAGTGCTGGCGTCAGGAT

AAA 

23 60 qRT-PCR 

CAIX Forward 5’- 

CGT CGC GTT CCT TGT GCA 

GAT 

21 60 qRT-PCR 

CAIX Reverse 5’- 

CCT CTG GCT GGC TTC TCA 

CAT TCT 

21 60 qRT-PCR 

 

2.1.3 Antibodies 

 

Table 2.2: List of antibodies 

Antibody Description Use Source 

β-tubulin Anti-β-tubulin 

monoclonal antibody 

raised in rabbit 

Loading control 

for whole/total 

cell lysates for 

western blot 

Abcam 

(ab6046) 

Pgp Anti-Pgp 

monoclonal antibody 

raised in rabbit 

Western blots Abcam 

(ab129450) 

CAXII Anti-CA12 

monoclonal antibody 

raised in mouse 

Western blots Abcam 

(ab140385) 
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Goat anti-rabbit IgG-

HRP conjugated 

Secondary antibody 

raised in goat against 

rabbit  

 

Western blots BioRad  

(170-6515)  

Goat anti-mouse IgG 

HRP conjugated  

 

Secondary antibody 

raised in goat against 

mouse 

Western blots BioRad  

(170-6516)  

 

2.1.4 Chemicals and Reagents 

 

Table 2.3: List of chemicals and reagents 

Protease inhibitor cocktail VI AG Scientific Inc, CA, USA 

TRIsure™, SensiFASTTM cDNA 

synthesis kit, SensiFASTTM No-Rox kit 

Bioline 

DC Protein Assay Kit, Trypan blue, 

Tween 20, Polyvinylidene fluoride 

(PVDF), 40% Acrylamide/Bis solution 

(37.5:1), Pre-stained protein molecular 

weight markers 

BioRad, CA, USA 

Fetal bovine serum Bovogen Biologicals, Australia 

Sodium chloride (NaCl), Sodium 

hydroxide (NaOH), Magnesium chloride 

(MgCl2) 

Chem Supply, MI, USA 

Penicillin/Streptomycin, RPMI-1640 Life Technologies, CA, USA 

Ethanol, Methanol, Hydrochloric acid, 

Isopropanol, Sodium hydrogen carbonate 

(NaHCO3), Sodium acetate (NaAc) 

Merck, VIC, Australia 

Sodium dodecyl sulphate (SDS), Tris MP Biomedicals, VIC, Australia 

MTT reagent, Ethidium bromide, Bovine Sigma Chemicals, NSW, Australia 
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serum albumin (BSA), Bis-Acrylamide, 

Dimethyl sulfoxide (DMSO), 

Dithiothreitol (DTT), 3-

(dimethylamino)-propionitrile 

(DAMPN), DTNB, 

Phenylmethanesulfonylpluoride 

(PMSF), Potassium chloride (KCl), NP-

40, Sucrose, Phenol/Chloroform 

Calcein AM Cayman Chemical, USA 

 

2.1.5 Solutions 

 

Table 2.4: List of solutions 

Solution Composition Use 

1.25X Assay buffer 0.5M KPi, pH 7.5; 

200 mM EDTA; 

20 mM NADPH; 

125 mM DTNB 

Measuring thioredoxin 

reductase activity in 

cellular lysates 

NP-40 extraction buffer 150 mM NaCl; 

50 mM Tris-HCl, pH 8; 

0.5% Nonidet P-40; 

0.5 mM EDTA; 

2 mM PMSF; 

1 μl/ml Protease Inhibitor 

Cocktail VI 

Extracting protein from 

cells 

SDS-PAGE 5X sample 

buffer 

40% (v/v) glycerol; 

5% (w/v) SDS; 

0.25M Tris-Cl, pH 6.8; 

Loading protein samples 

onto SDS-PAGE gels 
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50mM DTT 

SDS-PAGE running buffer 25mM Tris-Cl; 

192mM Glycine; 

0.1% (v/v) SDS 

For running SDS-PAGE 

gels 

Western blot transfer 

buffer 

25 mM Tris-Cl; 

192 mM Glycine; 

10% (v/v) or 20% (v/v) 

Methanol (HPLC grade) 

Western blot 

5% Blotto 5 g Dutch jug milk 

powder; 

200 mM Tris-Cl, pH 7.5; 

137 mM NaCl 

Blocking non-specific 

protein binding sites for 

western blots 

Cell freezing media 90% (v/v) FBS; 

10% (v/v) DMSO 

Freezing cells 

Tris-buffered saline 

(TBS)-Tween 

20 mM Tris-HCl, pH 7.5; 

137 mM NaCl; 

0.05% Tween-20 

Washing PVDF 

membrane in western blot 

analysis 

 

2.2 Methods 

2.2.1 Cell culture 

All the cell culture procedures and experiments were performed in a Class II Biohazard 

Laminar Air Flow hood. 

 

2.2.1.1 Culturing multiple myeloma cell lines 

The standard RPMI8226 and U266 MM cell lines were cultured in a complete growth 

media composed of Roswell Park Memorial Institute 1640 (RPMI 1640) media, 10% 
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(v/v) fetal bovine serum (FBS), 200 mM L-glutamine, and 100 U/ml penicillin and 100 

μg/ml streptomycin. Cells were maintained at the density of 0.5 X 106 cells/ml in a T-

75 or T-25 cm2 flask and were passaged every alternate day. The cells were not 

maintained continuously in the culture for longer than 3 months. 

 

2.2.1.2 Cell counting 

Cell counting was performed by using the Neubauer haemocytometer chamber. Cells 

were mixed homogenously in the flasks by pipetting up and down a few times. 10 μl of 

the cell suspension was transferred to the 1.5ml eppendorf tube and mixed with 10 μl 

of trypan blue dye. Then 10 μl of the mixture was added to the counting chamber 

covered with a glass coverslip. The mixture was allowed to flow in between the 

coverslip and the chamber by the capillary action. Four sets of 16 squares on each corner 

of the grid and one set of 16 square on the centre of the grid were used to count the 

cells. 

The following equation was used to calculate the number of cells per 1ml: Cells/ml = 

Total cell count / (Number of squares X 2 X 104). 

 

2.2.1.3 Culturing cells under hypoxia 

To perform hypoxic experiments, MM cells were cultured under hypoxic conditions. 

Cells cultured in T-75 or T-25 cm2 flasks were transferred into a C-Chamber hypoxic 

growth chamber attached to the Proox model C21 (Biospherix, NY, USA) controller 

that maintained the oxygen levels of 1%, by replacing it with nitrogen gas, at 37℃ and 

5% CO2. Cells were incubated under this microenvironment for 24 hours and used for 

the subsequent hypoxic experiments. 
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2.2.1.4 Preparation of drug dilutions 

Drugs including bortezomib, tariquidar, psammaplin C, and auranofin were initially 

dissolved in DMSO at a stock concentration of 10 mM. All drugs were then diluted to 

a working concentration in water or a complete growth medium before they were used 

for the experiments. The final concentration of DMSO in each sample after adding any 

drugs did not exceed 0.4%. For all the drug-based assays, 0.4% DMSO was added to 

untreated samples, which served as a vehicle control in each experiment. 

 

2.2.1.5 Establishment of bortezomib-resistant cell lines 

The acquired BTZ-resistant MM cell lines (RPMI8226-R and U266-R) were generated 

from the parental cell lines (RPMI8226 and U266) by multistep exposure of the cells 

to increasing doses of bortezomib (up to 40 nM) for 12 weeks. The first step is that cells 

were initially cultured under 2.5 nM BTZ for 1 week followed by 1 week in a drug-free 

medium for stabilisation. Then, the concentration of BTZ increased in each step. This 

process was continued for 12 weeks. After RPMI8226R and U266R obtained BTZ 

resistance, the resistant cells were cultured under 40 nM BTZ for 1 week followed by 

1 week in a drug-free medium for maintaining BTZ resistance. Cells were tested for 

drug resistance before any further studies. 

 

2.2.1.6 Thawing cells from liquid nitrogen stocks 

The 2 ml cryo-tubes containing 5 X 106 cells and 1 ml of cell freezing media were taken 

out from the storage liquid nitrogen vessel and were placed in a bath containing water 

at 37℃ until cells were thawed. Once thawed, cells were transferred to a 10 ml 

centrifuge tube containing 9 ml of RPMI 1640 complete growth media. The cells were 

then centrifuged at 265 X g for 5 mins and the cell pellet was resuspended in 5 ml of 

the complete growth medium. The cell suspension was then transferred to a T-25 cm2 
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flask and incubated at 37℃ and 5% CO2 until they reached 70-80% confluency, after 

which they were transferred to a T-75 cm2 flask. 

 

2.2.1.7 Freezing down cells for long-term storage 

5 X 106 Cells were counted, centrifuged at 265 X g for 5 mins and resuspended in 1 ml 

of freezing media. Then 1 ml of cell suspension was transferred to a sterile cryo-tube. 

The cryo-tube was placed in a styrofoam container and stored at -80℃ overnight. Then 

the cryo-tube was placed in the liquid nitrogen vessel for long-term storage. 

 

2.2.2 MTT proliferation assay 

The MM cells including RPMI8226, U266, RPMI8226R, U266R, RPMI8226H, and 

U266H (0.5 X 106 cells per well of 96-well plate) were cultured for 24 hours under 

normoxia (20% O2) or hypoxia (1% O2) and treated with appropriate drugs for 24 hours 

under the same condition as before. Then 100 μl of cell suspension of each treatment 

group was transferred in triplicate to a clear-bottom clear-wall 96-well plate. 

Completely cultured media without the cells was used as a blank. 10 μl of 5 mg/ml 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each 

well. Then, the cells were incubated for another 2 hours at 37℃ and 5% CO2. After 2 

hours, 25 μl of 20% SDS (w/v) in 0.01M HCl was added to each well and cells were 

cultured at 37℃ and 5% CO2 overnight. Next day, the absorbance at 570 nm was 

measured using the SpectraMax M3 plate reader and the cell proliferation was 

calculated. 
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2.2.3 Reverse transcriptase quantitative PCR (RT-qPCR) 

2.2.3.1 Isolation of total RNA 

The MM cells including RPMI8226, U266, RPMI8226R, U266R, RPMI8226H, and 

U266H (2 X 106 cells per well in 6-well plate) were cultured for 24 hours under 

normoxia (20% O2) or hypoxia (1% O2) and treated with appropriate drugs (40 nM 

tariquidar, 10 nM psammaplin c, and 2 μM auranofin) for 24 hours under the same 

condition as before. After the treatment, cells were transferred to a new eppendorf tube, 

centrifuged and washed with 1X PBS. Then, 500 μl of TRIsure™ reagent (Bioline) was 

added to the tube and mixed by pipetting up and down several times. Then, 100 μl of 

chloroform was added to the sample and mixed vigorously for 1 minute by shaking. 

Then, the samples were incubated for 15 minutes at room temperature and centrifuged 

at 12,000 X g for 15 minutes in the cold room (4℃). The supernatant aqueous phase 

was transferred to a new eppendorf tube. Then 500 μl of ice-cold isopropanol was added 

to the aqueous phase and mixed completely by pipetting up and down several times. 

Then samples were incubated for 10 minutes at room temperature. Then, the samples 

were centrifuged at 12,000 X g for 10 minutes at 4℃. After centrifugation, the 

supernatant was discarded. The pellets were washed by 1 ml of ice-cold 70% ethanol, 

vortexed, and centrifuged at 8000 X g for 5 minutes. Then, ethanol was removed, and 

the pellets were air-dried for 5 to 10 mins. Once dried, the pellets were re-suspended in 

15 μl of PCR water. The absorbance at 260 nm was measured using the Nanodrop ND-

1000 (Biolab, Australia) and the concentration of RNA was calculated. Then the 

samples were stored at -20℃. 

 

2.2.3.2 cDNA synthesis 

cDNA synthesis was performed using SensiFAST™ cDNA Synthesis kit (Bioline). 

Each reverse transcriptase reaction contains the following reagents in the PCR tube. 
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RNA 500 ng 

5X Trans Amp Buffer 4 μl 

Reverse Transcriptase 1 μl 

PCR water up to 20 μl 

 

The PCR was performed on the T100™ thermal cycler (BioRad). The reaction 

parameters were an initial annealing step at 25℃ for 10 minutes, reverse transcription 

at 42℃ for 15 minutes, and a final inactivation step at 85℃ for 5 minutes. The samples 

were stored at -20℃. 

 

2.2.3.3 Reverse transcriptase quantitative PCR 

The reverse transcriptase quantitative PCR reactions were performed using 

SensiFAST™ No-Rox kit (Bioline). Each qPCR reaction contains the following 

reagents in a well of 96-wells PCR plate. 

 

2X SensiFAST™ No-Rox Mix 10 μl 

10 μM Forward primer (Table 2.1) 0.4 μl (200 nM) 

10 μM Reverse primer (Table 2.1) 0.4 μl (200 nM) 

cDNA template 1 μl 

PCR-grade water up to 20 μl 

 

The PCR was performed on the CFX96 Touch™ Real-Time PCR detection system 

(BioRad). The reaction parameters were an initial start set 95℃ for 2 minutes, 40 cycles 

of 95℃ for 5 seconds, 60℃ for 10 seconds, and 72℃ for 20 seconds, and a final step 

at -4 ℃. The quantitation cycle (Cq) was used to analyze gene expression. The mRNA 

was normalized against the Ribosomal Protein L32 (RPL32) expression (Lafleur et al., 

2005). 
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2.2.4 Protein methods 

2.2.4.1 Preparing whole cell lysates 

The MM cells including RPMI8226, U266, RPMI8226R, U266R, RPMI8226H, and 

U266H (2 X 106 cells per well in 6-well plate) were cultured for 24 hours under 

normoxia (20% O2) or hypoxia (1% O2) and treated with appropriate drugs (40 nM 

tariquidar, 10 nM psammaplin c, and 2 μM auranofin) for 24 hours under the same 

condition as before. After the treatment, cells were transferred to a new eppendorf tube, 

centrifuged and washed with 1X PBS. Then the cell pellet was resuspended in ice-cold 

NP-40 lysis buffer and incubated on ice for 30 mins. The lysates were centrifuged at 

16,162 X g for 5 mins and the supernatant was transferred to a new eppendorf tube. The 

samples were stored at -20℃. 

 

2.2.4.2 Protein estimation 

The protein estimation was performed by using the BioRad DC protein assay kit 

(BioRad, CA, USA). Bovine serum albumin (BSA) was used to obtain a standard curve. 

20 mg/ml BSA solution was serially diluted to make up 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 

0.25 mg/ml, and 0.125 mg/ml. 10 ul of diluted BSA solution was transferred in triplicate 

to a 96-well plate. Water used as blank was transferred in triplicate to the 96-well plate. 

The cell lysates were diluted by 1/10 and 10 μl of the diluted lysates were transferred. 

The DC Protein assay reagent mixture was prepared by mixing 20 μl of Reagent S with 

1 ml of Reagent A. Then 25 μl of this mixture was added to each well. After that, 200 

μl of DC Protein assay reagent B was added to each well. The plate was mixed in the 

SpectraMax M3 plate reader (Molecular Devices) for 5 mins and then left in the dark 

for 10 mins. The absorbance at 750 nm was measured. The protein concentrations of 

the extracted samples were calculated using the BSA standard curve and the SOFTmax 

Pro 2.6 software (Bio-strategy). 

 



   

47 

 

2.2.4.3 Sodium Dodecyl Sulphate- Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

SDS-PAGE analysis was performed by using a 10%, 12%, or a 15% acrylamide 

resolving gel and 4% acrylamide stacking gel. These gels were prepared according to 

the following formula. 

 

Reagents 10% 

separating gel 

12% 

separating gel 

15% 

separating gel 

4% stacking 

gel 

40% (w/v) 

Acrylamide 1.3% 

(w/v) 

Bisacrylamide 

solution 

2.5 ml 3 ml 3.75 ml 0.25 ml 

0.75M Tris, pH 8.8 5 ml 5 ml 5 ml - 

0.5M Tris, pH 6.8 - - - 0.6 ml 

H2O 2.35 ml 1.85 ml 1.1 ml 1.6 ml 

10% (w/v) SDS 0.1 ml 0.1 ml 0.1 ml 0.025 ml 

DMAPN 0.0125 ml 0.0125 ml 0.0125 ml 0.015 ml 

30% (w/v) 

Ammonium 

persulphate (APS) 

0.0375 ml 0.0375 ml 0.0375 ml 0.008 ml 

 

50 ng of protein samples were mixed with 5 X SDS sample buffer (Table 2.4) and 0.1% 

(w/v) bromophenol blue. Then samples and pre-stained molecular weight markers 

(BioRad) were boiled at 100℃ for 2 mins and cooled down at room temperature. Then 

all samples were loaded onto the gel. The gels were electrophoresed in SDS-PAGE Tris-

Glycine running buffer (Table 2.4) for 10 minutes at a constant voltage of 80V and then 

for approximately 40 minutes at a constant voltage of 200V. 
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2.2.4.4 Western blotting 

The resolving gel in SDS-PAGE electrophoresis was transferred and equilibrated in ice-

cold western blot transfer buffer (Table 2.4). The fibre pads and 3 mm Whatman 

chromatography filter papers were also equilibrated in ice-cold western blot transfer 

buffer. The polyvinylidene difluoride (PVDF) membrane was soaked in absolute HPLC 

grade methanol for 20 seconds, mqH2O for 2 minutes, and in ice-cold transfer buffer 

for 4 minutes. Then the gel sandwich was prepared in the following order: cathode, 

fibre pad, chromatography filter paper, gel, PVDF membrane, chromatography filter 

paper, fibre, and anode. Then this assembly was placed in the tank chamber filled with 

ice-cold transfer buffer. An ice brick and a magnetic stirrer were placed in the tank along 

with the gel sandwich. The transfer electrophoresis was run at a voltage of 100V for 60 

minutes with constant stirring. When protein transfer finished, the PVDF membrane 

was transferred into a plastic box containing 5% (w/v) Blotto (Table 2.4) and shook for 

30 minutes at room temperature. Then the membrane was incubated in 5% (w/v) Blotto 

with the primary antibody overnight at 4℃ on a rocking platform. The membrane was 

then washed with TBS-Tween (Table 2.4) buffer three times for 10 minutes each. The 

membrane was incubated in 5% (w/v) Blotto with the HRP-conjugated secondary 

antibody for 1 hour at room temperature on a shaker. Then the membrane was washed 

with TBS-Tween buffer before developing the blot three times for 10 minutes each. 

 

2.2.4.5 Development of blots 

The blots were developed by using the ECLTM Western Blotting Analysis System kit 

(GE Healthcare) according to the manufacturer’s guidelines. Briefly, Peroxide solution 

and luminol enhancer provided with the kit were mixed in a 1:1 ratio. Then the PVDF 

was completely covered with the reagent mixture and incubated for a few seconds. The 

blots were then visualised using the Fujifilm LAS3000 developing machine. 
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2.2.4 Calcein AM assay 

Pgp activities were tested by using calcein AM. Calcein AM assay was performed based 

on the calcein AM multidrug resistance assay kit booklet (Cayman). Calcein AM is a 

cell-permeable nonfluorescent dye, which is cleaved intracellularly to yield the 

impermeant fluorescent molecule, calcein. This calcein is rapidly excluded from cells 

expressing the MDR proteins Pgp or MRP, and so functions as a probe for the detection 

of chemical compounds inhibiting MDR proteins. Tariquidar is a specific inhibitor of 

Pgp which was used as a control. At day 0, 400,000 cells were treated with 40 nM 

tariquidar and without tariquidar in 400 μl of culture medium in a 24-well plate for 24 

hours. At day 1, the cells were treated without or with drugs (40 nM tariquidar, 10 nM 

psammaplin c, and 2 μM auranofin) for 24 hours. At day 3, 400 μl of the prepared 2X 

Calcein AM solution (200 nM) was added well and the cells were incubated for 30 

minutes. After 30 minutes, the cells were transferred to a 1.5 ml tube, centrifuged for 5 

min at 400 X g, and washed by using 400 μl of ice-cold medium three times. After that, 

800 μl of the ice-cold medium was added to each tube and 200 μl of cells were 

transferred to a 96-well black culture plate in triplicate. The fluorescence intensity with 

excitation and emission wavelengths of 485 nm and 535 nm was measured. The 

difference between tariquidar treated and tariquidar non-treated is the calcein that Pgp 

transported. The relative Pgp activities were calculated: (calcein fluorescence of 

tariquidar treated - calcein fluorescence of tariquidar untreated)sample / (calcein 

fluorescence of tariquidar treated - calcein fluorescence of tariquidar untreated)control X 

100%. 

 

2.2.5 Statistical analyses 

Statistical analysis was performed as indicated in each results section. All the analysis 

was performed using the raw data. Statistical significance was determined by unpaired 

Student's t-test when two samples were directly compared to each other. Statistical 
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significance was determined by one-way analysis of variance (ANOVA) followed by 

Tukey’s post-test and Two-way ANOVA followed by Tukey’s post-test when multiple 

samples compared with each other. P < 0.05 was considered as significant. All values 

were presented as mean ± SEM. Data were analysed using the software GraphPad Prism 

7 (GraphPad Software, CA, USA). 

 

2.2.6 Bioinformatic analysis 

2.2.6.1 Analysis of Pgp and CAXII expression 

The raw data in the database were converted to log2. The expression levels of CAXII 

and Pgp were selected and transported to the software GraphPad Prism 7 (GraphPad 

Software, CA, USA). Statistical significance was determined by unpaired Student's t-

test when two groups were directly compared to each other. Statistical significance was 

determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-test 

when multiple samples compared with each other. P < 0.05 was considered as 

significant. All values were presented as mean ± SEM. 

 

2.2.6.2 Heatmap analysis 

The raw data in the database were converted to log2 and the differently expressed genes 

were calculated by unpaired student t-test. The genes with fold difference >1.5 and P 

value <0.05 were considered as significantly different genes. The significantly 

expressed genes were selected and imported to Morpheus (Broad Institute) to generate 

the heatmap. The data were clustered by rows (genes) and columns (stages of MM) 

using hierarchical clustering.  
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2.2.6.3 STRING analysis 

The STRING, Search Tool for the Retrieval of Interacting Genes/Proteins, analysis 

(version: 10.5) was performed online (URL: https://string-db.org/cgi/input.pl) to 

analyze the multiple protein interactions based on the guide (Szklarczyk et al., 2014). 

 

2.2.6.4 IPA analysis 

The IPA, Ingenuity Pathway Analysis (QIAGEN), the analysis was performed using the 

data from 2.2.6.2. The data input into the IPA system included the gene name, the fold 

difference, and the P value. The canonical pathways, the network of canonical pathways, 

and the upstream regulator was identified by IPA analysis. 

 

  

https://string-db.org/cgi/input.pl
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Chapter 3: The relationship between 

Pgp, CAXII, and Trx system in the BTZ 

resistant MM cells 

3.1 Introduction 

Multiple myeloma (MM), also known as plasma cell myeloma, is a hematological 

cancer. It is characterized by malignant proliferation of clonal plasma cells in the bone 

marrow (Matsui et al., 2008, Morgan et al., 2012). MM is the second most common 

blood cancer after non-Hodgkin lymphoma (Cowan et al., 2018). Worldwide in 2016, 

there were 138,509 incident cases of MM with an age-standardized incidence rate of 

2.1 per 100,000 persons (Cowan et al., 2018). Nowadays, chemotherapy is the main 

treatment of cancer while radiotherapy, hematopoietic stem cell transplantation, 

surgical operation and immunotherapy are used as adjuvant therapies (Alexanian et al., 

1969, Kyle and Rajkumar, 2009b). In 2003, the first proteasome inhibitor bortezomib 

(BTZ) was approved by the U.S. Food and Drug Administration to treat MM (Adams, 

2002a). This dipeptide boronic acid analogue bortezomib is a potent, highly selective, 

and reversible proteasome inhibitor that targets the 26S proteasome complex and 

inhibits its function (Adams, 2002a). Several studies have demonstrated that 

proteasome inhibition of BTZ is a more secure and effective therapy than previous 

drugs in MM treatment (Adams et al., 1999, Adams, 2004, Adams, 2002a, Mitsiades et 

al., 2003). However, despite this encouraging progress, drug resistance remains a 

prominent challenge to myeloma therapy using BTZ. Relapse of MM and disease 

progression is common even after achievement of a complete remission. In fact, all 

patients will eventually relapse with a highly advanced lethal disease (Cottini et al., 

2014). At present, MM is still considered as an incurable disease. The drug resistance 

is still a huge obstacle in MM treatment. 

 

For many years, scientists have focused on trying to understand the mechanism of drug 

https://www.cancer.net/node/31269
javascript:;
javascript:;
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resistance in cancer. Pgp is a member of the ATP-binding cassette transporters 

superfamily and is considered to be an important mechanism of drug resistance in many 

cancers (Abraham et al., 2015). Pgp can transport many drugs out of cells and thus 

decreases the toxicity of drugs, including BTZ. However, at present, the role of Pgp in 

BTZ resistant MM is still unclear (Abraham et al., 2015). Some studies showed Pgp did 

not contribute to BTZ resistance in MM (Schwarzenbach, 2002, O’Connor et al., 2013, 

Sonneveld et al., 1992) while some studies showed Pgp plays an important role in BTZ 

resistance in MM (Abraham et al., 2015, Buda et al., 2010). 

 

Recent studies showed that CAXII is overexpressed in the Pgp-positive chemoresistant 

cells and its activity is necessary for the activity of Pgp, and the inhibition of CA XII 

overcomes the Pgp-mediated chemoresistance (Kopecka et al., 2015, Kopecka et al., 

2016). Meanwhile, previous structural studies showed CAXII has a single disulphide 

linkage between Cys-23 and Cys-203 and the protein contains other conserved cysteine 

residues (Waheed and Sly, 2017), which suggests that the Trx system may regulate CA 

XII. 

 

The studies reported in this chapter were designed to investigate:  

(i) the role of Pgp in BTZ resistant MM cells, (ii) the effect of the inhibition of CA XII 

and Trx system on the Pgp, and (iii) the crosstalk between the Trx system and CA XII. 

 

3.2 Generation of BTZ resistant cell lines 

This project required the generation of BTZ-resistant cell lines. To generate acquired 

BTZ resistant RPMI8226 and U266 myeloma cell lines, the parental RPMI9226 and 

U266 cells were cultured with increasing doses of BTZ. Cells were initially cultured in 

a low BTZ concentration (5 nM) for 1 week followed by 1 week in a drug-free medium 

for stabilisation; the final concentration of BTZ was 40 nM (Refer to methods 2.2.1.5). 

To generate hypoxia-induced BTZ resistant RPMI8226 and U266 cells, the parental 
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RPMI9226 and U266 cells were cultured in 1% oxygen for 24 hours (Refer to methods 

2.2.1.3). The acquired BTZ resistant cell lines were named RPMI8226R and U266R 

while the hypoxia-induced BTZ resistant cell lines were named RPMI8226H and 

U266H. To examine whether the acquired and hypoxia-induced MM cells were resistant 

to BTZ, MTT assays were performed. The MTT assay tested the cell growth level of 

RPMI8226 and U266 cells treated with increasing concentrations (0-160 nM) of BTZ 

(Figures 3.1 and 3.2). 

 

 
Figure 3.1: Cell growth of sensitive and acquired BTZ resistant RMI8226 and 

U266 MM cell lines treated with BTZ. 

A, RPMI8226 and RPMI8226R cells were treated with BTZ (0-160 nM) under 

normoxia (21% O2) for 24 hours. B, U266 and U266R cells were treated with BTZ (0-

160 nM) under normoxia (21% O2) for 24 hours. Cell proliferation was assessed by 

MTT assays. Each experiment was performed in triplicate and the biological repeats 

were 3. Values indicate mean±SEM. Two-way ANOVA followed by Tukey’s post-test 

were employed. *, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

The acquired BTZ-resistant RPMI8226R cell line showed resistance to BTZ (Figure 

3.1A). When compared to RPMI8226 cells, the cell growth of RPMI8226R was 

significantly higher under BTZ treatment (5-80 nM). This significant difference was 

particularly obvious when cells were treated with 20 nM BTZ as the cell growth of 

RPMI8226R was 3-fold higher than that of RPMI8226 cells. Similarly, the acquired 

BTZ-resistant U266R cell line also showed resistance to BTZ (Figure 3.1B) since the 

cell growth of U266R was significantly higher than U266 cells under BTZ treatment 
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(5-40 nM). As observed with RPMI8226 cells, when cells were treated with 20 nM BTZ 

the cell growth of U266R was about 2-fold higher than that of U266 cells. However, 

unlike RPMI8226R cells, a significant difference between U266 and U266R at 80 nM 

was not observed (Figure 3.1B). 

 

 

Figure 3.2: Cell growth of sensitive and hypoxia-induced BTZ resistant RMI8226 

and U266 MM cell lines treated with BTZ. 

A, RPMI8226 cells were treated with BTZ (0-160 nM) under normoxia (21% O2) for 

24 hours. RPMI8226H cells were treated with BTZ (0-160 nM) under hypoxia (1% O2) 

for 24 hours. B, U266 cells were treated with BTZ (0-160 nM) under normoxia (21% 

O2) for 24 hours. U266H cells were treated with BTZ (0-160 nM) under hypoxia (1% 

O2) for 24 hours. Cell proliferation was assessed by MTT assays. Each experiment was 

performed in triplicate and the biological repeats were 3. Values indicate mean±SEM. 

Two-way ANOVA followed by Tukey’s post-test were employed. *, P<0.05. **, P<0.01. 

***, P<0.001. ****, P<0.0001. 

 

The hypoxia-induced BTZ resistant RPMI8226H cells, as with RPMI8226R cells 

displayed resistance to BTZ (Figure 3.2A). The cell growth of RPMI8226H cells was 

significantly higher than that of RPMI8226 cells under BTZ treatment (5-80 nM). A 

significant difference in cell growth between U266 and U266H cells was observed with 

treatment of 10-40 nM BTZ (Figure 3.2B). 

 

In addition, the IC50 of sensitive and resistant RPMI8226 and U266 MM cell lines was 

also calculated (Table 3.1).  
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Table 3.1: IC50 of RPMI8226 and U266 MM cell lines treated with BTZ 

Cells IC50 (nM) 

RPMI8226 9.83 

RPMI8226R 30.28 

RPMI8226H 27.54 

U266 15.21 

U266R 30.71 

U266H 35.47 

 

As shown in Table 3.1, the IC50 of RPMI8226 was around 10 nM BTZ while the IC50 

RPMI8226R and RPMI8226H was 3-fold higher than RPMI8226. For U266 cells, the  

IC50 was higher than RPMI8226, and its resistant cell lines U266R and U266H showed 

a 2-fold increase than U266. These results showed RPMI8226R, RPMI8226H, U266R 

and U266H obtained BTZ resistance in our experiments. 

 

3.3 Assessing Pgp in resistant MM 

3.3.1 Assessing the response of the resistant myeloma cell lines to tariquidar 

The next aim was to investigate whether the BTZ resistance of acquired and hypoxia-

induced resistant MM cells is due to a contribution by Pgp and whether the inhibition 

of Pgp can reduce the BTZ resistance. For these experiments, BTZ and the specific 

inhibitor of Pgp, tariquidar, were used to treat the resistant cells. Before co-treatment 

with BTZ and tariquidar, cells were treated with tariquidar alone to test the effect of 

tariquidar on the cell growth of RPMI8226 and its resistant cell lines. Therefore, the 

RPMI8226, RPMI8226R, RPMI8226H, U266, U266R, and U266H cells were treated 

with and without an increasing concentration of tariquidar and cell growth was tested 

by MTT assays. These results are shown in Figure 3.3. 
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Figure 3.3: Cell growth of sensitive and BTZ resistant RMI8226 and U266 MM 

cell lines treated with tariquidar 

A, RPMI8226 and RPMI8226R cells were treated with tariquidar (0-160 nM) under 

normoxia (21% O2) for 24 hours. RPMI8226H cells were treated with tariquidar (0-160 

nM) under hypoxia (1% O2) for 24 hours. B, U266 and U266R cells were treated with 

BTZ (0-160 nM) under normoxia (21% O2) for 24 hours. U266H cells were treated with 

tariquidar (0-160 nM) under hypoxia (1% O2) for 24 hours. Cell proliferation was 

assessed by MTT assays. Each experiment was performed in triplicate and the 

biological repeats were 3. Values indicate mean±SEM. Two-way ANOVA followed by 

Tukey’s post-test were employed. *, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

There was no difference in cell growth between tariquidar treated and untreated 

RPMI8226, RPMI8226R, and RPMI8226H cells (Figure 3.3A). From 5nM to 160 nM, 

tariquidar did not inhibit the cell growth of either BTZ sensitive or resistant RPMI8226 

cells. Similarly, the growth of U266, U266R, and U266H cells showed no significant 

inhibition when cells were treated with tariquidar (Figure 3.3B). 

 

Thus, based on this result, I performed a co-treatment with BTZ and tariquidar in these 

experiments. 40 nM tariquidar was used since it showed no effect on cell growth. 40 

nM tariquidar inhibited 60-70% Pgp activity and this concentration was used in our 

previous study (Martin et al., 1999, Kopecka et al., 2015, Kopecka et al., 2016). The 

RPMI8226R and RPMI8226H cells were then co-treated with 40 nM tariquidar and 
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increasing concentrations of BTZ for 24 hours. MTT assays were performed to test the 

effects of this drug treatment on cell growth. RPMI8226 cells were also tested as a 

control group. These results are shown in Figures 3.4 and 3.5. 

 

 

Figure 3.4: Cell growth of sensitive and acquired BTZ resistant RMI8226 and 

U266 MM cell lines treated with BTZ and tariquidar. 

A, RPMI8226 and RPMI8226R cells were treated with BTZ (0-160 nM) under 

normoxia (21% O2) for 24 hours. RPMI8226R+Tar cells were treated with BTZ (0-160 

nM) and tariquidar (40 nM) under normoxia (21% O2) for 24 hours. B, U266 and 

U266R cells were treated with BTZ (0-160 nM) under normoxia (21% O2) for 24 hours. 

U266R+Tar cells were treated with BTZ (0-160 nM) and tariquidar (40 nM) under 

normoxia (21% O2) for 24 hours. Cell proliferation was assessed by MTT assays. Each 

experiment was performed in triplicate and the biological repeats were 3. Values 

indicate mean±SEM. Two-way ANOVA followed by Tukey’s post-test were employed. 

*, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

In acquired BTZ-resistant RPMI8226R cells treated with tariquidar, a significant 

reduction of cell growth under BTZ treatment compared to RPMI8226R cell growth 

without tariquidar treatment was evident (Figure 3.4A). The cell growth level of 

RPMI8226R cells treated with tariquidar shows no difference to that obtained with 

untreated sensitive RPMI8226 cells. This result demonstrates that when the resistant 

RPMI8226R cells are co-treated with tariquidar and BTZ they revert to a sensitive 

phenotype. 
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In the acquired BTZ resistant U266R cells, a significant reduction of cell growth 

between U226R and U266R cells treated with tariquidar at 20 and 40 nM BTZ was 

observed (Figure 3.4B). Similarly, there was no significant difference in cell growth 

between the sensitive U226 cells and U266R cells treated with tariquidar at 5-10 nM, 

indicating that inhibition of PgP activity with tariquidar re-sensitises the cells to BTZ. 

 

 
Figure 3.5: Cell growth of sensitive and hypoxia-induced BTZ resistant RMI8226 

and U266 MM cell lines treated with BTZ and tariquidar. 

A, RPMI8226 cells were treated with BTZ (0-160 nM) under normoxia (21% O2) for 

24 hours. RPMI8225H cells were treated with BTZ (0-160 nM) under hypoxia (1% O2) 

for 24 hours. RPMI8226H+Tar cells were treated with BTZ (0-160 nM) and tariquidar 

(40 nM) under hypoxia (1% O2) for 24 hours. B, U266 cells were treated with BTZ (0-

160 nM) under normoxia (21% O2) for 24 hours. U266H cells were treated with BTZ 

(0-160 nM) under hypoxia (1% O2) for 24 hours. U266H+Tar cells were treated with 

BTZ (0-160 nM) and tariquidar (40 nM) under hypoxia (1% O2) for 24 hours. Cell 

proliferation was assessed by MTT assays. Each experiment was performed in triplicate 

and the biological repeats were 3. Values indicate mean±SEM. Two-way ANOVA 

followed by Tukey’s post-test were employed. *, P<0.05. **, P<0.01. ***, P<0.001. 

****, P<0.0001. 

 

The hypoxia-induced BTZ resistant RPMI8226H cells treated with tariquidar showed 

a significant reduction of cell growth under BTZ treatment compared to RPMI8226H 

cells without tariquidar treatment (Figure 3.5A). For hypoxia-induced BTZ resistant 

U266H, a significant reduction of cell growth was observed between U226R and 

U266H treated with tariquidar at only 20 nM BTZ (Figure 3.5B). 
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To confirm the BTZ resistance of RPMI8226 and U266 and the effect of tariquidar, 

GraphPad Prism 7 was used to calculate the IC50 values from the MTT assays (Figures 

3.4 and 3.5). These values are shown in Table 3.2 and 3.3. 

 

Table 3.2: IC50 of RPMI8226 MM cell lines treated with BTZ 

Cells IC50 (nM) 

RPMI8226 9.83 

RPMI8226R 30.28 

RPMI8226H 27.54 

RPMI8226R+40 nM Tar 9.66 

RPMI8226H+40 nM Tar 10.27 

 

The IC50 values of BTZ treatment of RPMI8226R and RPMI8226H cells were 

approximately 3-fold higher than that obtained for the parental RPMI8226. When the 

cells are co-treated with 40 nM tariquidar the IC50 values of Btz treated RPMI8226R 

and RPMI8226H were decreased to be comparable with the IC50 value obtained for the 

parental cells. 

 

Table 3.3: IC50 of U266 MM cell lines treated with BTZ 

Cells IC50 (nM) 

U266 15.21 

U266R 30.71 

U266H 35.47 

U266R+ 40 nM Tar 19.28 

U266H+40 nM Tar 16.10 

 

Similarly, the IC50 values of hypoxia-induced BTZ resistant U266R were 2-fold higher 

than the IC50 of U266. The IC50 value of U266H was slightly higher than U266R. 
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Meanwhile, co-treatment with tariquidar reduced the IC50 values of U266R and U266H 

cells to a similar value obtained with parental U266 cells. 

 

These results confirmed that the acquired and hypoxia-induced BTZ resistant MM cells 

RPMI8226R, RPMI8226H, U266R, and U266H are indeed resistant to BTZ. Tariquidar 

reduces the BTZ resistance of RPMI8226R, RPMI8226H, U266R, and U266H cells, 

which indicates Pgp probably contributes to the BTZ resistance phenotype of 

RPMI8226R, RPMI8226H, U266R, and U266H cells. 

 

3.3.2 Assessing the Pgp mRNA levels in the resistant MM cell lines 

After the BTZ resistance of the acquired and hypoxia-induced BTZ resistant MM cell 

lines (RPMI8226R, RPMI8226H, U266R, U266H) was confirmed, with a likely 

contribution by Pgp, the Pgp mRNA levels in each of these BTZ resistant cell lines was 

investigated. RT-qPCR was used to test the mRNA levels of Pgp of the parental cell 

line RPMI8226 and the resistant cell lines RPMI8226R and RPMI8226H (Figure 3.6). 
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Figure 3.6: The mRNA levels of Pgp in BTZ sensitive and BTZ resistant RMI8226 

and U266 MM cell lines. 

A, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 hours. 

RPMI8226H were cultured under hypoxia (1% O2) for 24 hours. B, U266 and U266R 

were cultured under normoxia (21% O2) for 24 hours. U266H were cultured under 

hypoxia (1% O2) for 24 hours. Expression levels were measured by RT-qPCR; L32 was 

used as a normaliser. This was performed in duplicate and the biological repeats were 

3. Values indicate mean±SEM. Unpaired Student t-tests were performed between each 

two groups. *, P<0.05. 

 

As Figure 3.6A shows, both acquired and hypoxia-induced BTZ resistant MM cell lines 

(RPMI8226R and RPMI8226H) have a higher expression level of Pgp than the sensitive 

cell line RPMI8226. In addition, RPMI8226H showed a slightly higher mRNA level of 

Pgp than RPMI8226R, although this difference was not statistically significant. 

Similarly, the mRNA level of Pgp of U266R and U266H displayed a significant 

difference to U266. Similar with RPMI8226H, U266H showed a slightly higher mRNA 

level of Pgp than U266R, but there was no statistically significant difference. 

 

These results confirmed that the acquired and hypoxia-induced BTZ resistant myeloma 

cells RPMI8266R, RPMI8226H, U266R, and U266H have significantly higher mRNA 

levels of Pgp than found in their equivalent parental BTZ sensitive cells. 
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3.3.3 Assessing the Pgp activities of the resistant myeloma cell lines 

After the Pgp mRNA levels of MM cells were determined, the Pgp activities of the BTZ 

sensitive and resistant MM cell lines were next investigated.  

 

Pgp activities were tested by using calcein AM. Calcein AM is a cell-permeable 

nonfluorescent dye, which is cleaved intracellularly to yield the impermeant fluorescent 

molecule, calcein. This calcein is rapidly excluded from cells expressing the MDR 

proteins Pgp or MRP, and so functions as a probe for the detection of chemical 

compounds inhibiting MDR proteins.  

 

Calcein AM assays were performed based on the protocol of the calcein AM multidrug 

resistance assay kit (Cayman). All parameters were the same as the protocol (2.2.4). 

Tariquidar is a specific inhibitor of Pgp and was used as a control in all experiments. 

 

The parental cell lines (U266 and RPMI8226) and the resistant cell lines (RPMI8226R, 

RPMI8226H, U266R, U266H) were treated with and without the Pgp inhibitor 

tariquidar; a concentration of 40 nM tariquidar was used to inhibit Pgp activity as a 

negative control. After 24 hours of treatment, calcein AM was added and Pgp started to 

transport calcein out of cells; this transportation would continue for 30 minutes. 

Afterwards, the cells were washed with cold medium and the fluorescence of calcein 

retained in cells was measured. The differences between tariquidar treated and untreated 

cells were calculated to compare the percentage of calcein transported by Pgp. Thus, 

Pgp activity could be tested in the various cell lines (Figure 3.7). 
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Figure 3.7: Pgp activity in sensitive and BTZ resistant RMI8226 and U266 MM 

cell lines. 

A and C, PgP activity of RPMI8226, RPMI8226R cells cultured under normoxia (21% 

O2) and RPMI8226H cells cultured under hypoxia (1% O2) for 24 hours was assessed. 

B and D, U266 and U266R cells were cultured under normoxia (21% O2) for 24 hours, 

while U266H cells were cultured under hypoxia (1% O2) for 24 hours. Pgp activities 

were assessed by calcein AM assays. Each experiment was performed in triplicate and 

the biological repeats were 3. Values indicate mean±SEM. One-way ANOVA followed 

by Tukey’s post-test were performed. *, P<0.05. **, P<0.01. ***, P<0.001. ****, 

P<0.0001. 

 

Initially, the calcein AM assay was performed using the acquired BTZ resistant 

RPMI8226 and U266 cells under BTZ treatment (40 nM) (Figure 3.7 A and B). 

RPMI8226R and U266R did not show increased Pgp activities, while hypoxia-induced 

RPMI8226H and U266H cells showed significantly higher Pgp activity levels than 

those observed in sensitive cells. The RPMI8226R and U266R cells were cultured with 

40 nM BTZ during the experiments as mentioned in 3.2. A study showed BTZ acts as 
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a P-glycoprotein substrate and is recognized as a weak inhibitor (O’Connor et al., 2013). 

Meanwhile, the residual BTZ in the cells may play a role of a competitor of calcein AM 

during the Pgp transporting, which may influence the Pgp activity. Thus, I cultured the 

acquired BTZ resistant RPMI8226R and U266R in fresh media for 24 hours and then 

performed the calcein AM assay (Figure 3.7 C and D). A statistically significant 

increase in the Pgp activity level of RPMI8226R and RPMI8226H cells was observed 

compared to RPMI8226 cells. In addition, the Pgp activity of RPMI8226H cells was 

also statistically significantly higher than RPMI8226R cells. For U266 cells, both 

U266R and U266H cells showed significantly higher Pgp activity than does the parental 

cells. However, in contrast to the results observed for RPMI8226 cells, there was no 

statistically significant difference in Pgp activity between U266H and U266R cells. 

 

These results confirmed that the acquired and hypoxia-induced BTZ resistant myeloma 

cells RPMI8226R, RPMI8226H, U266R, and U266H have a significantly increased 

Pgp activity level compared to their respective parental BTZ sensitive cells. 

 

3.4.1 Assessing the mRNA levels of CAXII in the resistant myeloma cell lines 

CAXII has been shown to be overexpressed in various Pgp-positive chemoresistant 

cells (human doxorubicin resistant colon, lung, osteosarcoma, and breast cancer cells) 

and its activity is necessary for the activity of Pgp. The inhibition of CAXII by 

psammaplin c overcame the Pgp-mediated chemoresistance (Kopecka et al., 2015, 

Kopecka et al., 2016). Therefore, the next experiments were aimed at determining 

whether this CAXII modulation also occurs in Pgp-positive BTZ resistant myeloma 

cells treated with psammaplin c. We firstly tested the mRNA levels of CAXII in 

RPMI8226 and U266 MM cells. 

 

In addition, carbonic anhydrase IX is another transmembrane carbonic anhydrase that 

regulates pH by catalyzing the reversible hydration of carbon dioxide to carbonic acid, 
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which subsequently decomposes to HCO3
- and H3O

+ (Benej et al., 2014). CA IX plays 

a similar role with CAXII and is associated with cancer in many studies (Benej et al., 

2014). Therefore, CAIX was also tested in our experiments. The mRNA levels of 

CAXII and CAIX in sensitive and BTZ resistant RPMI8226 and U266 MM cell lines 

were measured by RT-qPCR. L32 gene was used as a housekeeping gene. These results 

are shown in Figure 3.8. 

 

 

Figure 3.8: The mRNA level of CA XII and CA IX in sensitive and BTZ resistant 

RPMI8226 and U266 MM cell lines. 

A, RPMI8226 and RPMI8226R cells were cultured under normoxia (21% O2) for 24 

hours. RPMI8226H were cultured under hypoxia (1% O2) for 24 hours. B, U266 and 

U266R cells were cultured under normoxia (21% O2) for 24 hours. U266H were 

cultured under hypoxia (1% O2) for 24 hours. Expression levels were measured by RT-

qPCR; L32 was used a normaliser. This was performed in duplicate and the biological 

repeats were 3. Values indicate mean±SEM. Unpaired student t tests were performed 

between each two groups. *, P<0.05. 

 

As shown in Figure 3.8, the mRNA level of CAXII increased 3-4-fold in acquired and 

hypoxia-induced RPMI8226 cells compared with the parental cells. In U266R and 

U266H, the CA XII mRNA also increased, and the P value of this increase is similar to 

RPMI8226. For CAIX, the mRNA levels of CAIX increased in both RPMI8226 and 

U266 under normoxia and hypoxia. In RPMI8226H and U266H, the mRNA of CA IX 

showed larger change than CA XII. Interestingly, in U266R, the increase of CA IX was 

obviously larger than CA XII while the difference between CA XII and CA IX in 
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RPMI8226R was similar. 

 

3.4.2 Assessing the effect of CAXII inhibition by psammaplin c on the cell growth 

of the resistant myeloma cell lines 

The expression and activity of Pgp in acquired and hypoxia-induced MM cells 

(RPMI822R, RPMI8226H, U266R, and U266H) has been already described in the 

above sections. Therefore, the aim was to investigate the cell growth level, mRNA level, 

and Pgp activity level in the BTZ resistant MM cells treated with BTZ and psammaplin 

c.  

 

Before performing co-treatment of BTZ and psammaplin c, cells were treated with 

psammaplin c alone to test the effect of psammaplin c on the cell growth of RPMI8226 

and U266 and their respective resistant cell lines. These results are shown in Figure 3.9. 
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Figure 3.9: Cell growth of sensitive and BTZ resistant RPMI8226 and U266 MM 

cell lines treated with psammaplin C. 

A, RPMI8226 and RPMI8226R cells were treated with psammaplin C (0-40 nM) under 

normoxia (21% O2) for 24 hours. RPMI8226H cells were treated with psammaplin C 

(0-40 nM) under hypoxia (1% O2) for 24 hours. B, U266 and U266R cells were treated 

with psammaplin C (0-40 nM) under normoxia (21% O2) for 24 hours. U266H cells 

were treated with psammaplin C (0-40 nM) under hypoxia (1% O2) for 24 hours. Cell 

proliferation was assessed by MTT assays. Each experiment was performed in triplicate 

and the biological repeats were 3. Values indicate mean±SEM. Two-way ANOVA 

followed by Tukey’s post-test were employed. *, P<0.05. **, P<0.01. ***, P<0.001. 

****, P<0.0001. 

 

There was no significant difference in cell growth between psammaplin c treated and 

untreated RPMI8226, RPMI8226R, and RPMI8226H cells (Figure 3.9A). Similarly, the 

cell growth of U266, U266R, and U266H did not show any significant difference 

between treated and untreated cells under 2.5 nM to 40 nM psammaplin ctreatment 

(Figure 3.9B). Based on these results, MTT assays were performed to test the response 

of the resistant MM cell lines (RPMI8226R, RPMI822H, U266R, and U266H) to co-

treatment with BTZ and psammaplin c. In the previous study, 5-10 nM psammaplin c 

was used to inhibit CA XII activity in human colon cancer HT29 cells, lung cancer 

A549 cells, breast cancer MCF-7, SKBR3, T74D and MDAMB-231 cells, 

osteosarcoma U2OS and SaOS cells (Kopecka et al., 2015). Therefore, a concentration 

of 10 nM psammaplin C was used for these co-treatment studies. These results are 
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shown in Figures 3.10 and 3.11. 

 

 

Figure 3.10: Cell growth of sensitive and acquired BTZ resistant RPMI8226 and 

U266 MM cell lines treated with BTZ and psammaplin c. 

A, RPMI8226 and RPMI8226R cells were treated with BTZ (0-160 nM) under 

normoxia (21% O2) for 24 hours. RPMI8226H+Ps.C cells were treated with BTZ (0-

160 nM) and psammaplin c (10 nM) under normoxia (21% O2) for 24 hours. B, U266 

and U266R cells were treated with BTZ (0-160 nM) under normoxia (21% O2) for 24 

hours. U266R+Ps.C cells were treated with BTZ (0-160 nM) and psammaplin c (10 nM) 

under normoxia (21% O2) for 24 hours. Cell proliferation was assessed by MTT assays. 

Each experiment was performed in triplicate and the biological repeats were 3. Values 

indicate mean±SEM. Two-way ANOVA followed by Sidak’s post-test were employed. 

*, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

In the acquired BTZ resistant MM cell line RPMI8226R, a significant decrease of cell 

growth was observed in the cells treated with 5 nM to 80 nM BTZ in combination with 

10 nM psammaplin C when compared to cells treated with BTZ alone., U266R cells 

also showed a decrease in cell growth, but a significant difference was only observed 

when cells were cotreated with psammaplin c and either 20 nM or 40 nM BTZ.  
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Figure 3.11: Cell growth of sensitive and hypoxia-induced BTZ resistant 

RPMI8226 and U266 MM cell lines treated with BTZ and psammaplin C. 

A, RPMI8226 cells were treated with BTZ (0-160 nM) under normoxia (21% O2) for 

24 hours. RPMI8225H cells were treated with BTZ (0-160 nM) under hypoxia (1% O2) 

for 24 hours. RPMI8226H+Ps.C cells were treated with BTZ (0-160 nM) and 

psammaplin C (10 nM) under hypoxia (1% O2) for 24 hours. B, U266 cells were treated 

with BTZ (0-160 nM) under normoxia (21% O2) for 24 hours. U266H cells were treated 

with BTZ (0-160 nM) under hypoxia (1% O2) for 24 hours. U266H+Ps.C cells were 

treated with BTZ (0-160 nM) and tariquidar (10 nM) under hypoxia (1% O2) for 24 

hours. Cell proliferation was assessed by MTT assays. Each experiment was performed 

in triplicate and the biological repeats were 3. Values indicate mean±SEM. Two-way 

ANOVA followed by Sidak’s post-test were employed. *, P<0.05. **, P<0.01. ***, 

P<0.001. ****, P<0.0001. 

 

In the hypoxia-induced BTZ resistant RPMI8226H, RPMI8226H cells co-treated with 

BTZ and psammaplin c showed a significant reduction of cell growth compared to 

RPMI8226H cells treated with BTZ alone (Figure 3.11A). U266H cells also showed a 

significant reduction of cell growth compared to U266H cells treated with psammaplin 

C at 20 and 40 nM BTZ (Figure 3.11B). 

 

To confirm the effect of psammaplin c on the cell growth of BTZ resistant RPMI8226 

and U266 cells, the results of MTT assays (Figures 3.10 and 3.11) were compared and 

Graphpad Prism 7 used to calculate the IC50 values. These values are shown in Tables 

3.4 and 3.5. 
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Table 3.4: IC50 of sensitive and BTZ resistant RPMI8226 MM cell lines treated with 

BTZ and psammaplin C. 

Cells IC50 (nM) 

RPMI8226 9.83 

RPMI8226R 30.28 

RPMI8226H 27.54 

RPMI8226R+psammaplin C 10.3 

RPMI8226H+psammaplin C 10.78 

 

For RPMI8226R and RPMI8226H cells co-treated with 10 nM psammaplin c, the IC50 

values of BTZ were decreased by one third compared to RPMI8226 cells. 

 

Table 3.5: IC50 of sensitive and BTZ resistant U266 MM cell lines treated with BTZ 

and psammaplin C. 

Cells IC50 (nM) 

U266 15.21 

U266R 30.71 

U266H 35.47 

U266R+psammaplin C 19.4 

U266H+psammaplin C 16.63 

 

Co-treatment with psammaplin c also reduced the IC50 values of BTZ treated U266R 

and U266H cells compared to the U266 parental cells. 

 

These results confirmed that co-treatment with psammaplin C reduces the BTZ 

resistance of RPMI8226R, RPMI8226H, U266R, and U266H cells. Further 

experiments were needed to test the hypothesis that psammaplin c may also modulate 

Pgp activity by CAXII inhibition in BTZ resistant MM cells. 
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3.5 Assessing the effect of CAXII inhibition on Pgp of the resistant myeloma cell 

lines 

3.5.1 Assessing the effect of CAXII inhibition by psammaplin c on the mRNA levels 

of Pgp of the resistant myeloma cell lines 

We next aimed to determine the effect of CAXII inhibition by psammaplin c on the Pgp 

mRNA levels in acquired and hypoxia-induced MM cells. RT-qPCR was used to test 

the mRNA levels of Pgp in the parental and the resistant cell lines (Figure 3.12). 

 

 

Figure 3.12: The mRNA level of Pgp in sensitive and BTZ resistant RPMI8226 and 

U266 MM cell lines treated with psammaplin c. 

A, RPMI8226 and RPMI8226R were cultured with psammaplin c (10 nM) under 

normoxia (21% O2) for 24 hours. RPMI8226H were cultured with psammaplin C (10 

nM) under hypoxia (1% O2) for 24 hours. B, U266 and U266R were cultured with 

psammaplin C (10 nM) under normoxia (21% O2) for 24 hours. U266H were cultured 

with psammaplin C (10 nM) under hypoxia (1% O2) for 24 hours. Expression levels 

were measured by RT-qPCR; L32 was used a normaliser. This was performed in 

duplicate and the biological repeats were 3. Values indicate mean±SEM. Unpaired 

student t tests were performed between each two groups. *, P<0.05. 

 

As shown in Figure 3.12A, neither RPMI8226R+Ps.C nor RPMI8226H+Ps.C showed 

a significant difference of Pgp mRNA levels when compared with their psammaplin C 

untreated cells. Similarly, the mRNA levels of Pgp of U266R+Ps.C and U266H+Ps.C 
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did not display any significant difference to U266R and U266H respectively, although 

the trend was for Pgp expression to be lower (Figure 3.12B). 

These results confirm that psammaplin c did not influence the Pgp RNA levels of the 

acquired and hypoxia-induced BTZ resistant myeloma cells RPMI8266R, RPMI8226H, 

U266R, and U266H. However, it is possible that CAXII regulates the activity of the 

Pgp transporter protein. 

 

3.5.2 Assessing the effect of CAXII inhibition by psammaplin C on the Pgp 

activity of the resistant myeloma cell lines 

After the Pgp mRNA levels of different MM cell lines treated with psammaplin c were 

investigated, the effect of CA XII inhibition by psammaplin C on Pgp activity in 

RPMI8226R, RPMI8226H, U266R, and U266H was tested. The cell lines were treated 

with 10 nM psammaplin c and the Pgp activities were tested by calcein AM assay. These 

results are shown in Figure 3.13. 
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Figure 3.13: Pgp activitiy in sensitive and BTZ resistant RPMI8226 and U266 MM 

cell lines treated with psammaplin C. 

A, RPMI8226 were cultured under normoxia (21% O2) for 24 hours. RPMI8226R were 

treated and untreated with psammaplin c (10 nM) under normoxia (21% O2) for 24 

hours. RPMI8226H were treated and untreated with psammaplin c (10 nM) under 

hypoxia (1% O2) for 24 hours. B, U266 were cultured under normoxia (1% O2) for 24 

hours. U266R were treated and untreated with psammaplin c (10 nM) under normoxia 

(21% O2) for 24 hours. U266H were treated and untreated with psammaplin c (10 nM) 

under hypoxia (1% O2) for 24 hours. Pgp activities was assessed by calcein AM assays. 

This was performed in triplicate and the biological repeats were 3. Values indicate 

mean±SEM. One-way ANOVA followed by Tukey’s post-test were employed. *, 

P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

The Pgp activitiy of RPMI8226R and RPMI8226H cells treated with 10 nM 

psammaplin c was significantly decreased compared to their respective untreated 

RPMI8226R and RPMI8226H cells (Figure 3.13A). Similarly, the Pgp activity of 

U266R and U266H cells treated with psammaplin c was significantly lower than the 

respective untreated U266R and U266H cells (Figure 3.13B). 

 

These results confirm that psammaplin C reduces Pgp activity in the acquired and 

hypoxia-induced BTZ resistant myeloma cells RPMI8226R, RPMI8226H, U266R, and 

U266H. it was next of interest to assess if the TrxR inhibitor, auranofin could also 

inhibit Pgp function in these cells. 
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3.6 Assessing the effect of Trx inhibition on Pgp in resistant myeloma cell lines 

3.6.1 Assessing the effect of Trx inhibition by auranofin on the mRNA levels of 

Pgp of the resistant myeloma cell lines 

Previous studies have shown that the Trx system has a higher expression level in the 

BTZ resistant MM cells and the inhibition of the Trx system by auranofin overcomes 

the BTZ resistance and leads to cell apoptosis in acquired and hypoxia-induced MM 

cells RPMI9226R, RPMI8226H, U266R, and U266H cells (Raninga et al., 2015, 

Raninga et al., 2016). The aim of this project was to determine the effect of Trx system 

inhibition by auranofin on Pgp expression and activity.  

 

The RT-qPCR was performed to investigate Pgp mRNA levels in MM cells treated with 

auranofin. Based on previously published reports, 1 μM auranofin was used to treat the 

cell lines generated in this current project, since under this concentration, auranofin did 

not lead to cell apoptosis, but still inhibited TrxR activity (Raninga et al., 2016). After 

the cell lines were treated with auranofin, an RT-PCR was performed to assess Pgp 

expression levels. These results are shown in Figure 3.14. 
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Figure 3.14: The mRNA level of Pgp in sensitive and BTZ resistant RPMI8226 and 

U266 MM cell lines treated with auranofin. 

A, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 hours. 

RPMI8226R+Au were cultured with auranofin (1 μM) under normoxia (21% O2) for 

24 hours. RPMI8226H were cultured with auranofin (1 μM) under hypoxia (1% O2) for 

24 hours. RPMI8226H+Au were cultured with auranofin (1 μM) under normoxia (21% 

O2) for 24 hours. B, U266 and U266R were cultured under normoxia (21% O2) for 24 

hours. U266R+Au was cultured with auranofin (1 μM) under normoxia (21% O2) for 

24 hours. U266H were cultured under hypoxia (1% O2) for 24 hours. U266H+Au were 

cultured with auranofin (1 μM) under hypoxia (1% O2) for 24 hours. Expression levels 

were measured by RT-qPCR; L32 was used a normaliser. This was performed in 

duplicate and the biological repeats were 3. Values indicate mean±SEM. Unpaired 

student t tests were performed between each two groups. *, P<0.05. 

 

As Figure 3.14 showed, auranofin decreased Pgp mRNA level of Pgp in RPMI8226H. 

In the U266, auranofin treatment significantly reduced the Pgp mRNA level in the 

U266R cells. However, auranofin did not influence the Pgp mRNA level in the 

RPMI8226R and U266H cells. 

 

3.6.2 Assessing the effect of Trx inhibition by auranofin on the Pgp activity of the 

resistant myeloma cell lines 

After the Pgp mRNA level of different MM cell lines treated with auranofin were 

investigated, the effect of Trx system inhibition by auranofin on Pgp activity in 
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RPMI8226R, RPMI8226H, U266R, and U266H was tested. The cell lines were treated 

with 1 μM auranofin and the Pgp activity assessed by calcein AM assays. These results 

are shown in Figure 3.15. 

 

 
Figure 3.15: Pgp activity in sensitive and BTZ resistant RPMI8226 and U266 MM 

cell lines treated with auranofin. 

A, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 hours. 

RPMI8226R+Au were cultured with auranofin (1 μM) under normoxia (21% O2) for 

24 hours. RPMI8226H were cultured with auranofin (1 μM) under hypoxia (1% O2) for 

24 hours. RPMI8226H+Au were cultured with auranofin (1 μM) under normoxia (21% 

O2) for 24 hours. B, U266 and U266R were cultured under normoxia (21% O2) for 24 

hours. U266R+Au was cultured with auranofin (1 μM) under normoxia (21% O2) for 

24 hours. U266H were cultured under hypoxia (1% O2) for 24 hours. U266H+Au were 

cultured with auranofin (1 μM) under hypoxia (1% O2) for 24 hours. Pgp activities was 

assessed by calcein AM assays. This was performed in triplicate and the biological 

repeats were 3. Values indicate mean±SEM. One-way ANOVA followed by Tukey’s 

post-test were employed. *, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

As Figure 3.15 showed, there is no significant difference between auranofin treated and 

untreated cell lines in one-way ANOVA test, which indicates auranofin did not change 

the Pgp activities in RPMI8226R, RPMI8226H, U266R, and U266H cells. However, a 

significant difference was shown between U266R and U266R+Au in the single 

unpaired student t test (P= 0.0056). 
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3.7 Assessing the effects of drugs on the mRNA of CA XII 

3.7.1 Assessing the effect of Pgp inhibition by tariquidar on the mRNA levels of 

Pgp and CA XII in the resistant myeloma cell lines 

After we determined the effect of tariquidar, psammaplin c, and auranofin on Pgp 

expression and activity, we also aimed to investigate the effect of these three drugs on 

the expression level of CAXII. Similar to 3.4.1, the mRNA of CAIX was also tested in 

the experiments. We firstly tested the tariquidar effect. The mRNA levels of CAXII and 

CAIX in sensitive and BTZ resistant RPMI8226 and U266 MM cell lines treated with 

40 nM tariquidar were measured by RT-qPCR. L32 gene was used as a housekeeping 

gene. These results are shown in Figure 3.16. 
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Figure 3.16: The mRNA levels of CA XII and CA IX in sensitive and BTZ resistant 

RPMI8226 and U266 MM cell lines treated with tariquidar. 

A and C, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 

hours. RPMI8226H were cultured under hypoxia (1% O2) for 24 hours. 

RPMI8226R+Tar were treated with tariquidar (40 nM) under normoxia (21% O2) for 

24 hours. RPMI8226H+Tar were treated with tariquidar (40 nM) under hypoxia (1% 

O2) for 24 hours. B and D, U266 and U266R were cultured under normoxia (21% O2) 

for 24 hours. U266H were cultured under hypoxia (1% O2) for 24 hours. U266R+Tar 

were treated with tariquidar (40 nM) under normoxia (21% O2) for 24 hours. 

U266H+Tar were treated with tariquidar (40 nM) under hypoxia (1% O2) for 24 hours. 

Expression levels were measured by RT-qPCR; L32 was used a normaliser. This was 

performed in duplicate and the biological repeats were 3. Values indicate mean±SEM. 

Unpaired student t tests were performed between each two groups. *, P<0.05. 

 

The resistant RPMI8226R and RPMI226H MM cells showed higher mRNA level of 

CAXII than sensitive cell line. This increase also happened to CAIX mRNA in hypoxia-

induced cells but was not observed in the acquired resistant RPMI8226R cells. For 

U266 cells, both resistant U266R and U266H cell lines showed an increase in CAXII 
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and CAIX mRNA level. With the treatment of tariquidar, only RPMI8226R cell line 

treated with tariquidar showed a significant increase compared with sensitive 

RPMI8226 cells while the non-treated RPMI8226R did not show this increase. 

 

3.7.2 Assessing the effect of CAXII inhibition by psammaplin c on the mRNA 

levels of CAXII and Trx in the resistant myeloma cell lines 

Next, we tested the effected of CA XII inhibition by psammaplin c on the mRNA level 

of CAXII and CAIX. The mRNA levels of CA XII and CA IX in sensitive and BTZ 

resistant RPMI8226 and U266 MM cell lines treated with 10 nM psammaplin c were 

measured by RT-qPCR. L32 gene was used as a housekeeping gene. These results are 

shown in Figure 3.17. 
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Figure 3.17: The mRNA levels of CA XII and CA IX in sensitive and BTZ resistant 

RPMI8226 and U266 MM cell lines treated with psammaplin c. 

A and C, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 

hours. RPMI8226H were cultured under hypoxia (1% O2) for 24 hours. 

RPMI8226R+Ps.C were treated with psammaplin c (10 nM) under normoxia (21% O2) 

for 24 hours. RPMI8226H+Ps.C were treated with psammaplin c (10 nM) under 

hypoxia (1% O2) for 24 hours. B and D, U266 and U266R were cultured under 

normoxia (21% O2) for 24 hours. U266H were cultured under hypoxia (1% O2) for 24 

hours. U266R+Ps.C were treated with psammaplin c (10 nM) under normoxia (21% O2) 

for 24 hours. U266H+Ps.C were treated with psammaplin c (10 nM) under hypoxia (1% 

O2) for 24 hours. Expression levels were measured by RT-qPCR; L32 was used a 

normaliser. This was performed in duplicate and the biological repeats were 3. Values 

indicate mean±SEM. Unpaired student t tests were performed between each two groups. 

*, P<0.05. 

 

With the treatment of CAXII inhibitor psammaplin c, the RPMI8226R cells showed a 

significant increase of CAIX levels but not of CAXII levels. Interestingly, U266R cells 

showed an inverse tendency. The CAXII mRNA showed a larger increase and CAIX 

showed a decrease in U266R cells, although there was no significant difference. For 
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hypoxia-induced resistant RPMI8226H and U266H, no significant difference was 

showed under psammaplin c treatment compared to the sensitive RPMI8226 and U266 

cells. 

 

3.7.3 Assessing the effect of Trx system inhibition by auranofin on the mRNA 

levels of CAXII in the resistant myeloma cell lines 

Lastly, we tested the effect of Trx system inhibition by auranofin on mRNA levels of 

CAXII and CAIX. The mRNA levels of CA XII and CA IX in sensitive and BTZ 

resistant RPMI8226 and U266 MM cell lines treated with 1 μM auranofin were 

measured by RT-qPCR. L32 gene was used as a housekeeping gene. These results are 

shown in Figure 3.18. 
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Figure 3.18: The mRNA level of CA XII and CA IX in sensitive and BTZ resistant 

RPMI8226 and U266 MM cell lines treated with auranofin. 

A and C, RPMI8226 and RPMI8226R were cultured under normoxia (21% O2) for 24 

hours. RPMI8226H were cultured under hypoxia (1% O2) for 24 hours. 

RPMI8226R+Au were treated with auranofin (1 μM) under normoxia (21% O2) for 24 

hours. RPMI8226H+Au were treated with auranofin (1 μM) under hypoxia (1% O2) for 

24 hours. B and D, U266 and U266R were cultured under normoxia (21% O2) for 24 

hours. U266H were cultured under hypoxia (1% O2) for 24 hours. U266R+Au were 

treated with auranofin (1 μM) under normoxia (21% O2) for 24 hours. U266H+Au were 

treated with auranofin (1 μM) under hypoxia (1% O2) for 24 hours. Expression levels 

were measured by RT-qPCR; L32 was used a normaliser. This was performed in 

duplicate and the biological repeats were 3. Unpaired student t tests were performed 

between each two groups. *, P<0.05. 

 

The resistant RPMI8226R did not show a significant difference between treated and 

untreated cells with auranofin, but the CAXII showed a decrease in RPMI8226+Au 

group. Similarly, the CAXII and CAIX mRNA did not change in acquired resistant 

U266R myeloma cells treated with auranofin. However, the significant difference 
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between resistant U266R and sensitive U266 disappeared, which indicates the 

auranofin-induced decrease of mRNA level of CAXII and CAIX. In hypoxia-induced 

resistant myeloma cells, the effect of auranofin was more distinct. Auranofin 

significantly downregulated CAXII and CAIX expression in RPMI8226H and U266H 

cells, only CAIX showed a significant difference in U266H cells. 

 

3.8 Discussion 

BTZ as a proteasome inhibitor has been widely used in MM treatment since 2003; it 

has been shown to have remarkable curative effects for MM. However, with the use of 

BTZ, the drug resistance has been gradually revealed. For the past 10 years, the 

mechanisms of BTZ resistance in MM have been discussed in many studies. In the 

probable causes of BTZ resistance in MM, the Pgp has been implicated because of its 

role of drug resistance in other diseases. However, there was controversy in the role of 

Pgp in MM in some studies. The crux of the dispute was the expression levels of Pgp 

in BTZ resistant MM. It is generally recognized that Pgp is not expressed at a high level 

in all myeloma cell. (Schwarzenbach, 2002). In BTZ resistant myeloma cells, some 

studies showed that the expression of that Pgp is not increased in the BTZ resistant MM 

(Schwarzenbach, 2002, O’Connor et al., 2013, Sonneveld et al., 1992, Besse et al., 

2018). However, other studies showed the expression of Pgp in BTZ-resistant MM was 

higher than in BTZ-sensitive MM cells (Abraham et al., 2015, Buda et al., 2010). In 

addition, other studies showed that BTZ treatment decreased the expression levels of 

Pgp (O’Connor et al., 2013). Therefore, in this project, the acquired and hypoxia-

induced BTZ resistant RPMI8226 and U266 MM cells were generated and the 

expression levels of Pgp were assessed.  

 

In our studies, MTT assays showed that both acquired and hypoxia-induced BTZ 

resistant RPMI8266 and U266 showed BTZ resistance compared to their parental cell 

lines (Figure 3.1 and 3.2). Meanwhile, the Pgp inhibitor tariquidar reduced this BTZ 
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resistance in both acquired and hypoxia-induced BTZ resistant RPMI8226 and U266 

MM cell lines and recovered the drug sensitivity (Figure 3.3-3.5).  

The qRT-PCR result showed that the mRNA levels of acquired and hypoxia-induced 

RPMI8226 and U266 MM cells were higher than their parental cells (Figure 3.6). This 

increase of mRNA level of Pgp was approximately 2-4 fold.  

The calcein AM assay revealed that the Pgp activity of acquired and hypoxia-induced 

RPMI8226 and U266 was higher than their parental sensitive cells (Figure 3.7). It was 

found that the residual BTZ in the cells may influence the result of Pgp activities in this 

assay, which may be the reason for the decrease of Pgp activities in the BTZ resistant 

Pgp positive cells.  

The western blot of Pgp in acquired and hypoxia-induced RPMi8226 and U266 was 

performed, but the Pgp protein was not found. In Besse’s study, their BTZ resistant 

ARH cell line showed a slightly higher Pgp expression than sensitive ARH cells, 

whereas neither sensitive ARH cells nor BTZ resistant MM cells showed the Pgp 

protein in the western blot (Besse et al., 2018). This problem could be because the low 

expression level of Pgp; the quantitation cycle of Pgp was from 23 to 28 while the 

quantitation cycle of housekeeping gene RPL32 was 16-18. Other reasons could be a 

structure change may occur due to a point mutation. The C3435T mutation of Pgp was 

mentioned in many studies and was correlated with the Pgp protein levels and substrate 

uptake (Hitzl et al., 2001, Ameyaw et al., 2001), which may also explain this result, but 

the evidence is required to support this hypothesis. Certainly, technical issues with the 

antibody may occur. However, unfortunately, because of inadequate time, this 

experiment was not repeated. Purchase and retrying of anther antibody could solve this 

problem and this problem can be discussed in the future study. 

 

Recent studies show that the CAXII is overexpressed in the Pgp-positive 

chemoresistant cells and its activity is necessary for the activity of Pgp, and the 

inhibition of CA XII overcomes the Pgp-mediated chemoresistance (Kopecka et al., 

2015, Kopecka et al., 2016). We hypothesised this pathway also occurred in BTZ 
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resistant MM and therefore investigated the relationship between CAXII and BTZ 

resistance. This study, for the first time, investigated the effect of the CAXII inhibitor 

psammaplin c on the cell growth in acquired and hypoxia-induced BTZ resistant 

RPMI8226 and U266 MM cells. The qRT-PCR results showed that the acquired and 

hypoxia-induced RPMI8266 and U266 cells had higher expression levels of CAXII 

than their sensitive parental cells; this increase of CAXII mRNA was from 2 to 4-fold. 

The MTT assays showed that the specific CAXII inhibitor psammaplin c reduced the 

BTZ resistance and re-sensitized the cells to BTZ (Figure 3.9-3.11). The qRT-PCR 

showed that the mRNA expression levels of acquired and hypoxia-induced BTZ 

resistant RPMI8226 and U266 MM cell did not change compared with their sensitive 

parental cells (Figure 3.12). The calcein assay results showed that the psammaplin c 

reduced BTZ resistance in the acquired and hypoxia-induced BTZ resistant RPMI8226 

and U266 MM cells (Figure 3.13). This indicated the psammaplin c inhibited the 

activity of CAXII and suppressed the activity of Pgp, thus reducing the BTZ resistance 

in the MM cells. 

 

The previous structural studies showed CAXII has a single disulphide linkage between 

Cys-23 and Cys-203, and the protein contains other conserved cysteine residues 

(Waheed and Sly, 2017), which shows the possibility that the Trx system may regulate 

CAXII. Meanwhile, the structure of Pgp also contains a disulfide bond, which also 

warrants a study to determine if the Trx system may regulate Pgp. Therefore, we 

investigated the effect of pharmacological inhibition by the inhibitors of the Trx system 

on the expression levels es activities of Pgp in BTZ resistant MM cells. We found that 

the Trx system inhibitor auranofin reduced the Pgp expression level in the hypoxia-

induced BTZ resistant RPMI8226 MM cells and acquired BTZ resistant U266 MM cell. 

Moreover, auranofin reduced the Pgp activity in the acquired BTZ resistant U266 cells 

(Figure 3.14 and 3.15). The results suggest auranofin may have the potential to reduce 

the expression levels of Pgp and activities of Pgp in some MM cell lines. 
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Next, the effects of pharmacological inhibition of Pgp, CAXII, and Trx system on the 

expression level of CAXII in acquired and hypoxia-induced BTZ resistant RPMI8226 

and U266 MM cells were also investigated. It was found that the Pgp inhibitor 

tariquidar did not influence the mRNA level of CAXII (Figure 3.16). The CAXII 

inhibitor psammaplin c did not affect the mRNA level of CAXII (Figure 3.17). 

Treatment with auranofin decreased the mRNA level of CAXII in the hypoxia-induced 

BTZ resistant RPMI8226 and U266 MM cells but did not change the CAXII mRNA in 

acquired BTZ resistant RPMI8226 and U266 MM cells (Figure 3.18). This 

difference may be due to HIF-1α; Welsh’s study showed that Trx1 can increase HIF-1α 

expression (Welsh et al., 2002). The inhibition of Trx1 by auranofin may decrease the 

expression of HIF-1α, and the decrease of HIF-1α may reduce the expression of CAXII.  

 

In addition, CAIX, another member of the CA family, has a similar function with CAXII. 

and was also reported to be associated with tumours in many studies (Chen et al., 2018, 

Metwalli et al., 2014, Tafreshi et al., 2016). Therefore, the mRNA levels of CAIX were 

measured at the same time we tested the mRNA levels of CAXII. This study found that 

the CAIX mRNA increased in both acquired and hypoxia-induced BTZ resistant 

RPMI8226 and U266 MM cells (Figure 3.8). Interestingly, in the hypoxia-induced BTZ 

resistant cells, RPMI8226H showed a higher CAIX expression level while U266H 

showed a higher CAXII expression level. Chen’s study reported the different 

expression of CAIX and CAXII in breast cancers (Chen et al., 2018), which implicated 

this difference may happen in other cancer cells. We also found that only psammaplin 

c significantly increased the CAIX expression in acquired BTZ resistant RPMI8226 

MM cells (Figure 3.16-3.18). 

 

In conclusion, our research showed the acquired and hypoxia-induced BTZ resistant 

RPMI8225 and U266 MM cells had higher Pgp expression level. The CAXII inhibitor 

reduced the Pgp activity and overcame the BTZ resistance in the acquired and hypoxia-

induced RPMI8226 and U266 MM cells. The Trx system inhibitor auranofin was able 
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to reduce the expression levels of Pgp and CAXII in some BTZ resistant MM cell lines. 

This study recommends considering Pgp, CAXII, and Trx as molecular targets for 

inhibition in anti-MM therapy. 
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Chapter 4: Analysis of differently 

expressed genes in relapsed MM 

4.1 Introduction 

Pgp is a member of the ABC transporters superfamily. This transporter is the most 

studied of the multidrug resistance proteins. It has been shown to play an important role 

in drug resistance in cancer. The substrates of Pgp includes various anti-cancer drugs, 

for example, vinca alkaloids, epipodophyllotoxins, actinomycin D and doxorubicin 

(Abraham et al., 2015). Pgp has been confirmed to be associated with drug resistance 

in various cancers including breast, lung, colon, and kidney cancer (Watts et al., 2001, 

Amiri-Kordestani et al., 2012, Abraham et al., 2015). 

 

 In recent years, the role of Pgp in BTZ resistant MM has been studied. It has been 

shown that BTZ is one of the substrates of Pgp (O’Connor et al., 2013). However, the 

correlation between Pgp and BTZ resistance in MM conflicts in some studies. Clemens 

et el. found that there was no increase of Pgp mRNA in MM cell lines Karpas-620, 

L363, OPM-2, EJM, KMM-1, LP-1, RPMI-8226 and U266 treated with BTZ and 

another proteasome inhibitor ixazomib for 4 days. They also found another proteasome 

inhibitor carfilzomib decreases Pgp mRNA levels in some MM cell lines (Clemens et 

al., 2017). Besse and colleagues found that the expression of Pgp did not increase in the 

acquired BTZ resistant MM cell line AMO, while the other proteasome inhibitor 

carfilzomib induced the overexpression of Pgp in AMO cell line (Besse et al., 2018). 

On the other hand, a recent study showed that the combination of bortezomib with 

elacridar, a Pgp inhibitor, enhanced the sensitivity of the cells to BTZ in the MM cell 

lines RPMI8226 that overexpressed Pgp (Michaelis et al., 2006). Muz found that 

tariquidar sensitizes MM cells to proteasome inhibitors (BTZ and carfilzomib) via 

reduction of Pgp-mediated drug resistance in hypoxia-induced drug resistant MM cell 

lines OPM2, H929, MM.1S, and U266 (Muz et al., 2017). The results presented in 
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Chapter 3 also support a role for Pgp in BTZ resistance in MM. 

 

Considering the polymorphisms of cancer cells, the bioinformatics methods were used 

to analyze big data to investigate the expression levels of genes studied in this project 

and find the potential target of BTZ resistance in MM  

 

The studies reported in this chapter were designed to use bioinformatics method to 

investigate:  

(i) the expression levels of genes of Pgp and CAXII, (ii) the differently expressed genes 

in resistant MM, and (iii) the potential target of BTZ resistance in MM. 

 

4.2 Analysis of Pgp expression 

We aimed to analyze the expression level of Pgp, CA XII and Trx system in BTZ 

resistant MM patients. The expression levels of the Trx system have been analyzed in 

the previous studies (Raninga et al., 2015, Raninga et al., 2016). The Trx and Trx1 both 

showed significantly higher mRNA expression level in the BTZ resistant MM patients 

than in the BTZ sensitive MM patients. Therefore, the expression levels of Pgp and CA 

XII in a number of patients’ samples were analyzed by using bioinformatics methods 

to compare to in vitro results and study. First, the expression levels of Pgp was analysed 

by using a gene expression database 

 

In the database (GSE6477), the normal cells, SMM myeloma cells, MGUS myeloma 

cells, newly diagnosed myeloma cells, and relapsed MM cell were collected from 

different patients after BTZ treatment. Expression profiling by arrays was performed 

using GPL96 platform. The expression levels were measured and shown in the log2 of 

Affymetrix units. (Figure 4.1). 
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Figure 4.1: Pgp mRNA level in the gene expression database (GSE6477) 

Expression of Pgp in normal cells (Normal, n=14), smoldering multiple myeloma 

(SMM, n=23), monoclonal gammopathy of undetermined significance (MGUS, n=23), 

newly diagnosed MM (newly diagnosed, n=75), and relapsed MM after BTZ treatment 

(Relapsed, n=28) were determined from the gene expression profile arrays deposited in 

the gene expression omnibus database (GSE6477). One-way ANOVA followed by 

Tukey’s post-test were employed. *, P<0.05. 

  

As shown in Figure 4.1, the Pgp levels in relapsed MM cells is significantly higher than 

the expression level of normal cells. In addition to this, there is no significant difference 

between the other groups. 

In the database GSE4581, MM cells of 414 newly diagnosed patients were collected, 

meanwhile the survival situation patients were collected after a total BTZ therapy. 

According to this, patients were divided into two groups: alive or death by other cause 

and disease related death after a total BTZ therapy. Expression profiling by arrays was 

performed in GPL570 platform. The mRNA levels of Pgp were analysed and the result 

is shown in Figure 4.2. 
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Figure 4.2: Pgp mRNA level in the expression profile arrays (GSE4581) 

Expression of Pgp in survival group (alive or death by other cause, n=334) and death 

group (disease related death, n=80) MM patients was determined from the gene 

expression profiling data deposited in the gene expression omnibus database 

(GSE4581). Unpaired student’s t test was performed.  *, P<0.05. 

 

As shown in Figure 4.2, there was no significant difference of Pgp mRNA level between 

survival group and death group.  

In the database GSE9782, MM cells of 170 relapsed MM patients after BTZ treatment 

were collected. According to response to BTZ, patients were divided into two groups: 

nonresponse and response. Expression profiling by arrays was performed in GPL97 

platform. The Pgp expression levels of this dataset were analysed and the results are 

shown in Figure 4.3. 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL570
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Figure 4.3: Pgp mRNA level in the expression profile arrays (GSE9782) 

Expression of Pgp in relapsed MM patients (after BTZ treatment) who responded to 

BTZ (n=85) and did not respond to BTZ (n=85) was determined from the gene 

expression profiling data deposited in the gene expression omnibus database 

(GSE9782). Unpaired student’s t test was performed. *, P<0.05. 

 

As shown in Figure 4.2, there was a significant difference in Pgp expression level 

between the two groups. This result showed that the relapsed MM patients responded 

to BTZ after BTZ treatment showed a higher Pgp expression level than the patients who 

did not respond to BTZ. However, this increase is slight. 

 

4.3 Analysis of CAXII expression 

Few studies focused on the expression level of CAXII in the BTZ resistant MM. 

Therefore, we were also interested in the CA XII mRNA in the relapsed MM pateints. 

The dataset GSE6477 was used to analyse the difference of CAXII between newly 

diagnosed and relapsed MM (Figure 4.4).  
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Figure 4.4: CAXII mRNA level in the gene expression database (GSE6477) 

Expression of CAXII in normal cells (Normal, n=14), smoldering multiple myeloma 

(SMM, n=23), monoclonal gammopathy of undetermined significance (MGUS, n=23), 

newly diagnosed MM (newly diagnosed, n=75), and relapsed MM after BTZ treatment 

(Relapsed, n=28) were determined from the gene expression profile arrays deposited in 

the gene expression omnibus database (GSE6477). One-way ANOVA followed by 

Tukey’s post-test were employed. *, P<0.05.  

 

As shown in Figure 4.4. There is no significant difference of CAXII between all five 

groups.  

In addition, in the database GSE4581, we analysed the CAXII of MM cells of patients 

survived and dead after total BTZ therapy (Figure 4.5). As shown in Figure 4.5, there 

was no significant difference of Pgp expression level between MM patients  
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Figure 4.5: CAXII mRNA level in the expression profile arrays (GSE4581) 

Expression of CAXII in survival group (alive or death by other cause, n=334) and death 

group (disease related death, n=80) MM patients was determined from the gene 

expression profiling data deposited in the gene expression omnibus database 

(GSE4581). Unpaired student’s t test was performed.  *, P<0.05. 

 

The CAXII expression levels of GSE9782 dataset were also shown and the results are 

shown in Figure 4.6. It is showed the mRNA levels of CAXII in resistant patients were 

significantly higher than sensitive patients. However, the fold change is not obvious.  
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Figure 4.6: CA XII mRNA level in the expression profile arrays (GSE9782) 

Expression of CA XII in relapsed MM patients (after BTZ treatment) who responded 

to BTZ (n=85) and did not respond to BTZ (n=85) was determined from the gene 

expression profiling data deposited in the gene expression omnibus database 

(GSE9782). Unpaired student’s t test was performed.  *, P<0.05. 

 

4.4 Analysis of gene expression in BTZ resistant MM 

After we determined the expression level of Pgp and CA XII in the MM patients, we 

also wanted to use these datasets to study known target genes in resistant multiple 

myeloma and to find new possible target genes. The expression profiling in newly 

diagnosed MM patients and relapsed MM patients in dataset GSE6477 were selected 

and an unpaired t test was performed. All genes with a significant difference (Fold 

difference>1.5, P<0.05) between newly diagnosed MM patients and relapsed MM 

patients were selected. A heatmap of these genes was created. This result is showed in 

Figure 4.7. 
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Figure 4.7: Heatmap analysis expression level in newly diagnosed and relapsed 

MM patients in dataset GSE6477. 

The row displays the expression level of genes and the column represents the samples. 

The mRNA level significantly decreased were displayed in blue (minimum value = -

2.41889), while the mRNA significantly increased were displayed in red (maximum 

value = 17.64322). The whiteness of each colour corresponding to the magnitude of the 

difference when compared with the average value. The heatmap was created by 

Morpheus software (Broad Institute). 
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A total of 327 genes showed a significant difference (Fold difference>1.5, P<0.05) 

between newly diagnosed and relapsed MM patients. There are 19 genes which were 

not named in the platform GPL97. After clustering, the characteristics of gene 

expression level in newly diagnosed and relapsed MM patients basically matched. 

There are 6 newly diagnosed MM patients showing the characteristics of gene 

expression level like relapsed MM patients. A total of 327 genes were divided into 2 

groups based on their expression level. The 178 genes showed decreased expression 

level in relapsed MM patients compared with newly diagnosed MM patients while 149 

genes showed increased expression in relapsed MM patients. The genes with a the top 

20-fold difference are shown in Table 4.1. 

 

Table 4.1: Top 20 differentially expressed genes (fold change) 

Gene Symbol Fold difference (log2) P value 

LAMP5 1.770309 0.009582 

MARCKS -1.47594 0.000533 

IGH /// IGHA1 /// IGHA2 -1.45847 0.013583 

SCN3A 1.418327 0.014384 

MARCKS -1.40359 0.000157 

TSPY1 /// TSPY10 /// TSPY3 /// 

TSPY4 /// TSPY8 

1.357993 0.005607 

MSTN 1.349714 0.000969 

EIF1AY -1.29414 0.047215 

THBS1 -1.2577 0.000498 

LAPTM4B -1.24409 0.011777 

GRB14 1.23957 0.000284 

IRF4 1.233401 0.002078 

BIRC3 -1.20919 0.01827 

ADAM28 -1.15696 0.038444 
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CSGALNACT1 -1.12119 0.00483 

KCNN3 -1.09884 0.021894 

UGT2B17 -1.09474 0.023396 

DKK1 1.087087 0.012217 

KLF6 -1.06922 0.008969 

 

Next, to investigate the crosstalk between the proteins of the genes that significantly 

changed in Figure 4.7. STRING analysis was performed. The results are shown in 

Figure 4.8. 
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Figure 4.8: STRING analysis of significantly different genes in relapsed MM 

patients. 

Nodes represent proteins. The empty nodes, proteins of the unknown 3D structure while 

the filled nodes, some 3D structure is known or predicted. Lines represent the 

interactions between two proteins which include known interactions (from curated 

databases and experimentally determined), predicted Interactions (gene neighbourhood, 

gene fusions, and gene co-occurrence), and others (textmining, co-expression, and 

protein homology). 

 

In the STRING analysis, the 327 genes were inputted into STRING and 273 genes were 

shown in Figure 4.8. The lines represent the interactions between two proteins which 

include known interactions (from curated databases and experimentally determined), 
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predicted Interactions (gene neighbourhood, gene fusions, and gene co-occurrence), 

and others (textmining, co-expression, and protein homology). Cystic fibrosis 

transmembrane conductance regulator (CFTR), homeobox protein Hox-A11 

(HOXA11), HLA class II histocompatibility antigen gamma chain (CD74), X-linked 

retinitis pigmentosa GTPase regulator-interacting protein 1 (FAM76A), thrombopoietin 

(THPO), delta-like protein 3 (DLL3), Chromobox protein homolog 7 (CBX7), NF-

kappa-B inhibitor alpha (NFKBIA) and other proteins were highlighted by STRING.  

 

However, the network created by STRING was intricacy and the relative expression 

level of each gene does not informant in the analysis. Therefore, we used another 

powerful tool, ingenuity pathway analysis (IPA) (QIAGEN), to identify the key 

regulators and pathways. The 327 genes shown in Figure 4.7 were input into IPA. 

Meanwhile, the expression level (fold difference and P value between relapsed patients 

and patients before BTZ treatment) were also imported to IPA as parameters. The results 

are shown in Figure 4.9 and the top 5 significant pathways were shown in Table 4.2 
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Figure 4.9: Canonical Pathways analysed by IPA 

IPA analysis of associated with differentially expressed genes in the relapsed MM 

patients. The classical IPA bar chart displays canonical pathways along the x-axis. The 

y-axis displays the - (log) significance. The z-score displays from the minimum value 

in blue to the maximum value in orange. Canonical pathways are listed from most 

significant (higher bars) to least significant (lower bars) and the orange horizontal line 

denotes the threshold for significance (p<0.05). 
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The IPA analysis highlighted 42 canonical pathways. The top 5 significant canonical 

pathways include PI3K signalling in B lymphocytes, fMLP signalling in neutrophils, 

FAT10 cancer signalling pathway, LXR/RXR activation, and the role of NFAT in the 

regulation of the immune response. The P-values and overlap of these 5 pathways are 

shown in Table 4.2. 

 

Table 4.2: Top 5 canonical pathways 

Name P-value Overlap 

PI3K signalling in B lymphocytes 3.87E-04 8.3 % (10/121) 

fMLP signaling in neutrophils 1.50E-03 7.5 % (9/120) 

FAT10 cancer signaling Pathway 2.62E-03 11.6 % (5/43) 

LXR/RXR activation 4.31E-03 7.0 % (8/115) 

Role of NFAT in the regulation of the immune 

response 

5.20E-03 5.8 % (10/171) 

 

The networks of significantly different canonical pathways were generated by IPA 

analysis. The networks of PI3K signalling in B lymphocytes, fMLP signalling in 

neutrophils, and FAT10 cancer signalling pathway are shown in Figure 4.10-4.12. 
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Figure 4.10: PI3K signalling in B lymphocytes 

The network of PI3K signalling in B lymphocytes. Up-regulated genes in relapsed 

patient vs. newly diagnosed in red, down-regulated genes in relapsed patients vs. newly 

diagnosed marked in green. 

 

As shown in Figure 4.10, in the PI3K signalling pathway, tyrosine-protein kinase (FYN), 

phospholipase C (PLC), calmodulin (CALM), and ETS transcription Factor (ELK1) 

were up-regulated in the relapsed patients while the B cell linker (BLNK), CD180, RAS, 

IκB, and NFκB were down-regulated in the relapsed patients. 
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Figure 4.11: fMLP signalling in neutrophils 

The network of fMLP signalling in neutrophils. Up-regulated genes in relapsed patient 

vs. newly diagnosed in red, down-regulated genes in relapsed patients vs. newly 

diagnosed marked in green. 

 

As shown in Figure 4.11, in the fMLP signalling pathway, ELK1, CALM, and 

phospholipase C beta (PLOβ) were up-regulated in the relapsed patients. 

Formylmethionylleucylphenylalanine receptor (fMLPR), protein kinase C (PKC), 

inositol trisphosphate receptor (P3R), IκB, and NF-κB were shown decreased 

expression levels. 
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Figure 4.12: FAT10 cancer signalling pathway 

The network of FAT10 cancer signalling pathway. Up-regulated genes in relapsed 

patient vs. newly diagnosed in red, down-regulated genes in relapsed patients vs. newly 

diagnosed marked in green. 

 

As shown in Figure 4.12, in the FAT10 signalling pathway, Homeobox B9 (HOXB9) 

was up-regulated in the relapsed MM patients. TCF4, CXCR4, NFKB1A, and NFκB 

were down-regulated in the relapsed MM patients. 

 

According to the differently expressed genes analysed by IPA, the possible regulators 

were highlighted by IPA. The top 20 upstream regulators are shown in Table 4.3. 
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Table 4.3: The top 20 upstream regulators in the relapsed MM 

Upstream 

Regulator 

Molecule 

Type 

P-value of 

overlap 

Target molecules in dataset 

TRAF3 enzyme 9.06E-06 BIRC3,CXCL12,NFKB2,NFKBIA,REL

B 

RELA transcription 

regulator 

1.02E-05 BHLHE40,BIRC3,CXCR4,ERAP1,FOS

B,IRF4,MGMT,MYB,NFKB2,NFKBIA,

PDE4B,RELB,TGM2,TNFRSF4 

IKBKG kinase 0.000104 BIRC3,NFKB2,NFKBIA,RELB 

TP53 transcription 

regulator 

0.000116 ABCB4,AURKA,BHLHE40,BIRC3,C9,

CD47,CLU,DKK1,DPYSL4,FASN,FYN

,HK2,KLF6,MCM4,MED13L,MGST2,

MST1,NFKB2,NFKBIA,PALLD,PDE4

B,PDE6A,THBS1,TJP1,TMSB10/TMS

B4X,TOP2A,TPD52L1 

IFNG cytokine 0.000138 CFTR,CXCR4,DKK1,FASN,FPR2,GSD

MD,H6PD,ICOSLG/LOC102723996,IL

17RB,KLF6,NFKBIA,NPY2R,SEPT4,S

OCS1,THBS1,TJP1,TYMP,ZNF81 

NFKB2 transcription 

regulator 

0.00016 BIRC3,CXCL12,CXCR4,IRF4,MYB 

RELB transcription 

regulator 

0.00016 BIRC3,IRF4,NFKB2,NFKBIA,RELB 

TNFRSF8 transmembra

ne receptor 

0.000209 IRF4,NFKB2,RELB 

CD24 other 0.000361 ASPM,CFTR,EMP3,NCOA3,PLCB1,R

ELB,TFPI,THBS1,TOP2A 

PRKCD kinase 0.000425 BIRC3,CXCL12,HJURP,ICOSLG/LOC

102723996,KLF5,KLF6,NFKB2,NFKBI
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A,RELB,SOCS1 

RAPGEF3 other 0.000496 CYP1B1, THBS1 

CD40LG cytokine 0.000515 ADAM28,BIRC3,CD27,MARCKS,NC

OA3,NFKB2,NFKBIA,TRAF4 

REL transcription 

regulator 

0.000656 IRF4,NFKB2,NFKBIA,RELB,TNFRSF

4 

PI3K 

(family) 

group 0.000886 BIRC3,CXCL12,CXCR4,FASN,KLF2,T

GM2,THBS1,TJP1 

RNA 

polymeras

e II 

complex 0.00108 ATP13A2,BLNK,CXCR4,CYP1B1,DK

K1,HOXA11,NCOA3,NFKBIA,TOP2A 

HIF1A transcription 

regulator 

0.0011 AURKA,CHKA,CXCL12,CXCR4,FHL

1,FHL2,FYN,HK2,ITGA1,PRKCA,TCF

4,THBS1 

ELK1 transcription 

regulator 

0.00181 ITGB6,PRKCA,THBS1,TPD52L1 

EPO cytokine 0.00266 PRKCA,TF,TJP1 

mir-150 microRNA 0.00289 CXCR4,MYB 

DKK1 growth factor 0.00289 BMP6,WNT5A 

 

As shown in Table 4.3, more than half (11/20) potential targets are the upstream 

regulators of NFκB pathway including TRAF3, RelA, IFNG, NFκB2, RelB, TNFRSF8, 

PRKCD, and CD40LG.  

 

4.5 Discussion 

In Chapter 3, it was determined that Pgp plays a role in the acquired and hypoxia-

induced BTZ resistant RPMI8226 and U266 MM cells. The mRNA levels and activities 

of Pgp were up-regulated in BTZ resistant cells, and the Pgp inhibitor tariquidar 
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overcame the BTZ resistance. However, the correlation between Pgp and BTZ 

resistance in MM conflicts with the results reported in other studies (Clemens et al., 

2017, Besse et al., 2018, Michaelis et al., 2006, Muz et al., 2017). Therefore, we 

analyzed gene expression microarray data of numerous clinical cases using 

bioinformatics tools to investigate the expression level of Pgp. The expression levels of 

CAXII were also investigated. Three datasets, GSE6477, GSE4581, and GSE9782, 

were used in this project. Our analysis showed that the expression level of Pgp and 

CAXII did not show a significant difference between newly diagnosed and relapsed 

MM patients (Figure 4.1 and 4.4). There is a significant difference of Pgp expression 

levels between normal people and relapsed patients whereas the newly diagnosed MM 

did not significantly change compared with normal people, which implicates the 

expression of Pgp slightly increased in relapsed patients. The pre-treated samples 

collected from patients survival group (alive or death by other cause after total therapy) 

and death group (disease related death after total therapy) did not show any significant 

difference (Figure 4.2 and 4.5). In the dataset GSE9782, the expression levels of Pgp 

and CAXII were significantly up-regulated in the relapsed MM patients, however, the 

increases of expression were lower than 2-fold (Figure 4.3 and 4.6).  

 

After the expression levels of Pgp and CAXII were analyzed, other differently 

expressed genes were also analysed. In many studies, BTZ treatment showed a high 

response rate (about 70%) in the initial therapy (Mikhael et al., 2009). Therefore, if the 

gene expression change affected the BTZ resistance, it could be detected between newly 

diagnosed and relapsed MM patients. The samples of GSE6477 were divided into 

different groups based on the stages of MM: normal, SMM MUGS, newly diagnosed, 

and relapsed. The dataset GSE6477 was analysed by unpaired student t test, and the 

significantly differently expressed genes were cut off (fold difference>1.5, P<0.05). 

Our results showed that the 327 genes were differently expressed genes and the 

interactions between these genes were complicated (Figure 4.7 and 4.8). Therefore, we 

used IPA to analyse the canonical pathways in the relapsed MM patients. We found 42 
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significantly different canonical pathways in the relapsed MM patients (Figure 4.9). 

PI3K signalling in B lymphocytes, fMLP signalling in neutrophils, and FAT10 cancer 

signalling pathway were the top 3 pathways in the relapsed MM patients (Figure 4.10-

12). 

 

NFκB and IκB play important roles in the three canonical pathways. They were 

significantly downregulated and have a role in top 3 canonical pathways in the relapsed 

patients. As mentioned before, the NFκB family contains five proteins: NF-κB1 (p50), 

NF-κB2 (p52), RelA (p65), RelB, and c-Rel. It is typically a heterodimer composed of 

p50 and p65 subunits and constitutively present in the cytosol and nucleus (Hideshima 

et al., 2009). Murray’s study showed the NF-κB subunit p65 was slightly increased in 

BTZ resistant U266 MM cells (Murray et al., 2015). A previous study showed that the 

expression level of NFκB subunit p65 was up-regulated in acquired and hypoxia-

induced BTZ resistant U266 and RPMI8226 MM cells. (Raninga et al., 2016). However, 

in our IPA analysis, the ID of NFκB2 was recognized as the NFκB, therefore, the NFκB 

showed in the IPA is NFκB2 gene. Moreover, the sequences of NFκB2 in the GPL96 

was checked to confirm that it conformed to all variants of NFκB2 gene. Both NFκB1 

and NFκB2 showed a high number of mutation which influences their function in MM 

cells (Demchenko and Kuehl, 2010, Courtois and Gilmore, 2006). The NFκB has a 

number of different downstream proteins with different functions (Roy et al., 2017, 

Courtois and Gilmore, 2006, Park and Hong, 2016). The mutation in the downstream 

proteins of NFκB cthe ould affects the role of NFκB in the BTZ resistance of MM. 

Considering the complexity of the expression, function, and crosstalk with other 

proteins, the role of NFκB could be more complicated than our known information. 

However, undoubtedly, NFκB pathway palys an important role in the BTZ resistance 

in the relapsed MM cells. 

 

ElK1 was upregulated in our analysis. ELK1 is ETS (E26 transformation-specific or E-

twenty-six) like 1 protein, it is a member of the ETS family of transcription factors and 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Murray%20MY%5BAuthor%5D&cauthor=true&cauthor_uid=25565020
javascript:;
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of the ternary complex factor (TCF) subfamily. ELK1 plays a role as a transcription 

activator, which regulates DNA binding to target sequences.  ELK 1 is a nuclear target 

for the ras-raf-MAPK signalling cascade, which increases cell proliferation and results 

in cancer. Cancer studies showed ELK1 is associated with breast cancer and prostate 

cancer (Ahmad et al., 2018, Wei et al., 2018). In MM, Baljevic’s study showed that 

patients with lower ELK1 levels have a higher survival rate than the patients with 

greater ELK1 expression. Therefore, ELK1 could be a marker or target for BTZ 

resistant MM cells in further studies. 

 

The HOXB9 gene encodes the homeobox protein Hox-B9. This protein is a member of 

the Abd-B homeobox family and functions as a sequence-specific transcription factor 

that is involved in cell proliferation and differentiation (Yaron et al., 2001). Upregulated 

HOXB9 is associated with many cancers including leukemia, endometrial cancer, colon 

cancer, and breast cancer (Seki et al., 2012, Wan et al., 2018, Huang et al., 2014, Rice 

and Licht, 2007). In MM, Agnelli’s study showed that the overexpression of homeobox 

genes is associated with the major primary immunoglobulin heavy chain locus 

translocations in MM patients, Therefore, HOXB9 could be a regulator for BTZ 

resistance in MM cells. 

 

CALM, calcium-modulated protein, is a multifunctional intermediate calcium-binding 

messenger protein. It functions as a massager of Ca2+; the binding of Ca2+ is required 

for the activation of calmodulin. Once CALM bound to Ca2+, a number of protein 

kinases and phosphatases are mediated by the calmodulin- Ca2+ complex. A recent 

study suggested the CALM uniquely promotes signalling of oncogenic K-Ras, which 

is associated with the binding to PI3Kα (Nussinov et al., 2017). Therefore, CALM 

could be a poetical target for BTZ resistance in MM. 

 

Fyn, tyrosine-protein kinase, is a tyrosine-specific phospho-transferase. It is a member 

of the Src family of non-receptor tyrosine protein kinases, which has been heavily 

https://en.wikipedia.org/wiki/Transcription_activator
https://en.wikipedia.org/wiki/Transcription_activator
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studied in cancer and is considered as a proto-oncogene. Fyn phosphorylates tyrosine 

residues on key targets involved in different signalling pathways; it functions as a 

growth factor, cytokine receptor signalling, integrin-mediated signalling, and others. 

The overexpression of Fyn has been shown to be associated with the increased 

anchorage-independent growth and prominent morphologic changes in cancer. Fyn has 

been reported to be a promising treatment for mantle cell lymphoma with BTZ 

resistance(Kim et al., 2015). It was also reported that Fyn showed increased expression 

in the dexamethasone resistant MM (Iyer et al., 2003). Therefore, Fyn could be a target 

for BTZ resistance in MM. 

 

IPA analysis also highlighted the hypothetical upstream regulators in the relapsed MM 

(Table 4.3). The most key target is the regulator involved in the NFκB pathway 

including TRAF3, RelA, IFNG, NFκB2, RelB, TNFRSF8, PRKCD, and CD40LG. 

These results implicate the critical role of NFκB pathway in the BTZ resistance of MM.  

 

In conclusion, this research showed Pgp and CAXII have higher expression in MM 

patients who respond to BTZ than the patients who do not respond to BTZ. In addition, 

bioinformatics analysis found 327 differently expressed gene in the relapsed MM 

patients. The interactions analysis by IPA suggested potential targets for BTZ resistance 

in the relapsed MM cells including NFκB, ElK1, HOXB9, CALM, and Fyn. Our 

finding suggests considering NFκB as a more complicated factor, and considering ElK1, 

HOXB9, CALM, and Fyn as a therapeutic target in MM. 
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Chapter 5:  Final discussion 

5.1 Final discussion 

The overall aim of this project was to investigate the role of Pgp, CAXII in the BTZ 

resistant MM cells including the relationship between the Trx system, CAXII, and Pgp 

in the BTZ resistant MM cells. This project also aimed to analyse big biological data to 

investigate the expression of Pgp and CAXII in MM patients and to find new targets 

for BTZ resistance in MM. 

 

MM, also known as plasma cell myeloma, is a hematological cancer. In 2003, the first 

proteasome inhibitor BTZ was approved by the U.S. Food and Drug Administration to  

use to treat MM(Adams, 2002a). This dipeptide boronic acid analogue bortezomib is a 

proteasome inhibitor that targets 26S proteasome complex and became an effective 

anti-MM drug (Adams, 2002a) However, despite these encouraging progress, drug 

resistance remains a prominent challenge to myeloma therapy using BTZ. MM is still 

considered as an incurable disease (Franke et al., 2008). Therefore, it is important to 

understand the mechanism of action of BTZ and the mechanism of BTZ resistance in 

MM. 

 

The essence of the mechanisms of the action of BTZ is the inhibition of the proteasome, 

which inhibits the protein degradation of the ubiquitin-proteasome pathway. This 

inhibition results in the blocking the degradation of abnormal proteins, thus triggering 

ER stress and apoptosis and the blocking the degradation of key regulatory proteins, 

thus directly altering pro-survival or pro-apoptotic signalling cascades. The 

mechanisms of BTZ resistance is complicated, which include genetic abnormalities in 

the proteasome, use of alternative protein degradation pathway, aberrant survival 

signalling pathways, metabolism, microenvironment , and drug efflux.  

 

Recent years, the role of Pgp in BTZ resistant MM has been studied. It has been shown 
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that BTZ is one of the substrates of Pgp (O’Connor et al., 2013). However, the 

correlation between Pgp and BTZ resistance in MM conflicts in different studies 

(Abraham et al., 2015). Therefore, we investigated the role of Pgp in the BTZ resistant 

MM cells. This research found that the mRNA level and expression level of Pgp were 

upregulated (Figure 3.6 and 3.7), and the inhibition of Ppg by tariquidar overcame the 

BTZ resistance (Figure 3.4 and 3.5) in both acquired and hypoxia-induced RPMI8226 

and U266 MM cells. These results suggest that the Pgp indeed play a role in the BTZ 

resistance. Our results conflict with other studies; the study by Clemens (Clemens et al., 

2017) and study by Besse (Besse et al., 2018) showed the BTZ did not induce the 

overexpression of Pgp in MM. These opposite results are likely because of the different 

gene mutation during the BTZ treatment. Franke et al. showed the mutation of PSMB5 

in acquired BTZ resistant RPMI8226 MM cells (Franke et al., 2008) while Balsas et al. 

used the same RPMI8226 cells to establish the acquired BTZ resistant cells but these 

were no mutation in the PSMB5 (Balsas et al., 2012). Some studies showed NFκB is 

constitutively activated in BTZ resistant MM cells (Markovina et al., 2008, Yang et al., 

2008). However, Hideshima reported that a significant fraction of patients’ MM cells 

treated with BTZ did not activate NFκB. These evidence support that the different 

genetic abnormalities or gene mutation could result in different results. However, in the 

hypoxia-induced BTZ resistant cells, our results are similar to others. Muz et el. found 

that tariquidar sensitizes MM cells to BTZ in hypoxia-induced drug resistant U266 MM 

cells (Muz et al., 2017). Compared to hypoxia, exposure to BTZ could increase the rate 

of gene mutation. However, there was no research which especially study this question 

in MM. Generally, the toxicity of anti-cancer drug and survival stress caused by a drug 

could induce the gene mutations (Fitzgerald et al., 2017, Miles and Hawkins, 2018). 

Under the circumstances, we wondered whether our acquired BTZ resistant MM cells 

are common or rare. However, the degree of acquired mutations, the effect of mutations 

on our results is not clear. DNA sequencing technologies could be used to study. 
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Recent studies showed that CAXII is overexpressed in the Pgp-positive chemoresistant 

cells and its activity is necessary for the activity of Pgp, and the inhibition of CAXII 

overcomes the Pgp-mediated chemoresistance by regulating intercellular pH (Kopecka 

et al., 2015, Kopecka et al., 2016). Our findings showed that the pharmacological 

CAXII inhibition by psammaplin c could regulate the Pgp activities and reduce BTZ 

resistance in MM cells. Therefore, this project suggests CAXII could be a new target 

for BTZ resistance in MM 

 

Welsh’s study showed that Trx1 can increase HIF-1α expression levels. (Welsh et al., 

2002). Meanwhile, HIF-1α can induce the expression levels of Pgp and CAXII. (Ding 

et al., 2010, Liao et al., 2009). A previous study also showed that the inhibition of Txr 

system by auranofin decreased the activities of NFin MM. Our results showed that the 

inhibition by auranofin decreased the mRNA levels of Pgp in hypoxia-induced BTZ 

resistant RPMI8226 cells (Figure 3.14) and the mRNA levels of CAXII in the hypoxia-

induced BTZ resistant RPMI8226 and U266 MM cells (Figure 3.18). This could be 

because the inhibition of the Trx system inhibited the activities of NFκB, thus 

downregulated the expression levels of HIF-1α, thus inhibit the expression levels of 

Pgp and CAXII. However, auranofin did not downregulate the mRNA level of Pgp in 

U266H (Figure 3.14). This difference can be discussed in further studies. 

 

In addition, considering the different results about the role of Pgp in BTZ resistant MM 

cells, we aimed to analyse the gene expression profiling in a large number of clinical 

cases to understand the Pgp expression levels. The analysis of CAXII expression was 

also performed at the same time. Pgp and CAXII in the patients who initially responded 

to BTZ showed the significantly increased expression than the patients who did not 

respond to BTZ (Figure 4.3 and 4.6). This result may support that Pgp and CAXII play 

a role in the BTZ resistant MM cells, which is suggested in Chapter 3. 

 

The BTZ treatment showed a high response rate (about 70%) in the initial therapy 
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(Mikhael et al., 2009). 50% of initially BTZ-sensitive MM patients do not respond to 

BTZ once the MM is relapsed (Lonial et al., 2011). We also aimed to investigate the 

difference of gene expression during the BTZ treatment in clinical cases. Our analysis 

found 327 differently expressed gene in the relapsed MM patients compared with newly 

diagnosed MM patients (Figure 4.7). IPA analysis showed that the canonical pathways 

including PI3K signalling, fMLP signalling, and FAT10 cancer signalling pathways and 

others. Meanwhile, NFκB, ElK1, HOXB9, CALM, and Fyn showed different 

expression between newly diagnosed and relapsed MM patients. The NFκB showed 

down-regulated in the relapsed MM patients while ElK1, HOXB9, CALM, and Fyn 

showed up-regulated in relapsed MM patients (Figure 4.10-4.12). The upstream 

regulators include TRAF3, RelA, IFNG, NFκB2, RelB, TNFRSF8, PRKCD, and 

CD40LG, which indicates the critical role of NFκB pathway in the BTZ resistance of 

MM (Table 4.3). 

 

In conclusion, this project highlights the role of Pgp and CAXII in the resistant MM 

cells. Meanwhile, the project also showed the inhibition of the Trx system regulated 

CAXII and Pgp expression levels. In addition, the bioinformatics analysis found 327 

differently expressed genes in the relapsed MM patients compared to newly diagnosed 

MM patients. The interactions analysis by IPA suggested potential targets for BTZ 

resistance in the relapsed MM cells including NFκB, ElK1, HOXB9, CALM, and Fyn. 

 

5.2 Future directions 

There were some unavoidable issues in this research. First, western blot did not show 

the Pgp protein. Thus, we could not confirm the protein level of Pgp, thus could not 

confirm the function of the pharmacological inhibitor of Pgp, CAXII, and Trx system. 

The results in Chapter 3 only showed their effect on cell growth, Pgp activities, and Pgp 

mRNA. It is not possible to confirm whether the inhibitors reduced the proteins 

activities or reduced the protein level of Pgp. A western blot experiment using a new 
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antibody is required in the future. Second, a more accurate CA activity assay should be 

designed for further study about the interaction between Trx system and CAXII. Third, 

all experiments were at the cellular level, if we aimed to confirm whether the Trx 

reduces the disulphide bond in CAXII or Pgp, the molecular and structure experiment 

should be performed. In addition, the inhibition of Pgp, CAXII, and Trx system by 

siRNA should be performed to confirm the crosstalk between these three proteins. 

 

In the bioinformatic analysis, we used the gene expression profile between newly 

diagnosed MM patients and relapsed patients. This analysis investigated the gene 

change during the BTZ treatment. Strictly, this analysis did not classify the BTZ 

sensitive MM patients and BTZ resistant MM patients. The database GSE9782 divide 

patients into BTZ response and BTZ non-response MM patients. However, this 

database collected the gene expression profiling before BTZ treatment. Ideally, 

classification including four groups, BTZ sensitive and resistant gene expression 

pattern before and after BTZ therapy should be suitable for the analysis. 
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Appendices 

Appendix 1 

S1 Supplementary information for chapter 3 

S1.1 Effect of inhibition of Pgp, CAXII, and Trx system on the Pgp activities in the 

BTZ sensitive RPMI8226 and U266 MM cells 

 

The calcein AM assays were performed to test the effect of inhibition of Pgp, CAXII, 

and Trx system on the Pgp activities in the BTZ sensitive RPMI8226 and U266 MM 

cells. These experiments contributed to confirm that these inhibitors did not influence 

the Pgp activities in the BTZ resistant MM cells. These results were shown in Figure 

S1.1. 
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Figure S1.1 Effect of tariquidar, psammaplin c, and auranofin on the Pgp activities 

in the BTZ sensitive RPMI8226 and U266 MM cells. 

A, RPMI8226 were cultured under normoxia (21% O2) for 24 hours. RPMI8226+Tar 

were cultured with tariquidar (40 nM) under normoxia (21% O2) for 24 hours. 

RPMI8226+Ps.C were cultured with psammaplin c (10 nM) under normoxia (21% O2) 

for 24 hours. RPMI8226+Au were cultured with auranofin (1 μM) tariquidar under 

normoxia (21% O2) for 24 hours. B, U266 were cultured under normoxia (21% O2) for 

24 hours. U266+Tar were cultured with tariquidar (40 nM) under normoxia (21% O2) 

for 24 hours. U266+Ps.C were cultured with psammaplin c (10 nM) under normoxia 

(21% O2) for 24 hours. U266+Au were cultured with auranofin (1 μM) tariquidar under 

normoxia (21% O2) for 24 hours. Pgp activities was assessed by calcein AM assays. 

Each experiment was performed in triplicate and the biological repeats were 3. Values 

indicate mean±SEM. One-way ANOVA followed by Tukey’s post-test were employed. 

*, P<0.05. **, P<0.01. ***, P<0.001. ****, P<0.0001. 

 

 

S1.2 Effect of inhibition of Pgp, CAXII, and Trx system on the mRNA levels in the 

BTZ sensitive RPMI8226 and U266 MM cells 

 

To confirm the effect of the inhibition of Pgp, psammaplin c, and Trx system on the 

mRNA levels of Pgp and CAXII in the BTZ resistant MM cells, the influence of these 

inhibitions on the sensitive MM cells was also investigated to confirme that these 

inhibitors did not influence the mRNA level of CAXII in the BTZ sensitive MM cells. 

Meanwhile, the mRNA level of CAIX were also tested during the experiments. These 

results were shown in Figure S1.2 
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Figure S1.1 Effect of tariquidar, psammaplin c, and auranofin on the mRNA levels 

in the BTZ sensitive RPMI8226 and U266 MM cells. 

A and C, RPMI8226 were cultured under normoxia (21% O2) for 24 hours. 

RPMI8226+Tar were cultured with tariquidar (40 nM) under normoxia (21% O2) for 

24 hours. RPMI8226+Ps.C were cultured with psammaplin c (10 nM) under normoxia 

(21% O2) for 24 hours. RPMI8226+Au were cultured with auranofin (1 μM) tariquidar 

under normoxia (21% O2) for 24 hours. B and D, U266 were cultured under normoxia 

(21% O2) for 24 hours. U266+Tar were cultured with tariquidar (40 nM) under 

normoxia (21% O2) for 24 hours. U266+Ps.C were cultured with psammaplin c (10 nM) 

under normoxia (21% O2) for 24 hours. U266+Au were cultured with auranofin (1 μM) 

tariquidar under normoxia (21% O2) for 24 hours. Expression levels were measured by 

RT-qPCR; L32 was used a normaliser. This was performed in duplicate and the 

biological repeats were 3. Unpaired student t tests were performed between each two 

groups. *, P<0.05. 
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S2 Supplementary information for chapter 4 

S2.1 Differently expressed genes in the relapsed MM patients compared with 

newly diagnosed MM patients 

 

In 4.5, a total of 327 genes showed a significant difference (Fold difference>1.5, P<0.05) 

between relapsed MM patients and newly diagnosed MM patients. The entire 

differently expressed genes were shown in Table S1. The values were 

reserved five decimal fractions. 

 

Gene 

symbol 

Fold 

difference 

(log2) 

P value Gene 

symbol 

Fold 

difference 

(log2) 

P value 

ABCA6 -0.76294  0.00476  MARCK

S 

-1.40359  0.00016  

ABCB4 0.73459  0.00844  MARCK

S 

-0.73678  0.01078  

ABCB9 -0.92747  0.00083  MCF2L 0.65095  0.00163  

ABCB9 -0.60562  0.01561  MCM4 0.67437  0.02311  

ACP1 0.85301  0.00161  ME3 0.65485  0.00821  

ACTR3B 0.61270  0.01562  MED13L -0.64129  0.02148  

ADAM12 0.77048  0.00094  MGMT -0.66112  0.00222  

ADAM28 -1.15696  0.03844  MGST2 0.71426  0.00309  

AKAP4 -0.61225  0.01113  MKRN3 0.72347  0.00082  

ALDH7A

1 

-0.95136  0.00517  MPDU1 -0.73747  0.01522  

ALDOB -0.78694  0.00972  MRE11A 0.77933  0.01336  

ALG12 -0.77373  0.00082  MS4A2 0.61058  0.04672  

APOA2 0.70713  0.01106  MSR1 0.80564  0.00063  

APOL1 -0.65658  0.01697  MST1 0.70863  0.00299  

ARHGAP

25 

-0.68557  0.03809  MSTN 1.34971  0.00097  

ARHGAP

28 

-0.61355  0.03545  MTMR1 0.62007  0.02705  

ASB13 0.60685  0.03915  MUC4 0.64010  0.04666  

ASCC2 -0.75167  0.00367  MYB 0.67172  0.03142  

ASPM 0.96149  0.02856  MYEF2 0.59174  0.03793  

ATP10B 0.68897  0.02185  MYH3 -0.68904  0.01175  
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ATP11A -0.69916  0.00763  MYO1D -0.62481  0.02898  

ATP13A2 -0.72264  0.02190  NAALA

D2 

0.86042  0.00976  

ATP1B1 -0.75603  0.02001  NCF4 -0.93402  0.01117  

ATP1B1 -0.59352  0.04654  NCOA3 -0.68890  0.01333  

ATP5G2 0.82237  0.00065  NELL2 0.58773  0.00737  

AURKA 0.81970  0.00553  NEURO

D1 

0.69262  0.01843  

AURKA 0.62454  0.01930  NEURO

G1 

0.81769  0.00112  

BAGE 0.84114  0.00292  NFKB2 -0.83473  0.02756  

BCAN -0.62017  0.01909  NFKBIA -0.66930  0.01916  

BCAR3 -0.77872  0.00425  NOL3 -0.65988  0.00236  

BHLHE4

0 

0.71555  0.01761  NOTCH2

NL 

-1.01278  0.00081  

BIRC3 -1.20919  0.01827  NPAS1 0.66113  0.02145  

BLNK -0.59510  0.00362  NPDC1 0.59075  0.04552  

BMP6 -0.60692  0.01322  NPY2R 0.87197  0.01703  

BTC 0.68202  0.04271  NRXN1 0.82560  0.00248  

BUD31 -0.61212  0.02871  NXPE4 -0.67757  0.01457  

BYSL 0.59753  0.02011  OAZ3 -0.80282  0.00734  

C1QTNF

9B-AS1 

0.65353  0.01558  OBSL1 0.59549  0.03130  

C9 0.75703  0.01485  OIP5 0.61459  0.00181  

CA5A 0.61559  0.01076  OPCML 0.61210  0.03007  

CALHM2 0.68841  0.00433  OR2A20

P 

-0.59683  0.03779  

CALML5 0.74163  0.02403  P2RX5 -0.77961  0.00282  

CATSPE

RG 

0.73548  0.00386  PALLD 0.82644  0.03487  

CBX7 -0.72026  0.00006  PART1 0.62739  0.01546  

CCDC92 -0.63975  0.01163  PART1 0.60309  0.00993  

CD180 -0.73908  0.02426  PAX3 -0.67808  0.04928  

CD27 -0.94831  0.00423  PCGF2 0.63070  0.00672  

CD47 0.65548  0.02994  PDE4B -0.68534  0.00635  

CD6 -0.59497  0.01019  PLCB1 0.71112  0.00525  

CD74 -0.89308  0.00736  PLEKHF

2 

-0.68973  0.00644  

CDC14A 0.96584  0.00317  POLDIP3 0.66366  0.00329  

CDH4 0.73393  0.04121  POU5F1

B 

0.62164  0.02264  

CELA2 0.60014  0.04801  PPEF2 0.70911  0.00769  

CEP63 -0.61560  0.02206  PPFIBP2 -0.71470  0.00768  
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CEP76 0.74908  0.00029  PRB1 0.76990  0.00015  

CFTR 0.67824  0.03238  PRKCA -0.62293  0.04434  

CHKA 0.64661  0.01460  PRPF18 0.70504  0.00607  

CLCN6 0.68120  0.00023  PRTN3 0.63459  0.02789  

CLU 0.59487  0.01103  PTOV1 -0.72216  0.00140  

COBLL1 -0.81727  0.02730  PTPRG 0.91851  0.03202  

CR1 0.67683  0.04426  RAB40B -0.66509  0.01083  

CSGALN

ACT1 

-1.12119  0.00483  RAB8B -0.93331  0.00324  

CUL7 -0.66562  0.01027  RASGRP

3 

-0.97918  0.02561  

CXCL12 -0.98206  0.04098  RBM10 -0.72609  0.01225  

CXCR4 -0.99212  0.00630  RBM10 -0.62284  0.01232  

CXCR4 -0.86013  0.01877  RBPMS 0.61924  0.03213  

CXCR4 -0.68006  0.03535  RECK 0.60878  0.01119  

CYP1B1 -0.69503  0.03470  RELB -0.65826  0.01061  

DBN1 0.61666  0.01143  RHCE 0.65868  0.00181  

DCLK1 0.79430  0.04387  RNF208 -0.66118  0.01293  

DCXR -0.83161  0.00351  RNF41 -0.65063  0.01322  

DGKD -0.73845  0.02638  RP1-

8B22.1 

-0.80526  0.03743  

DIAPH3 0.68966  0.02471  RPL23AP

22 

0.71498  0.00311  

DKC1 0.86690  0.00432  RRAS -0.69902  0.01878  

DKK1 1.08709  0.01222  RRP8 0.62516  0.02290  

DLL3 0.69930  0.00104  RUNX1T

1 

0.64505  0.00180  

DPYSL4 -0.61977  0.00665  SCN2A 0.59030  0.04016  

DR1 0.68031  0.01143  SCN3A 1.41833  0.01438  

DSCR3 0.78327  0.02167  SEC24D -0.64447  0.01362  

E2F8 0.88403  0.00619  SECTM1 -0.71803  0.04415  

EIF1AY -1.29414  0.04722  SENP7 0.63836  0.02273  

ELK1 0.67774  0.00554  SERPINB

4 

0.74471  0.01270  

EMP3 -0.82911  0.00035  SIGIRR -0.70817  0.00228  

ERAP1 -0.80912  0.00255  SIM1 0.59589  0.02538  

FAM49A -0.92175  0.02084  SLAMF1 -0.69148  0.02154  

FAM76A 0.69774  0.00089  SLC16A6 -0.87290  0.00204  

FASN -0.85152  0.00097  SLC22A6 0.59055  0.01294  

FASTKD

2 

0.58725  0.01012  SLC25A3

1 

0.59287  0.03641  

FBN2 0.64048  0.01220  SMARC

A1 

0.62933  0.04376  



   

124 

 

FHL1 0.97901  0.03083  SNORA5

B 

0.66131  0.00020  

FHL1 0.88782  0.01043  SOCS1 -0.63649  0.00363  

FHL1 0.72946  0.01531  SOX11 0.68660  0.00766  

FHL1 0.68622  0.01016  SPAG6 0.88243  0.00379  

FHL2 0.68499  0.00439  SPAG6 0.64462  0.01006  

FHOD1 0.60696  0.00314  SPET4 0.84894  0.00121  

FOSB -0.68404  0.02244  SPINK2 0.68908  0.01605  

FPR2 -0.73226  0.01769  SPOCK1 0.83246  0.00805  

FRY -0.74421  0.00326  SPTB 0.71723  0.00450  

FYN 0.62034  0.03558  SSX1 0.94353  0.01305  

GABRA5 0.88482  0.02020  SSX 0.79780  0.02166  

GAGE12 1.05062  0.03768  SSX 0.67803  0.04627  

GAGE3 0.79382  0.03178  SSX2IP 0.76869  0.00444  

GAS8 0.68012  0.00007  STAM2 -0.67783  0.02474  

GOSR2 -0.74538  0.00442  SUSD5 -0.96664  0.00127  

GPALPP1 0.65819  0.03732  SYCP1 -0.62152  0.02840  

GPC5 0.75080  0.00396  SYNJ2 -0.58896  0.01056  

GPR3 0.61271  0.01255  TBC1D9 -0.70768  0.01015  

GPR6 0.71291  0.01168  TCF21 0.75173  0.00722  

GPRASP

1 

-0.60625  0.02400  TCF4 -0.67744  0.04903  

GRB14 1.23957  0.00028  TF -0.67136  0.02886  

GSDMD -0.71146  0.00015  TFDP2 0.73673  0.00580  

GSTT1 -0.90445  0.00692  TFPI -0.73689  0.02462  

H6PD -0.77927  0.00002  TGM2 0.63405  0.02109  

HEMK1 -0.70609  0.00328  THAP9 -0.64325  0.03327  

HGSNAT -0.67759  0.02861  THBS1 -1.25770  0.00050  

HJURP 0.70502  0.01668  THPO 0.63889  0.00894  

HK2 0.82966  0.02521  TJP1 -0.81055  0.00112  

HLA-

DOB 

-1.06827  0.00110  TLE4 -0.74324  0.00580  

HOXA11 0.68549  0.00090  TMEM15

6 

-0.88557  0.01315  

HOXB9 0.76314  0.01242  TMEM25

9 

-0.68455  0.02893  

HPN 0.58865  0.00545  TNFRSF

4 

0.60393  0.04774  

ICOSLG -0.64833  0.01586  TNS3 -0.73310  0.00598  

ICOSLG 0.62534  0.02712  TOP2A 0.75150  0.03700  

IDS -0.71206  0.00679  TPD52L1 0.61376  0.02672  

IGH 0.65434  0.04590  TRAF4 -0.63603  0.01682  

IGH -1.45847  0.01358  TRPM4 -0.98921  0.04299  
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IGK -1.02950  0.02887  TSPY 1.35799  0.00561  

IGKV1-

17 

-1.03522  0.03320  TTC26 0.63096  0.01898  

IGLV1-44 -0.98481  0.04513  TXNRD2 -0.71685  0.01220  

IGLV4-60 -0.72941  0.01978  TYMP -0.64153  0.01671  

IL17RB 0.65366  0.02084  UBE2O -0.79021  0.00638  

IQSEC1 -0.76564  0.00649  UBR2 0.83835  0.01269  

IRF4 1.23340  0.00208  UGT2B1

7 

-1.09474  0.02340  

ITFG2 0.79075  0.00540  UPB1 0.61472  0.01661  

ITGA1 0.81868  0.02876  UTP3 0.66681  0.04617  

ITGB6 0.63233  0.03213  WDR13 -0.66111  0.01981  

ITGBL1 0.61763  0.03243  WDR77 0.80266  0.00095  

ITPR2 -0.81609  0.00415  WNT5A -0.94267  0.01685  

JMJD7 -0.71191  0.00838  YIPF2 -0.76590  0.00095  

KCNK12 0.96314  0.03479  ZNF358 -0.63835  0.00421  

KCNN3 -1.09884  0.02189  ZNF37BP 0.58726  0.03875  

KLF2 -0.70141  0.00218  ZNF580 -0.83298  0.00008  

KLF5 0.65677  0.01597  ZNF81 0.67372  0.02093  

KLF6 -1.06922  0.00897  No 

symbol 

0.81245  0.00224  

KLF6 -1.00858  0.00869  No 

symbol 

1.03762  0.00289  

KLHL12 0.70267  0.00763  No 

symbol 

0.92794  0.00043  

KLHL29 -0.65319  0.03303  No 

symbol 

-0.87865  0.00877  

KLRC4 -0.66980  0.03844  No 

symbol 

-0.86007  0.02316  

LAMP5 1.77031  0.00958  No 

symbol 

0.72807  0.01217  

LAPTM4

B 

-1.24409  0.01178  No 

symbol 

0.72564  0.00846  

LAPTM4

B 

-0.77354  0.03204  No 

symbol 

0.72381  0.01631  

LARS2 0.74656  0.00818  No 

symbol 

0.71348  0.03683  

LENEP 0.60111  0.01128  No 

symbol 

0.68752  0.00955  

LGALS8 0.68032  0.00813  No 

symbol 

0.68427  0.01235  

LGMN -0.81744  0.04774  No 

symbol 

0.67336  0.01728  
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LGR5 0.73888  0.01294  No 

symbol 

0.65289  0.00288  

LMF1 -0.70447  0.00645  No 

symbol 

-0.64156  0.00093  

LMF1 -0.61148  0.00070  No 

symbol 

-0.63480  0.04416  

LOC1019

28198 

-0.98817  0.02246  No 

symbol 

0.62485  0.01310  

LPHN3 0.68875  0.00879  No 

Symbol 

0.60381  0.01129  

LTB4R2 -0.64401  0.01539  No 

symbol 

-0.59010  0.00846  

MAGEA

2 

0.72672  0.03661  No 

symbol 

0.58978  0.00001  

MAOA 0.61310  0.00602  No 

symbol 

0.58647  0.03231  

MARCK

S 

-1.47594  0.00053  
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