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Abstract 

 Drug resistance represents a major challenge in the treatment of cancer, and 

agents with the capacity to overcome drug resistance are urgently needed.  One of the 

most common pathways leading to multidrug resistance is through the overexpression of 

anti-apoptotic Bcl-2 family proteins.  Previous work had identified sHA 14-1 as a lead 

compound with the ability to overcome drug resistance induced by overexpression of 

Bcl-2 proteins.  In the current work, this compound was further characterized to inhibit 

the protein SERCA, a calcium pump located on the endoplasmic reticulum, and to 

overcome drug resistance in multiple cell lines.  Further work led to the discovery of 

CXL017, a sHA 14-1 analog with improved potency and an IC50 value of ~2 µM in the 

multidrug resistant acute myeloid leukemia cell line HL60/MX2.  This cell line is 

mitoxantrone resistant with cross-resistance to doxorubicin and etoposide; all three agents 

are topoisomerase II inhibitors.  The new lead compound was then characterized in 9 

pairs of drug resistant leukemia cell lines developed from exposure to standard therapies.  

CXL017 overcame the drug resistance in each cell line tested, revealing the compound’s 

ability to widely overcome drug resistance.  Chronic exposure of HL60/MX2 cells to 

CXL017 failed to result in the development of resistance to the compound and caused re-

sensitization of the cell line to standard therapies.  The new cell line, 

HL60/MX2/CXL017, was then studied along with HL60/MX2 cells in order to 

characterize the mechanism(s) of resistance in HL60/MX2 cells as well as the changes 

leading to re-sensitization.  These efforts revealed that downregulation of topoisomerase 

IIβ in HL60/MX2 cells leads to slight resistance to mitoxantrone, but not to etoposide or 
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doxorubicin.  Rather, it is the overexpression of Mcl-1 observed in HL60/MX2 cells 

relative to HL60 cells that confers multidrug resistance.  In HL60/MX2/CXL017 cells, 

topoisomerase IIβ levels are restored to the levels observed in HL60 cells along with a 

reduction of Mcl-1 compared to HL60/MX2 cells, leading to the re-sensitization.  

Overall, data from this work reveals that CXL017 has the potential to overcome drug 

resistance induced by various treatments, and elucidates the mechanisms leading to drug 

resistance in HL60/MX2 cells. 
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CHAPTER 1 

1. Drug resistance in malignancies 

1.1 Cancer and drug resistance 

 Cancer is a disease characterized by uncontrolled growth of abnormal cells in the 

body.  Cancer can be characterized by 6 hallmarks that cells must acquire in order to 

become malignant.  These hallmarks include sustaining proliferative signaling, evading 

growth suppressors, activating invasion and metastasis, enabling replicative immortality, 

inducing angiogenesis, and resisting cell death.
1
    As humans are exposed to carcinogens, 

cancer causing agents, every day from the environment, food, cigarettes, and multiple 

other sources, cells acquire these traits in a multistep process resulting from DNA 

damage. 

Acute myeloid leukemia (AML) is a cancer of the hematopoietic stem cells, and it 

is the most common acute leukemia that affects adults.  In AML, immature leukemic 

cells accumulate in the bone marrow and other organs where they affect the production of 

normal blood cells causing anemia, fatal infections, or bleeding.  In 2012, it is estimated 

that 10,200 people will die of AML, while 13,780 will be diagnosed (SEER data).  

Incidence rate greatly increases with age with a median age of 66 years old.  The cancer 

progresses very quickly and is fatal in weeks to months if untreated.
2
 

Considerable effort has gone into designing therapies to treat cancer; however, 

there is still no cure for cancer to date.  Treatment for AML includes high doses of 

cytarabine (Ara-C), an antimetabolic agent, and an anthracycline, such as doxorubicin, or 

an anthracenedione, such as mitoxantrone.  Doxorubicin and mitoxantrone, as well as 



 

 2 

etoposide, are topoisomerase II inhibitors (Figure 1.1).
3
  Patients with AML show an 

initial response rate of 60-80%, but most patients suffer relapse and die within 2 years of 

remission.
4
  Moreover, nearly 70% of relapsed AML is associated with multidrug 

resistance (MDR).
2
  Therefore, therapies must be developed that can effectively treat 

drug resistance. 

 

Figure 1.1 Structures of therapies for AML 

1.2 General Function of Bcl-2 Family Proteins 

 Bcl-2 family proteins are important regulators of apoptosis, a form of 

programmed cell death.  The Bcl-2 protein was the first member of the family identified 

and is a proto-oncogene involved in the t(14;18) chromosomal translocation observed in 

low grade B-cell lymphomas.
5, 6

  The protein family has continued to grow and, currently, 

there are at least 25 protein members in the Bcl-2 family.
7
  These proteins can be split 
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into two different categories; the anti-apoptotic and pro-apoptotic proteins.  These two 

groups have opposing functions and exist in a delicate balance that maintains normal 

cellular homeostasis.
8
 

 There are 7 proteins within the anti-apoptotic group of Bcl-2 family proteins, 

which include Bcl-2, Bcl-XL, Mcl-1, Bcl-W, Bfl-1, Bcl-B, and A1.  As the name 

suggests, these proteins are responsible for inhibiting apoptosis. These proteins all 

contain four conserved Bcl-2 homology (BH) domains, termed BH1-BH4, as well as a 

transmembrane (TM) domain (Figure 1.2).  The remaining Bcl-2 family proteins are 

considered pro-apoptotic and can be divided into two sub-groups including the multi-

domain proteins, comprised of the BH1-BH3 and TM domains, and the BH3-only 

proteins.  The two most well studied proteins of the multi-domain pro-apoptotic proteins 

are Bax and Bak, while BH3-only domain proteins include Bad, Bid, NOXA, Bim, and 

PUMA.  As their name would suggest, the pro-apoptotic proteins promote apoptosis. 

 

Figure 1.2 Bcl-2 Family Members 

 Each BH domain plays an important role in the function of various Bcl-2 family 

proteins.  The transmembrane region, at the C-termini, controls the protein’s localization 
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and insertion into the mitochondrial membrane, nuclear envelope, or endoplasmic 

reticulum (ER) membrane.
9-12

  The BH1 and BH2 domains are important for ion channel 

formation and essential for anti-apoptotic proteins to heterodimerize with the pro-

apoptotic proteins.
13

  The BH3 domain is conserved in all of the Bcl-2 family proteins 

and is also important for heterodimerization, where it binds into a hydrophobic cleft 

created by the BH1, BH2, and BH3 domains.  Finally, the BH4 domain is conserved only 

in the anti-apoptotic proteins and is crucial for their function, whereby loss of this domain 

greatly limits their anti-apoptotic function or even switches their function to pro-

apoptotic.
14, 15

  The BH4 domain is not involved in inactions with other Bcl-2 family 

proteins, but is most likely involved in protein-protein interactions with proteins outside 

the family.
13

 

 The various expression patterns of the BH domains in the Bcl-2 family proteins, 

suggest a model for how they operate inside the cell to carry out their function.  While 

several models have been suggested, there are multiple common features.
16

  It is 

generally thought that on the mitochondrial membrane multi-domain pro-apoptotic 

proteins, Bax and Bak, are sequestered by the anti-apoptotic proteins, Bcl-2, Mcl-1, or 

Bcl-XL.  Upon death signals, BH3-only proteins can bind to the anti-apoptotic members 

and free Bax and Bak.  In a second model, the BH3-only proteins can also bind directly 

to Bax or Bak in order to activate them and cause oligomerization.  Once freed, Bax/Bak 

can homo-oligomerize, which results in pore formation and causes mitochondrial outer 

membrane permeabilization (MOMP).  This leads to cytochrome c release and 

subsequently apoptosis.
17
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 Outside of the mitochondrial membrane, Bcl-2 proteins also localize to the ER 

where they have been thought to regulate calcium signaling as another way of controlling 

apoptosis.
18

  Bax and Bak have both been shown to increase calcium levels in the ER.  

They also enhance calcium release from the ER and calcium uptake into the mitochondria 

resulting in apoptosis.
19

  Bcl-2, on the other hand, is able to diminish the release of 

calcium.
20

  The mechanisms surrounding the way Bcl-2 family proteins affect calcium 

levels are still under investigation, but there have been several reported interactions of 

Bcl-2 proteins with ER calcium transporters.  Inositol triphosphate receptors (IP3Rs) 

allow for the flux of calcium ions out of the ER into the cytoplasm.  Both Bcl-XL and Bax 

are able to interact with IP3R, affecting calcium signaling.
21, 22

  Bcl-2 proteins can also 

interact with the sarco-endoplasmic reticulum ATPase (SERCA), which cycles calcium 

from the cytosol back into the ER.
23, 24

  In light of the substantial evidence surrounding 

Bcl-2 proteins regulating calcium signaling at the ER, it is important to keep this function 

in mind when studying Bcl-2 inhibitors. 

Given that the Bcl-2 family of proteins tightly controls the process of apoptosis, it 

is easy to see how they may contribute to the development of cancer.  In normal healthy 

cells the expression of pro- and anti-apoptotic proteins are in perfect balance.  Upon 

certain signals, the pro-apoptotic proteins become overexpressed in relation to the anti-

apoptotic proteins and result in apoptosis.  This is normally a healthy process and serves 

to remove damaged cells.  However, when the anti-apoptotic proteins become 

overexpressed, signaling that would normally result in cell death is overcome, resulting in 
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resistance to cell death, one of the six hallmarks of cancer.  Therefore, targeting the 

overexpression of Bcl-2 proteins has garnered a lot of attention as a treatment for cancer. 

1.3 Calcium signaling and regulation 

 Given the role of Bcl-2 proteins at the ER, it is important to have an 

understanding of calcium signaling and the proteins involved.  The ER is the cells’ main 

storage organelle for calcium and is the principle site for folding of transmembrane, 

secretory, and ER-resident proteins.  Calcium signaling is highly regulated both spatially 

and temporally and calcium is an extremely diverse signaling ion, regulating everything 

from cell proliferation to cell death.
25

  Sustained calcium release from the ER leads to 

uptake of calcium by the mitochondria and the induction of apoptosis through 

mitochondrial membrane depolarization and cytochrome c release.
26, 27

 

 As already alluded to, there are two proteins on the ER membrane that maintain 

calcium homeostasis.  The main ion channel that allows the efflux of calcium ions out of 

the ER into the cytoplasm is IP3R.  This process simply requires activation of the 

receptor as there is a strong concentration gradient of calcium across the ER membrane.  

Resting levels of calcium concentration are typically 100 nM in the cytosol and high 

micromolar in ER.  As already described, Bcl-2 proteins can interact with IP3R to effect 

the release of calcium.  Conversely, SERCA maintains the concentration gradient by an 

ATP-dependent transport of calcium from the cytosol into the ER.  There are three 

isoforms of SERCA with differential expression in various tissues.  SERCA1 is 

expressed in only fast-twitch muscle fibers, SERCA2a is expressed mainly in cardiac 

muscle, SERCA2b is expressed ubiquitously, and SERCA3 is expressed in non-muscle 
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cells and mainly in blood cells.
28

  The isoforms retain high homology, but have slightly 

different turnover rates and affinities for calcium.  SERCA1 and SERCA2a are nearly 

indistinguishable, while SERCA2b has a slightly lower turnover rate for both calcium 

transport and ATP hydrolysis.
29

  Lastly, SERCA3 displays a reduced affinity for calcium.  

Therefore, either pharmacological activation of IP3R or inhibition of SERCA can cause 

calcium release from the ER, resulting in the induction of ER stress and/or apoptosis. 

 Thapsigargin was identified as a potent SERCA inhibitor in 1991 and is the most 

widely used inhibitor of SERCA (Figure 1.3).
30

  The compound has nanomolar potency 

against all three isoforms of SERCA, and it is also one of the most specific inhibitors of 

SERCA.
31

  Therefore, thapsigargin is a perfect tool for studying calcium release from the 

ER and is the gold standard for SERCA inhibition.  However, the therapeutic potential of 

thapsigargin is greatly limited due to its inability to selectively target malignant cells and 

its high toxicity.  However, recent efforts have been made to synthesize an inactive 

thapsigargin prodrug activated in prostate cancer by prostate-specific antigen providing a 

way to direct thapsigargin to cancer cells.
32-34

  

 

Figure 1.3 Structure of the SERCA inhibitor Thapsigargin 
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 Besides ER calcium release causing apoptosis via mitochondrial uptake and 

subsequent release of cytochrome c, the emptying of ER calcium stores by SERCA 

inhibitors can induce ER stress.  ER stress induces the unfolded protein response (UPR) 

pathway, which lowers the unfolded protein load in the ER.  There are three arms to UPR 

that are controlled by three transmembrane proteins that serve as sensors, ATF6, IRE1, 

and PERK.
35

  Upon activation any of the three proteins can initiate a response meant to 

bring protein folding back into homeostasis.  However, if the UPR continues to persist, 

the pathway progresses to promote apoptosis.
36

  This process leads to PERK activation of 

activating transcription factor-4 (ATF4), which causes the upregulation of the 

transcription factor CHOP preventing anti-apoptotic Bcl-2 expression.
37

 

 In summary, calcium signaling is a complex signaling network originating in the 

ER that can result in apoptosis under sustained release.  Apoptosis can occur through 

mitochondrial uptake of calcium or through the induction of the UPR.  SERCA inhibition 

results in calcium release from the ER and can both activate the UPR and induce 

apoptosis.  Thapsigargin is the most widely used inhibitor of SERCA and can activate 

ATF4 resulting in cell death.
38

  Finally, all of these processes can be affected by the Bcl-2 

family of proteins creating a dynamic role for Bcl-2 family proteins at the ER. 

1.4 Bcl-2 family proteins in drug resistant AML 

 Another feature commonly conveyed by the overexpression of anti-apoptotic Bcl-

2 proteins is drug resistance.
39

  Overexpression of the BCL2 gene family is commonly 

observed in AML as well as in resistance to chemotherapy.
40

  High levels of Bcl-2 have 

been shown to be associated with drug resistance in AML,
41, 42

 while higher levels of Bax 
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are associated with positive outcomes in AML.
43

  Furthermore, the ratio of Bax/Bcl-2 is 

also indicative of patient survival.  The higher the Bax/Bcl-2 ratio is the better the rate of 

complete remission as well as longer overall survival.
44

  These studies have revealed an 

important role of Bcl-2 in relation to drug resistance in AML; however, more recently 

several lines of evidence have emerged, implicating another anti-apoptotic Bcl-2 protein, 

Mcl-1, as well.  Glaser et al, recently found that Mcl-1 is essential for the sustained 

survival of AML, but Bcl-2 and Bcl-XL played only minor roles.
45

 

 Mcl-1 is a unique anti-apoptotic family member whose expression is heavily 

regulated in cells.  It has a high turnover rate with a half-life of 2-4 hours in most cell 

lines.
46

  Mcl-1 is regulated both transcriptionally and translationally by a number of 

pathways.
47

  Several E3 ubiquitin ligases, including MULE,
48

 β-TrCP,
49

 and FBW7,
50

  

can cause poly-ubiquitination of Mcl-1, resulting in protein degradation by the 

proteasome.  Mcl-1 can also be deubiquitinated by USP9X, which prevents its 

proteasomal degradation.
51

  In addition, Mcl-1 can also be phosphorylated by GSK3β,
52

 

resulting in decreased protein stability, or by ERK1/2,
53

 which increases protein stability.  

Given the number of ways Mcl-1 is regulated, it is no surprise that abnormal regulation of 

Mcl-1 can result in adverse effects. 

1.5 Anti-apoptotic Bcl-2 protein inhibitors 

 Several therapeutic approaches have been undertaken aimed at targeting the 

overexpression of anti-apoptotic Bcl-2 proteins.  One of the earliest approaches was Bcl-

2 antisense oligonucleotides.  The growth and survival of the human leukemia cell line 

697 was inhibited by antisense oligodeoxynucleotides in a dose-dependent manner.
54
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Further studies demonstrated that antisense oligonucleotides were effective in AML as 

well as enhanced the effect of various chemotherapeutics.
55

  These studies eventually led 

to the development of G3139, or Genasense, which showed potent activity in resistant 

AML cell lines and enhanced the cytotoxicity of other agents.
56

  Genasense was 

eventually moved into clinical trials, but due to limited efficacy has not been approved as 

a current therapy.
57

  In addition to antisense approaches, antibodies directed against Bcl-

2
58

 and BH3 mimicking peptide approaches have been attempted with limited success.
59-

62
 

 Perhaps the most promising approach to targeting Bcl-2 proteins has come in the 

way of small molecule inhibitors (Figure 1.4).  Several small molecule inhibitors have 

been discovered that disrupt the interaction between pro- and anti-apoptotic Bcl-2 

proteins by binding in the BH3 binding domain pocket.  One of the first Bcl-1 inhibitors 

was HA 14-1, which was identified in a virtual screen.
63

  HA 14-1 demonstrated selective 

cytotoxicity against malignant cells overexpressing Bcl-2 as well as the ability to 

overcome drug resistance.
64-66

  In addition, HA 14-1 also sensitized multiple cancer lines 

to a wide range of therapies.
67-69

  These features seemed to validate the use of small 

molecule inhibitors for the development of therapies directed towards anti-apoptotic Bcl-

2 proteins. 
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Figure 1.4 Structures of Bcl-2 small molecule inhibitors 

Other early Bcl-2 inhibitors include (-) gossypol, which showed submicromolar 

affinity to both Bcl-2 and Mcl-1.
70

  Three synthetic derivatives of gossypol have since 

been tested including, TW-37,
71

 apogossypolone,
72

 and BI-97C1.
73

  These compounds are 

all pan Bcl-2 inhibitors with micromolar potency and are still currently being evaluated in 

preclinical studies.
74-76

  Obatoclax is another small molecule inhibitor of Bcl-2 and Mcl-1 

and has been shown to be effective against the AML cell line OCI-AML3.
77

  Obatoclax 

has entered phase I clinical trials in adults for refractory AML, among other 

hematological cancers, with encouraging results.
78

   

Finally, ABT-737 is yet another small molecule inhibitor identified in an NMR-

based screening method.  It has high binding affinity to both Bcl-2 and Bcl-XL with 
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dissociation constants (KD) in the nanomolar range;
79

 however, ABT-737 lacks binding 

affinity to Mcl-1.  With respect to AML, ABT-737 demonstrates activity in various AML 

cell lines, but suffers from resistance due to the overexpression of Mcl-1.
77, 80

  Given that 

Mcl-1 overexpression is common in AML, especially in drug-resistant AML, ABT-737 is 

greatly limited as a potential therapeutic. 

1.6 Development of sHA 14-1 

 Given the promising features already described for HA 14-1, further studies have 

been carried out by our laboratory.  Since limited information was known about HA 14-1, 

a limited number of compounds were synthesized to evaluate structural modifications.
81

  

However, shortly after those studies it was discovered that HA 14-1 was unstable in 

standard cell culture conditions.
82

  In these studies, it was revealed that HA 14-1 

decomposed rapidly in media with a half-life of 15 minutes.  It was further shown that the 

potency was reduced by 60-fold when HA 14-1 was pre-incubated in media for 24 hours 

prior to cytotoxicity studies.  Decomposition resulted in the production of reactive 

oxygen species (ROS), which may be responsible for its activity.  Importantly, the 

decomposition pathway was established in this study and none of the products were 

cytotoxic (Figure 1.5). 
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Figure 1.5 Proposed decomposition of HA 14-1 

 With the decomposition pathway known, an effort was made to stabilize HA 14-1.  

The culmination of those efforts resulted in sHA 14-1, standing for stabile HA 14-1 

(Figure 1.6).
83

  sHA 14-1 was studied for competitive binding to Bcl-2 and Bcl-XL where 

it demonstrated better binding to both proteins than HA 14-1.  The new compound was 

also tested for stability in culture medium, which resulted in less than a two-fold decrease 

in activity when pre-incubated in culture medium for 24 hours prior to cytotoxicity 

studies.  Moreover, sHA 14-1 did not induce ROS, but still overcame drug resistance 

induced by the overexpression of Bcl-2 and Bcl-XL in Jurkat cells.  Finally, sHA 14-1 

was also able to synergize with multiple standard therapies.  These results summarize the 

findings related to sHA 14-1 prior to my research, which was to establish a mechanism of 

action of sHA 14-1 and its related analogs. 
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Figure 1.6 Structure of sHA 14-1 
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CHAPTER 2
*
 

2. sHA 14-1 disrupts calcium homeostasis 

2.1 Introduction 

 Investigation of sHA 14-1’s mechanism of action began by characterizing its 

impacts on calcium flux.  As noted in chapter one, Bcl-2 family proteins can localize to 

the endoplasmic reticulum (ER) membrane and interact with key calcium regulating 

proteins controlling apoptosis.  Disruption of calcium signaling is one possible 

mechanism of action for sHA 14-1.  Calcium release was measured in Jurkat, an 

immortalized T lymphocyte cell line, and NALM-6 cells, a pre-B leukemia cell line.  

Treatment with sHA 14-1 resulted in an increase in cytosolic calcium levels in both cell 

lines.  This observation prompted further studies to elucidate the role cytosolic calcium 

increase may play in the cytotoxicity of sHA14-1.  Upon sustained calcium release, 

mitochondrial membrane depolarization occurs, leading to the release of cytochrome c 

and subsequent cell death.  Cell permeable calcium chelators are able to effectively lower 

increases in cytosolic calcium by binding to the excess calcium.  Therefore, we sought to 

use calcium chelators to try and protect against sHA 14-1 induced cell death.  A second 

study was conducted to determine the cellular target leading to calcium release.  The two 

major proteins investigated were SERCA, the ATPase pump responsible for maintaining 

the concentration gradient across the ER membrane, and IP3R, the major ion channel 

allowing for calcium flow out of the ER.  Finally, several structurally similar analogs of 

                                                 
*
 Parts of this chapter have been reproduced with permission from Hermanson, David et al.  Dual 

Mechanisms of sHA 14-1 in Inducing Cell Death through Endoplasmic Reticulum and Mitochondria. Mol 

Pharmacol. 2009. 76, 667-678. Copyright 2009. 
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sHA 14-1 had been synthesized and were tested for their ability to release calcium in 

NALM-6 cells. 

2.2 Results and Discussion 

2.2.1 Measuring cytosolic calcium increases in Jurkat and NALM-6 cells 

following treatment with sHA 14-1 

 sHA14-1 was tested in Jurkat and NALM-6 cells for it’s ability to induce 

cytosolic calcium increases. Increased cytosolic calcium levels were detected by treating 

cells with a cell permeable fluorescent calcium chelator known as Fura2-acetoxymethyl 

ester (Fura2-AM). Once Fura2-AM enters the cell, the ester is cleaved and Fura2 

becomes trapped in the cytosol. Fura2 is a ratiometric indicator dye that upon calcium 

binding, undergoes a change in fluorescence intensity at 340 and 380 nm excitation.
84

  

The intracellular calcium levels are then calculated taking the ratio of fluorescent 

intensities from the two wavelengths.  As cytosolic calcium levels rise, so does the ratio.  

By using the ratio to evaluate calcium levels, effects of uneven dye loading, 

photobleaching, and dye leakage are minimized.  It was found that sHA 14-1 caused a 

rapid and dose dependent increase in cytosolic calcium in both cell lines tested (Figure 

2.1 A&B).  Since extra-cellular calcium was chelated by EGTA in this experiment, this 

suggested that sHA 14-1 was able to rapidly enter cells and cause calcium release from 

within the cell.  It was hypothesized that the increase in cytosolic calcium was a result of 

ER calcium release.  In order to confirm calcium release was originating from the ER, 

thapsigargin was employed.  Thapsigargin is a SERCA inhibitor known to cause calcium 

release specifically from the ER.
30

  If the cytosolic increase induced by sHA 14-1 was 
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caused by ER calcium release, the addition of thapsigargin following sHA 14-1 treatment 

should not result in a further increase of cytosolic calcium.  Thapsigargin was first tested 

as a single agent and produced a rapid increase in cytosolic calcium levels followed by a 

return to baseline levels within 10 minutes from the point of addition (Figure 2.1 C&D).  

The fall of calcium back to baseline levels is likely due to calcium leaving the cell and 

being chelated extracellularly. Addition of thapsigargin following treatment by sHA 14-1 

confirmed that sHA 14-1 was causing calcium release from the ER (Figure 2.1 A&B), as 

indicated by the lack of increased calcium release upon thapsigargin addition.  Lastly, an 

inactive analog of sHA14-1 was also tested.  This analog resulted in no detectable 

increase of cytosolic calcium, suggesting that calcium release from the ER may play a 

role in the cytotoxic mechanism of sHA14-1. 
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Figure 2.1:  Cytosolic calcium measurements using Fura-2.  After cells were loaded 

with Fura2-AM, they were added to a cuvett and mixed with media containing EGTA, in 

order to chelate extracellular calcium, immediately prior to measurements.  Readings 

were obtained by alternating the excitation wavelength from 340 to 380 nm and 

measuring emission at 510nm for 1 minute prior to addition of compound.  A&B) 50 or 

100 µM sHA 14-1 was added to the cuvett and readings continued for 9 minutes before 

the addition of 2 µM thapsigarin (TG).  C&D) Either 15 µL of DMSO (Blue line) or 2 

µM of thapsigargin (green line) was added one minute after readings were started.  Then 

2µM of thapsigargin was added again at 10 minutes.  Calcium increases were monitored 

by taking the ratio of fluorescent intensities at 340 and 380 nm.  Each curve is 

representative of at least 3 independent experiments. TG represents thapsigagin. 



 

 19 

2.2.2 Protection of Cell by EGTA-AM 

 Given that sHA 14-1 rapidly causes ER calcium release and a rise in cytosolic 

calcium, it was hypothesized that chelating intracellular calcium would have a protective 

effect against the compound.  To that end, NALM-6 cells were treated simultaneously 

with the cell permeable acetoxymethyl EGTA, a calcium chelator, and sHA 14-1.  

Cytotoxicity of sHA 14-1 was measured in the presence of 5 µM EGTA-AM.  A 

significant decrease in the amount of cell death caused by sHA 14-1 in NALM-6 cells 

(Figure 2.2), suggested that cytosolic calcium increase does play a partial role in the 

mechanism of action.  There are multiple potential reasons the protective effect of EGTA 

is not more dramatic.  First, chelating of intracellular calcium can be toxic to cells 

limiting the amount of EGTA that can be used to 5 µM. Since concentrations of calcium 

in the ER can reach into the mM range,
85

 it is possible that 5 µM EGTA is not sufficient 

to fully buffer the rise in calcium.  Secondly, EGTA is also better for short-term buffering 

of calcium, limiting the protective effect over 24 hrs.  Lastly, the emptying of ER calcium 

stores can cause cell death due to ER stress and an accumulation of misfolded proteins.
86
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Figure 2.2:  Protection of NALM-6 cells through chelation of internal calcium.  

NALM-6 cells were treated with sHA 14-1 or 5 µM EGTA-AM plus sHA 14-1 

simultaneously.  Cell viability was measured after 24 hours.  Data is representative at 

least 2 independent trials. 



 

 21 

2.2.3 sHA 14-1 causes ER Stress 

 The potential of sHA 14-1 to induce ER stress was investigated due to its ability 

to elicit calcium release, which can activate the ER stress pathway.  Activating 

transcription factor 4 (ATF4) is an ER stress related protein that is upregulated due to ER 

stress induction.
87

  Western blotting was used to monitor protein levels of ATF4 

following treatment by sHA 14-1 or thapsigargin.  Using 50 µM of sHA 14-1 in NALM-

6 cells led to increased protein levels of ATF4 within 1 hr with continued induction up to 

2 hrs (Figure 2.3 A).  Cells treated with thapsigargin also displayed an increase in ATF4 

after 2 hours of treatment.  Performing a dose dependent study of sHA 14-1 using the 2 hr 

time-point, induction of ATF4 was observed at both the 50 and 100 µM concentrations 

(Figure 2.3 B).  These results indicated that sHA 14-1 activates the ER stress pathway, 

likely due to the lowering of ER calcium levels.  These data further explain why chelation 

of intracellular calcium by EGTA was ineffective at producing a greater protective effect.  

Additionally, these data suggest a second mechanism of apoptosis induced by the 

treatment of sHA 14-1 linked to calcium release from the ER. 
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Figure 2.3:  ER stress induction by sHA 14-1.  A) NALM-6 cells were treated with 

thapsigargin (THAP) or sHA 14-1 for the indicated time points.  B) NALM-6 cells were 

treated for 2 hours with various concentrations of sHA 14-1.  Thapsigargin was used as a 

control and loading levels were assessed using β-tubulin.  Results are representative of 2 

independent experimetnts. 
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2.2.4 sHA 14-1 causes calcium release via SERCA and not IP3R 

 Once it was established that sHA 14-1 causes calcium release from the ER the 

mechanism of calcium release was investigated.  As previously mentioned, the two main 

protein families that regulate calcium levels in the ER are SERCA and IP3R.  The former 

is responsible for uptake of calcium into the ER, and the later is responsible for release of 

calcium.  Therefore, it could be envisioned that sHA 14-1 induces calcium release 

through inhibition of SERCA.  Alternatively, IP3R could be activated in the presence of 

sHA 14-1 allowing for calcium ions to flow out at a greater rate than they are returned to 

the ER.  

In order to address whether activation of IP3R was responsible, an IP3R knockout 

cell line was obtained, DT-40 IP3R K.O, an avian derived B-cell line with stable 

knockout of IP3R.  This cell line was tested against sHA14-1 in a cytotoxicity assay and 

compared to the corresponding wild type cell line, DT-40 W.T.  If sHA 14-1 induced 

calcium release through IP3R, the DT-40 IP3R K.O cells were expected to be resistant to 

treatment since it was already established that calcium release plays a role in sHA 14-1’s 

cytotoxicity.  However, the DT-40 IP3R K.O cells showed no resistance to sHA14-1 

relative to DT-40 W.T cells (Figure 2.4 A), which suggests sHA 14-1 is not acting 

through IP3R.  The DT-40 cells were also tested against a standard compound, 

doxorubicin, to ensure the knock-out line was not hypersensitive to standard therapies 

(Figure 2.4 B).  In order to determine if IP3R knockout affected the ER calcium content 

or ER calcium release of either cell line, they were tested using thapsigargin and sHA 14-

1.  It was observed that both cell lines showed little difference in calcium release profiles 
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regardless of the compound tested (Figure 2.4 C&D).  While it was expected that 

treatment with thapsigargin would result in the same calcium release profile, these results 

suggested that sHA 14-1 was not causing calcium release from the ER through IP3R.  If 

sHA 14-1 was causing activation of IP3R, the DT-40 IP3R K.O cell line would have been 

unaffected by treatment with sHA 14-1.  This indicated that sHA 14-1 is likely inhibiting 

SERCA, causing calcium release. 
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Figure 2.4:  Role of Inositol trisphosphate receptor (IP3R) in sHA 14-1 induced 

cytotoxicity and calcium release.  Cytotoxicity of DT-40 IP3R knockout and DT-40 

wild type cell lines was performed using A) sHA 14-1 or B) doxorubicin.  ER calcium 

release was measured using C) thapsigargin or D) sHA 14-1 in DT-40 cells.  Data are 

representative of at least three independent experiments with IC50 ± S.D. 
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Given the results from the IP3R studies, SERCA was evaluated as a possible target of 

sHA 14-1.  It was observed that sHA 14-1 resulted in a much lower level of calcium 

release than thapsigargin treatment, especially when extracellular calcium was not 

chelated (Figure 2.5 Blue vs. Green curves).  Therefore, if both compounds inhibit 

SERCA, they may compete for binding and the extent of calcium release should vary 

depending on the ratio of sHA 14-1 to thapsigargin.  When sHA 14-1 is in greater excess, 

the amount of calcium released will be reduced compared to thapsigargin alone.  As the 

concentration of sHA 14-1 is lowered, thapsigargin will bind a greater portion of SERCA 

and increased calcium release will be observed.  Initially, the lowest concentration of 

thapsigargin eliciting a full calcium response in Jurkat cells was established.  Once this 

was determined, the concentration of thapsigargin was fixed while the concentration of 

sHA 14-1 was varied.  Results showed the expected dose-dependent shift in calcium 

release.  As the concentration of sHA 14-1 was lowered, more calcium release was 

observed (Figure 2.5).  This data suggested that sHA 14-1 had the same cellular target as 

thapsigargin, namely SERCA.  In order to confirm sHA 14-1 inhibited SERCA, sHA14-1 

was tested in a coupled enzymatic assay against SERCA2B where it was confirmed sHA 

14-1 inhibited SERCA with an IC50 value of approximately 35 µM (Figure 2.6).  These 

experiments identified SERCA the target of sHA 14-1 calcium release. 
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Figure 2.5:  Competition between sHA 14-1 and Thapsigargin.  Calcium release was 

measured using Fura-2 in Jurkat cells.  Readings were obtained by alternating the 

excitation wavelength between 340 and 380 nm while taking the emission at 510 nm.  

This data is representative of two independent experiments. 
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Figure 2.6:  Inhibition of SERCA 2B by sHA 14-1 and Thapsigargin.  A coupled 

enzyme assay was used to measure SERCA 2B inhibition by A) sHA 14-1 or B) 

thapsigargin (TG). 
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2.2.5 Screening of sHA 14-1 analogs in NALM-6 Cells 

 Several additional analogs of sHA 14-1 had been synthesized, so all of the 

analogs were screened in NALM-6 cells for their ability to cause calcium release.  The 

area under the curve (AUC) was determined for each compound at a single concentration 

and was used to compare each the analogs.  In order to compare the data from different 

days, thapsigargin was used as a control since it causes complete emptying of the ER.  

The AUC of each compound was then corrected for the AUC of thapsigargin taken on the 

same day.  In control experiments meant to test each compound for fluorescent 

interference, it was discovered CXL006, CXL010, and CXL012 all contained significant 

fluorescence at the wavelengths being used, so were excluded from the analysis.  

Screening revealed a significant number of analogs caused similar levels of calcium 

release in relation to sHA 14-1 (Figure 2.7 A); however, there were several compounds to 

note.  The tert-butyl phenyl substituted analog, CXL005, caused almost no increase in 

calcium, yet had a comparable IC50 value to sHA 14-1 (Figure 2.7 B).  On the other hand, 

the compound with the greatest level of calcium increase was CXL018, which is 

significantly more potent that sHA 14-1 (Figure 2.7 A & B).  Finally, the compound with 

the highest potency, CXL017, induced similar calcium release compared to sHA 14-1.  

Overall, the results from this experiment showed little correlation between the calcium 

release in NALM-6 cells and the cytotoxicity of individual compounds.  This indicates 

that the effects of sHA 14-1 and its analogs have on calcium are likely not the only 

cytotoxic mechanism and that the contribution calcium perturbation plays in the 

mechanism of action is likely to vary significantly among the analogs.   
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Figure 2.7:  Calcium release of CXL analogs measured in NALM-6 cells.  A) sHA 

14-1 analogs were tested in NALM-6 cells for their ability to induce calcium release at 50 

µM.  The area under the curve was calculated and corrected to the AUC of thapsigargin 

(TG). B) Structures and corresponding IC50 values of select analogs.  All IC50 values 

were determined in triplicate. 
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2.3 Conclusion 

 In the present studies, sHA 14-1 was shown to induce ER calcium release through 

inhibition of SERCA.  Since calcium signaling can regulate a wide variety of cellular 

activities, including cell death through apoptosis, it was demonstrated that chelating 

intracellular calcium with EGTA had a protective effect compared to cells treated with 

sHA 14-1 alone.  This evidence led to an attempt to find the cellular target of sHA 14-1 

responsible for calcium release.  Two key ER calcium regulating proteins, IP3R and 

SERCA, were evaluated.  IP3R knock-out cells failed to show any resistance to sHA 14-1 

and had no detectable difference in calcium release caused by sHA 14-1; therefore, it was 

concluded that IP3R was unlikely to be the target leading to calcium release.  In a 

competitive assay between the SERCA inhibitor thapsigargin and sHA 14-1, it was 

discovered SERCA inhibition was likely the cause of the calcium release.  sHA 14-1 

treatment also caused the activation of ER stress, indicated by the induction of ATF4, 

likely through the lowering of ER calcium content causing the accumulation of misfolded 

proteins.  Finally, several addition analogs of sHA 14-1 were tested in NALM-6 cells for 

their ability to induce calcium release.  Many of the analogs displayed similar levels of 

calcium release when compared to sHA 14-1; however, the extent of calcium release did 

not correlate with cytotoxicity values.  This suggested that while sHA 14-1 inhibits 

SERCA and calcium release does play a role in the mechanism of action of sHA 14-1, 

these features cannot fully account for the compound’s cytotoxicity.  In the next chapter, 

investigation of sHA 14-1, CXL005, CXL017, and CXL018 will be discussed in relation 

to targeting drug resistance. 
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2.4 Materials and Methods 

2.4.1 Cell Culture 

JURKAT cell line was obtained from the ATCC.  The human B-lineage acute 

lymphoblastic leukemia (ALL) cell line NALM-6 was originally established at the 

University of Minnesota.  All human leukemic cell lines were maintained in RPMI-1640 

(+) L-Glutamine supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin.  The chicken DT-40 B lymphoma cell line and IP3R null DT-40 

cell line were kindly provided by Dr. Chi Li (University of Louisville, Louisville, KY).  

Both DT-40 cell lines were cultured in RPMI-1640 (+) L-Glutamine supplemented with 

1% chicken serum, and 1% penicillin/streptomycin.  All cell lines were incubated at 37 

°C with 5 % CO2 in air atmosphere. 

2.4.2 Cell Viability while chelating calcium 

NALM-6 cells were plated at a density of 1 x 10
4
 cells/well in a 96-well plate.  

Test compounds were added at varying concentrations in 1% DMSO and cells treated 

with medium containing 1% DMSO served as a control.  For protection studies, 5 µM of 

EGTA-AM was added 1 hour prior to the addition of compound.  This allowed for 

cleavage of the ester and release of free EGTA.  After a 24-h treatment with sHA 14-1, 

relative cell viability in each well was determined using the CellTiter-Blue Cell Viability 

Assay from Promega (Madison, WI).  The IC50 of each compound was determined by 

fitting the relative viability of the cells to the drug concentration, using a dose-response 

model in Prism program from GraphPad Software, Inc. (San Diego, CA). 
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2.4.3 Measuring cytosolic calcium 

Cells at a density of 1 x 10
6
 cells/mL were incubated in medium containing 5 μM 

Fura-2AM and 2.5 mM probenecid at room temperature for 30 min. in the dark.  The 

cells were then washed once with cold PBS and re-suspended to a concentration of 2 x 

10
6
 cells/mL in medium containing 2.5 mM probenecid. To a cuvette with 735 μL media 

containing 100 mM EGTA and 2.5 mM probenecid was added 750 μL of the cell 

suspension. By using 100 mM EGTA, the cell medium contained negligible amounts of 

free calcium; therefore, the cells had no extracellular calcium source. Readings were 

obtained for 1 min to set the baseline.  After 1 min, 15 μL of DMSO containing 

compound was added, and the readings were continued for another 9 min.  Readings were 

obtained on a dual wavelength fluorometer (Cary Eclipse, Varian, Palo Alto, CA) with 

excitation wavelengths alternating between 340 and 380 nm and an emission wavelength 

of 510 nm.  Fura-2AM was from Invitrogen (Carlsbad, CA). Thapsigargin was obtained 

from Acros Organics (Geel, Belgium). EGTA-AM was from VWR Scientific (Batavia, 

IL). 

2.4.4 Competition of sHA 14-1 and thapsigargin in Jurkat Cells 

This experiment followed the same general procedure as “measuring cytosolic 

calcium”, except that extracellular calcium was not chelated by EGTA in this assay.  For 

competition studies, thapsigargin and sHA 14-1 were mixed before adding them to the 

cell solutions. 

2.4.5 Measurement of SERCA enzymatic inhibition (Performed by Dr. 

Michelangeli) 
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Pig brain microsome Ca
2+

 ATPase
88

 was used as a source of SERCA2B, and 

enzymatic activity measured using a phosphate liberation assay as previously described.
89

   

2.4.6 Western blotting for ATF4 (Performed by Dr. Lebien) 

Western blotting was conducted using standard chemiluminescent techniques.
90

  

Briefly, cells were treated with either thapsigargin or sHA 14-1 for the indicated time 

points.  Cells were then lysed, separated by SDS-PAGE, transferred to membranes and 

probed with primary antibody.  Following a 2-4 h incubation in primary antibody at room 

temperature the blots were washed, and secondary staining was accomplished using the 

corresponding IgG conjugated to horseradish perioxidase.  Protein loading was assessed 

using anti-beta tubulin.  The anti-activating transcription factor-4 (ATF4) antibody was 

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and was used at a final dilution of 

1:500. 
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CHAPTER 3
*
 

3. Targeting Drug Resistant Cancer 

3.1 Introduction 

 Drug resistance is a major obstacle in the treatment of cancer, and compounds that 

target drug resistance can be valuable in the clinic and as tools to study the mechanisms 

of drug resistance.  It has been reported that targeting anti-apoptotic Bcl-2 family 

proteins, such as Bcl-2, Bcl-XL, or Mcl-1, may be an effective way to overcome drug 

resistance, as they are commonly overexpressed in resistant cells.  Since sHA 14-1 was 

developed based on the reported Bcl-2 inhibitor HA14-1, it was hypothesized that sHA 

14-1 may overcome drug resistance.  In fact sHA 14-1 has been previously shown to 

overcome drug resistance induced by overexpression of Bcl-2 proteins in Jurkat cells.
91

  

Overexpression of the anti-apoptotic proteins induced multidrug resistance to cisplatin, 

doxorubicin, thioguanine, and taxol; however, no resistance was observed when these cell 

lines were treated with sHA 14-1.  

In order to further study sHA14-1’s ability to overcome resistance, several cell 

lines that acquired multidrug resistance to standard therapies through treatment, rather 

than genetic overexpression of anti-apoptotic Bcl-2 proteins, were obtained and studied.  

Resistance developed naturally to therapies should provide a better representation of drug 

resistance as well as a better system for testing sHA 14-1.  The first set of cell lines 

                                                 
*
 Parts of this chapter have been reproduced with permission from {Das, S. G. et al. Structure-activity 

relationship (SAR) study of ethyl 2-amino-6-(3,5-dimethoxyphenyl)-4-(2-ethoxy-2-oxoethyl-4H-

chromene-3-carboxylate (CXL017) and its analogs. 2011. 54, 5937-5948}. Copyright {2011} American 

Chemical Society and from {Gopaladrishnan, A. et al. Structure-activity relationship (SAR) study of ethyl 

2-amino-6-(3,5-dimethoxyphenyl)-4-(2-ethoxy-2-oxoethyl-4H-chromene-3-carboxylate (CXL017) and the 

potential of the lead against multidrug resistance in cancer treatment. 2012. 55, 5566-5581}. Copyright 

{2012} American Chemical Society. 
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included HL60, an acute promyelocytic leukemia (AML) cell line, and HL60/MX2, a 

mitoxantrone resistant cell line with 35-fold less sensitivity to mitoxantrone.  This cell 

line displayed atypical multidrug resistance and was reported to lack overexpression of 

the efflux pump P-glycoprotein.
92

  Resistance was reported to result from altered 

topoisomerase IIβ activity, the target of mitoxantrone, with lowered levels of 

topoisomerase II alpha and beta.
93

 Also obtained were CCRF-CEM, a human T cell 

leukemia cell line, and CEM/C2, a camptothecin resistant cell line that is ~970 fold less 

sensitive to camptothecin than CCRF-CEM parent cells.  The CEM/C2 cells also 

displayed atypical multidrug resistance and had a unique mutation resulting in altered 

topoisomerase I activity, the cellular target of camptothecin.
94, 95

 

In this chapter, sHA 14-1 and three analogs will be explored in HL60, 

HL60/MX2, CCRF-CEM, and CEM/C2 cells for their ability to overcome multidrug 

resistance.  These analogs were chosen based on potency and ability to induce calcium 

release.  sHA 14-1 was the lead molecule with a IC50 value of 33 µM and showed 

significant calcium release in NALM-6 cells as described in the previous chapter (Figure 

2.7).  CXL005 contained a tert-butyl substitution on the phenyl ring and induced almost 

no calcium release, but maintained similar activity compared to sHA 14-1 with an IC50 

value of 35 µM.  The final two analogs were CXL017 and CXL018.  CXL018 was 

chosen based on its ability to cause the greatest level of calcium release and improved 

potency with an IC50 of 4 µM.  This analog contained a hydroxyl group at the 3 position 

and a methoxy group at the 5 position of the substituted phenyl ring of sHA 14-1.  
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Finally, CXL017 was a di-methoxy substitution at the 3 and 5 positions of the phenyl ring 

and demonstrated the highest potency with an IC50 value of 1 µM (Figure 3.1). 

 

Figure 3.1 Structures of sHA14-1 and analogs tested in HL60, HL60/MX2, CCRF-

CEM, and CEM/C2 cell lines 
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3.2 Results and Discussion 

3.2.1 Cytotoxicity evaluation of drug resistant cell lines 

 HL60, HL60/MX2, CCRF-CEM, and CEM/C2 cell lines were obtained through 

ATCC and tested for multidrug resistance (Table 3.1).  Several standard therapies were 

used including three topoisomerase II inhibitors, mitoxantrone, etoposide, and 

doxorubicin, an antimetabolic agent, cytarabine, and an antimicrotubule agent, 

vincristine.  In addition, camptothecin was used in the CEM/C2 cells.  HL60/MX2 cells 

demonstrated cross-resistance to all three topoisomerase II inhibitors, but failed to show 

any resistance to vincristine or cytarabine.  In fact, the HL60/MX2 cells proved to be 

collaterally sensitive, a rare phenomenon when a resistant cell line shows increased 

sensitivity to other therapies, to cytarabine.  CEM/C2 cells were confirmed to be resistant 

to camptothecin and were cross-resistant to all three topoisomerase II inhibitors as well as 

cytarabine, but no resistant was observed to vincristine.  These results confirmed that 

HL60/MX2 and CEM/C2 cells were in fact multidrug resistant cell lines. 
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Table 3.1: Cytotoxicity of standard therapies in HL60, HL60/MX2, CCRF-CEM, 

and CEM/C2 cell lines 

 HL60  

IC50 

HL60/MX2 

IC50 

Fold 

Resistance 

CCRF-CEM 

IC50 

CEM/C2 

IC50 

Fold 

Resistance 

Mitoxantrone (µM) 0.055 1.3 24 0.036 0.108 3 

Etoposide (µM) 1.6 14.4 9 0.24 0.60 2.5 

Doxorubicin (µM) 0.14 0.742 5 0.46 3.1 6.7 

Cytarabine (µM) 4 1.6 0.4 0.006 0.25 4.1 

Vincristine (nM) 0.06 0.06 1 0.59 0.59 1 

 

IC50s are representative of two independent experiments.  Fold Resistance is 

(Parent/Resistant cell line). 
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3.2.2 sHA14-1 and analogs overcome drug resistance 

After confirming multidrug resistance in both HL60/MX2 and CEM/C2 cells, 

sHA14-1, CXL005, CXL017, and CXL018 (Figure 3.1) were evaluated for their 

cytotoxicity in each of the four cell lines.  In addition ABT-737, a known Bcl-2 inhibitor, 

was tested in the cell lines for comparison with sHA 14-1 and its analogs.  HL60/MX2 

cells showed a slight resistance to ABT-737 while CEM/C2 cells showed a slight 

increase in sensitivity (Figure 3.2 A&B).  Strikingly, neither HL60/MX2 nor CEM/C2 

cells were resistant to sHA14-1 and its analogs.  In fact, CEM/C2 cells were almost 2-

fold more sensitive to sHA 14-1, CXL017, and CXL018 in comparison to CCRF-CEM 

cells, while CXL005 was equipotent in the two cell lines (Figure 3.3A).  Collateral 

sensitivity was also observed in HL60/MX2 cells (Figure 3.3B).  The extent of selectivity 

for sHA 14-1 and its analogs appeared to correlate with calcium release (Figure 2.7).  

CXL005 was least selective and caused the lowest amount of calcium release, while 

CXL018 was the most selective compound and was shown to cause the greatest level of 

calcium release as reported in the previous chapter (Figure 2.7).  However, while the 

level of collateral sensitivity in HL60/MX2 cells appeared to depend on calcium release, 

the cytotoxic potency of individual compounds seemed to be independent of calcium 

release.  In comparing the effects between HL60/MX2 and CEM/C2 cells, the data 

suggest that causing calcium release from the ER may lead to selectivity towards 

HL60/MX2 cells, but not in CEM/C2 cells relative to their respective parental cell lines.  

This was supported by the cytotoxicity of thapsigargin in both resistant cell lines (Figure 

3.4 A&B).  HL60/MX2 cells were >450 times more sensitive to thapsigargin compared to 
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HL60 cells, while CEM/C2 cells were slightly resistant to thapsigargin.  Taken together, 

these results suggest targeting calcium release may be an effective strategy to overcome 

drug resistance and in some cases selectively target drug resistant cancer.   

The results also suggest that sHA14-1, CXL005, CXL017, and CXL018 have a 

unique profile compared to known Bcl-2 and SERCA inhibitors.  While the selectivity 

towards resistant cell lines correlates well with calcium release and what was observed 

with thapsigargin treatment, the overall potency of the sHA 14-1 and its analogs did not 

correlate with calcium release data.  This indicates that analogs of sHA14-1 induce cell 

death through a mechanism independent of calcium release, as well, possibly through 

inhibiting Bcl-2 family proteins.  In the HL60/MX2 cell line, CXL017 has an advantage 

over ABT-737 because the HL60/MX2 cell line displays collateral sensitivity to CXL017 

and slight resistance to ABT-737.  On the other hand, in CEM/C2 cells CXL017 retains 

two fold selectivity, similar to ABT-737, while the cell line is less sensitive to 

thapsigargin compared to CCRF/CEM. 
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Figure 3.2 Cytotoxicity of ABT-737 in HL60, HL60/MX2, CCRF-CEM, and 

CEM/C2 cells.  48 hour cytotoxicity of given compounds in A) HL60 and HL60/MX2 

cells and in B) CEM-CCRF and CEM/C2 cells.  Curves are representative of at least 

duplicate data while IC50 values are mean ± SEM.  These values compare well with 

experiments performed by other members of the lab whose data are not included in the 

IC50 determination. 
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Figure 3.3 Cytotoxicity of sHA14-1 and analogs in HL60, HL60/MX2, CEM-CCRF, 

and CEM/C2: 48 hour cytotoxicity of given compounds in A) CEM-CCRF and CEM/C2 

cells and in B) HL60 and HL60/MX2 cells.  Curves are representative of at least 

duplicate data while IC50 values are mean ± SD. 
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Figure 3.4 Cytotoxicity of thapsigargin in HL60, HL60/MX2, CCRF-CEM, and 

CEM/C2 cells.  48 hour cytotoxicity of given compounds in A) HL60 and HL60/MX2 

cells and in B) CEM-CCRF and CEM/C2 cells.  Curves are representative of at least 

duplicate data while IC50 values are mean ± SD.  These values compare well with 

experiments performed by other members of the lab whose data are not included in the 

IC50 determination. 
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3.2.3 Characterization of HL60/MX2 and CEM/C2 

 In order to characterize the mechanism for the selective cytotoxicity observed 

with sHA 14-1, CXL005, CXL017, and CXL018, both resistant cell lines were 

characterized for their levels of Bcl-2 family proteins and compared against the 

corresponding parent cell line.  Following multiple Western blots, it was revealed that 

neither drug resistant cell line overexpressed Bcl-2.  This was concluded based on 

multiple repeats that displayed small variations in the level of Bcl-2, but not in a 

consistent manner.  CEM/C2 cells, but not HL60/MX2 cells, had an increase in Bcl-XL, 

and both resistant cell lines overexpressed the anti-apoptotic protein Mcl-1 (Figure 3.5).  

Increased levels of Mcl-1 have been shown to play a large role in drug resistance in both 

acute myelogenous leukemia (AML)
96

, HL60/MX2 cells, and acute lymphoblastic 

leukemia (ALL)
97

, CEM/C2 cells.  Therefore, it is possible that the overexpression of 

Mcl-1 is involved in the observed multidrug resistance in these cell lines. 
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Figure 3.5 Western blotting of anti-apoptotic Bcl-2 family proteins in CCRF-CEM, 

CEM/C2, HL60, and HL60/MX2 cell lines.  Results are representative of at least two 

independent experiments. 
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 Since we hypothesize that the ability to induce calcium release was responsible 

for the observed selectivity towards HL60/MX2 cells, ER calcium levels were quantified 

for each cell line.  When compared to HL60 cells, HL60/MX2 cells released much higher 

levels of calcium into the cytoplasm upon treatment with thapsigargin, as measured with 

Fura-2 (Figure 3.6 B), supporting our hypothesis.  On the other hand, CEM/C2 cells 

released the same amount of calcium as CCRF-CEM cells (Figure 3.6 A).  Cytoplasmic 

calcium increases can result in mitochondrial membrane depolarization leading to the 

release of cytochrome c and subsequent cell death.
98

  Since HL60/MX2 cells have greater 

calcium release upon thapsigargin treatment, it is likely that the threshold is reached at 

lower concentrations than in HL60 cells of thapsigargin resulting in the observed 

selectivity.  In the CEM/C2 cells, no selectivity is observed with thapsigargin treatment 

because the calcium content is the same in both the resistant and parental cell lines. 

Protein levels of SERCA 2 and 3 were then measured in order to determine if the 

cause for increased ER calcium content in HL60/MX2 cells was from an overexpression 

of SERCA.  SERCA isoforms 2 and 3 were chosen to be investigated based on reported 

tissue distribution.  SERCA2b is the major isoform and is found in almost all tissues 

while SERCA3 is predominantly found in hematological cells.
99

  SERCA1, on the other 

hand, is found primarily in muscle tissue.
28

  Results showed that both SERCA 2 and 3 

were up-regulated in the HL60/MX2 cell line when relative to HL60 (Figure 3.6 D).  

Conversely, CEM/C2 cells showed no difference in protein levels in either SERCA2 or 

SERCA3 (Figure 3.6 C).  Since increased levels of SERCA would be expected to result 
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in raised levels of ER calcium content, these data supported the observations from the 

calcium release studies.   
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Figure 3.6 Characterization of CCRF-CEM, CEM/C2, HL60, and HL60/MX2 cell 

lines for ER calcium content and SERCA protein levels.  ER calcium release induced 

by 2µM thapsigargin (TG) detected by Fura-2 in A) CCRF-CEM and CEM/C2 cells and 

B) HL60 an HL60/MX2 cells.  Western blotting of SERCA2 and SERCA3 protein levels 

in A) CCRF-CEM and CEM/C2 cells and B) HL60 and HL60/MX2 cells.  β-actin was 

used as a loading control.  Results are representative of at least two independent 

experiments. 
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3.2.4 CXL017 overcomes drug resistance in multiple cell lines 

 Given that CXL017 was the most potent analog and retained the favorable 

features of sHA 14-1, future studies were conducted using CXL017.  In order to evaluate 

the scope of CXL017’s ability to overcome drug resistance, several leukemia cell lines 

with reported drug resistance were acquired and tested using various therapies for 

multidrug resistance.  Since multiple drug resistant cell lines were obtained with the same 

parental cell line, while testing the cell lines for multidrug resistance each resistant cell 

line was compared to the corresponding parent line from which it had been developed.   

Other than HL60 and HL60/MX2 there were three other pairs of AML cell lines 

including HL60/ADR
100

, HL60/DNR
100

, and HL60/DOX
101

 resulting from exposure to 

adriamycin (also known as doxorubicin), daunorubicin, and doxorubicin, respectively, 

were obtained.  It is interesting to note that despite two cell lines being treated with the 

same compound and the third compound being very similar, they all displayed different 

profiles of multidrug resistance (Figure 3.7 A).  The HL60/ADR cell line was very 

similar to HL60/MX2 in its profile with cross-resistance to all three topoisomerase II 

inhibitors and collateral sensitivity to cytarabine.  In addition to resistance to the 

topoisomerase II inhibitors, both the HL60/DNR and HL60/DOX cell lines were cross-

resistant to vincristine as well.  The only AML line showing resistance to cytarabine was 

HL60/DOX.  These differences in cytotoxicity profiles could arise due to different 

treatment regimes or to natural variability in the way the cell lines became resistant to the 

same therapy.  Both HL60/ADR and HL60/DNR are reported to overexpress the efflux 
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pump P-glycoprotein (P-gp),
100

 which may account for the resistance to vincristine since 

it is a well-known P-gp substrate.
102

 

Western blotting revealed several differences in protein expression patterns 

between the three cell lines (Figure 3.7 B).  None of the resistant cell lines overexpressed 

SERCA2, and only HL60/ADR showed a significant overexpression of SERCA3.  

Amongst anti-apoptotic Bcl-2 family proteins, both the HL60/DNR and HL60/DOX 

overexpressed Mcl-1.  None of the cell lines overexpressed Bcl-XL, but the HL60/ADR 

line showed a reduction in the protein level.  Finally, both the HL60/DNR and 

HL60/ADR lines overexpressed Bcl-2 with the later having a much higher level, while 

levels of Bcl-2 protein were slightly down-regulated in HL60/DOX cells.  These data 

demonstrate that each resistant cell line varies significantly in its drug sensitivity profile 

as well as protein expression. 
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Figure 3.7 Characterization of drug resistance in HL60, HL60/DNR, HL60/ADR, 

and HL60/DOX against standard therapies and protein levels.  A) 48 hour 

cytotoxicity of shown standard therapies in drug resistant cell lines.  Data are given as the 

fold resistance with the IC50 value of the parental line shown in parentheses.  B) Western 

blotting of various proteins in drug resistant cell lines.  Data are representative of at least 

two independent experiments. 



 

 53 

In addition to CEM/C2 cells, two other ALL cell lines were obtained, CEM/VM1-5 and 

CEM/VLB100.  The CEM/VM1-5 cells were treated with teniposide, another 

topoisomerase II inhibitor, and were reported to be >150 fold resistant due to a reduction 

in topo II activity.  CEM/VLB100 cells had been treated with vinblastine, an anti-

microtuble agent, and resistance was at least partially the result of overexpression of P-

gp.
103

  The CEM/VM1-5 line displayed multidrug resistance to other topoisomerase II 

inhibitors, doxorubicin, etoposide, and mitoxantrone, as well as cytarabine, but was not 

resistant to vincristine (Figure 3.8 A).  The CEM/VLB100 cell line was cross-resistant to 

the three topoisomerase II inhibitors listed previously as well as vincristine, likely 

resulting from the overexpression of P-gp, but showed no cross-resistance to cytarabine.  

Western blotting revealed an increase in SERCA3 expression in the CEM/VLB100 line 

but no changes in SERCA2 (Figure 3.8 B).  Mcl-1 was barely detectable in either the 

parent or resistant cell lines while Bcl-XL expression was lower in both resistant cell 

lines.  No changes in the Bcl-2 protein were observed.  As with the AML cell lines, these 

cell lines demonstrated varied patterns of drug resistance as well as protein expression.  

These cell lines will continue to aid in evaluating the scope of CXL017’s ability to 

overcome drug resistance in leukemia. 
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Figure 3.8 Characterization of drug resistance in CCRF-CEM, CEM/VM1-5, and 

CEM/VLB100 against standard therapies and protein levels.  A) 48 hour cytotoxicity 

of shown standard therapies in drug resistant cell lines.  Data are given as the fold 

resistance with the IC50 value of the parental line shown in parentheses.  B) Western 

blotting of various proteins in drug resistant cell lines.  Data are representative of at least 

two independent experiments 
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Finally, two CML resistant cell lines were characterized and tested for multidrug 

resistance.  These included K562/DOX and K562/HHT300, resulting from treatment with 

doxorubicin and homoharringtonine, an anti-microtubule agent, respectively.  Both of 

these cell lines were also reported to overexpress P-gp.
104

  Both cell lines were found to 

be cross-resistant to all the therapies evaluated, displaying the greatest extent of 

multidrug resistance among all the cell lines tested (Figure 3.9 A).  Both cell lines had 

reduced expression of SERCA3 protein and little change in the levels of SERCA2.  With 

respect to the Bcl-2 family proteins, little change was observed with the exception that 

K562/HHT300 cells overexpressed Bcl-2 while both the parent and K562/DOX cells had 

undetectable levels (Figure 3.9 B).  
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Figure 3.9 Characterization of drug resistance in K562, K562/DOX, and 

K562/HHT300 against standard therapies and protein levels.  A) 48 hour cytotoxicity 

of shown standard therapies in drug resistant cell lines.  Data are given as the fold 

resistance with the IC50 value of the parental line shown in parentheses.  B) Western 

blotting of various proteins in drug resistant cell lines.  Data are representative of at least 

two independent experiments 
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This compilation of cell lines has a wide range of drug resistant properties and 

creates an effective set to test the scope of CXL017’s ability to overcome drug resistance.  

Importantly, several of the cell lines overexpress P-gp and would indicate whether or not 

CXL017 was a substrate for the efflux pump as well.  If CXL017 is a P-gp substrate, it 

should have a similar resistance pattern to vincristine, a substrate for P-gp.  Upon 48 hour 

treatment with CXL017, none of the resistant cell lines tested revealed cross-resistance 

(Table 3.2).  These results suggest that CXL017 can overcome drug resistance resulting 

from varied sources.  This is an important feature for any compound that is aimed at 

targeting drug resistance because, as indicated by the panel of drug resistant lines tested 

herein, there are multiple mechanisms at play in the formation of resistance even to a 

single therapy.  Another important implication is that CXL017 is not a substrate for P-gp 

as none of the cell lines overexpressing P-gp displayed resistance.  However, given the 

varied levels of protein changes observed in these cell lines, it remains unclear how 

CXL017 is overcoming drug resistance.  There is not a clear trend in either SERCA 

levels or Bcl-2 family protein changes, suggesting CXL017 may target different 

pathways depending on the cell line or may target an entirely different protein. 

As a comparison to CXL017, cell lines were evaluated with ABT-737 and 

thapsigargin as well.  Also included was isatin-β-thiosemicarbazone, a compound 

reported to selectively target cell lines overexpressing P-gp.
105

  Several of the cell lines 

were slightly cross-resistance to ABT-737 and only CEM/VLB100 was collaterally 

sensitive (Table 3.2).  As expected, cell lines that were reported to overexpress P-gp were 

found to be collaterally sensitive to isatin-β-thiosemicarbazone, while no difference in 
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potency was observed in cells lacking overexpression of P-gp.  Thapsigargin was the 

most susceptible to cross-resistance with 5 of the 7 cell lines having some resistance, 

three with greater than 10-fold.  Markedly, ABT-737 and thapsigargin suffer from drug 

resistance at a much higher frequency than CXL017, suggesting these compounds have 

limited applications for the treatment of drug resistant leukemia. 
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Table 3.2 Cytotoxic evaluation of CXL017, ABT-737, isatin-β-thiosemicarbazone, 

and Thapsigargin in drug resistant cell lines.  Data are given as the fold resistance with 

the IC50 value of the parental line shown in parentheses.  48 hour cytotoxicity.  ND is not 

determined. 
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3.2.5 NCI-60 Testing 

 In order to further evaluate CXL017, the compound was submitted to the NCI-60 

human tumor cell line anticancer drug screen.
106

  The screen was developed in the 1980s 

and has been used for testing novel compounds in an attempt to identify drug candidates 

as well as for determining possible molecular targets through comparison to other 

compounds with known mechanisms.  CXL017 was found to have a mean GI50 value of 

1.04 µM across the whole panel, which includes leukemia, non-small cell lung, colon, 

central nervous system, melanoma, ovarian, renal, prostate, and breast cancer cell lines.  

The highest level of activity for CXL017 was in leukemia, colon cancer, and melanoma, 

while CXL017 showed the least amount of activity in non-small cell lung cancer and 

ovarian cancer (Table 3.3).  COMPARE is an algorithm used to identify similarities 

between a database of compounds and a “seed” compound, in this case CXL017.  The 

results from this analysis showed that CXL017 had limited correlation with other agents, 

again suggesting CXL017 has a unique mechanism.   
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Table 3.3 Cytotoxicity of CXL017 in µM across a panel of 60 cancer cell lines from 

NCI. 

Panel/cell lines GI50 (µM) Panel/cell lines GI50 (µM) 

Leukemia  Melanoma  

HL-60(TB) 0.35 UACC-62 0.55 

K-562 0.39 M14 0.55 

SR 0.45 LOX IMVI 0.72 

CCRF-CEM 0.81 SK-MEL-5 0.89 

MOLT-4  0.80 SK-MEL-2 1.4 

RPMI-8226 1.9 SK-MEL-28 2.6 

Non-Small Cell Lung Cancer  UACC-257 12 

NCI-H460  0.54 Ovarian Cancer  

NCI-H522 0.62 OVCAR-3 0.32 

HOP-62 0.89 NCI/ADR-RES 0.49 

A549/ATCC 1.2 IGROV1 0.93 

EKVX  1.3 SK-OV-3 1.4 

HOP-92 1.4 OVCAR-8 3.8 

NCI-H23 2.0 OVCAR-5 4.1 

NCI-H322M 4.0 OVCAR-4 5.2 

NCI-H226  4.4 Renal Cancer  

Colon Cancer  A498 0.36 

HT29  0.39 CAKI-1 0.71 

HCT-116 0.42 UO-31 1.4 

SW-620 0.49 ACHN  1.5 

KM12 0.50 786-0 2.3 

HCT-15 0.55 RXF 393  2.5 

COLO 205 1.2 SN12C 2.8 

HCC-2998 2.5 TK-10 3.4 

CNS Cancer  Prostate Cancer  

SF-295 0.48 PC-3 0.83 

SF-539 0.49 DU-145 1.5 

U251 0.63 Breast Cancer  

SF-268 1.1 HS 578T  0.32 

SNB-75 1.3 MCF7 0.45 

SNB-19 1.9 MDA-MB-468 0.67 

Melanoma  BT-549 0.77 

MDA-MB-435 0.27 MDA-MB-231/ATCC 1.5 

MALME-3M 0.39 T-47D 3.7 
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3.2.6 In vivo targeting of drug resistance 

 CXL017 was tested in a xenograft mouse model at a dose of 100 mg/kg/day to 

determine whether it was effective in vivo.  Mice were subcutaneously injected with 

HL60 or HL60/MX2 cells in either the left or right flank, respectively.  Based on 

previously determined pharmacokinetic studies, the dose of 100 mg/kg/day was chosen as 

a safe and tolerable dose with maximum serum concentrations reaching ~4 µM.  Once the 

tumors had grown to a size of 40 mm
3
, CXL017 was administered by intraperitoneal 

injection 6 days a week for 3 weeks.  Throughout the time course, body weights of the 

individual mice were closely monitored.  There was no effect on the body weight due to 

treatment with CXL017.  The average tumor size was used to measure the effectiveness 

of CXL017.  There was no difference observed in the size of tumors where HL60 cells 

had been injected when comparing the treated mice with control mice (Figure 3.10 A).  

However, there was a significant reduction in tumor growth where HL60/MX2 cells had 

been injected (Figure 3.10 B).  This indicates that HL60/MX2 cells are collaterally 

sensitive towards CXL017 in vivo as well.  The results also demonstrate that CXL017 can 

be effective in vivo, although at a very high dose.  Poor bioavailability is likely the main 

reason as serum concentrations did not reach a high enough level to reduce HL60 tumor 

growth. 
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Figure 3.10 In vivo treatment of SCID mice with 100mg/kg CXL017.  A) HL60 tumor 

growth in SCID mice.  B) HL60/MX2 tumor growth in SCID mice.  * indicated statistical 

significance from vehicle control p-value < 0.05 
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3.3 Conclusion 

 Drug resistance is a major hurdle in the treatment of cancer, and compounds that 

are able to overcome resistance are of high importance both in the clinic and as tools to 

elucidate possible new targets and mechanisms to target resistant cells.  Initially, two sets 

of parent and drug resistant lines were characterized for multi-drug resistance.  Following 

testing with several therapies, HL60/MX2 and CEM/C2 cells were subjected to treatment 

with several analogs of sHA 14-1 as well as thapsigargin and ABT-737.  Both 

HL60/MX2 and CEM/C2 exhibited cross resistance to several topoisomerase II 

inhibitors.  The analogs of sHA 14-1 demonstrated selectivity towards both of the 

resistant cell lines when compared to the corresponding parent cells.  The selectivity in 

HL60/MX2 cells appeared to correlate with how well each analog caused calcium 

release.  These analogs also performed favorably when compared to thapsigargin and 

ABT-737.  From these studies, a new lead compound emerged, CXL017, with low 

micormolar potency.  This compound remained as selective as sHA 14-1 and was >20-

fold more potent.  Armed with this new and more potent compound, several other 

resistant pairs of cell lines were acquired and evaluated against several standard therapies 

in addition to CXL017, ABT-737, and thapsigargin.  None of the evaluated cell lines 

demonstrated resistance to CXL017, and most of them were collaterally sensitive to 

CXL017.  This suggests that CXL017 could be very useful for the study of drug 

resistance.  Additionally, CXL017’s cytotoxicity profile compared favorably to all of the 

other therapies employed in the testing.  Using the NCI-60 drug screen, it was discovered 

that CXL017 displays good activity across a wide range of cell lines and has a unique 
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mechanism of action.  Finally, it was demonstrated that CXL017 did have in vivo activity 

and was able to target HL60/MX2 tumors more effectively than HL60 within the same 

mouse.  In the next chapter, the mechanism of action for CXL017 will be further 

explored. 

3.4 Experimental Procedures 

3.4.1 Cell Cultures 

HL60, HL60/MX2, CCRF-CEM, and CCRF-CEM/C2 were purchased from 

ATCC.  K562, K562/HHT300, K562/DOX, HL60/ADR, and HL60/DNR cell lines were 

provided by Dr. Tang.  HL60 and HL60/DOX cell lines were provided by Dr. Ganapathi.  

CCRF-CEM, CCRF-CEM/VM-1-5 and CCRF-CEM/VLB100 were provided by Dr. 

Beck.   HL-60 cell line was grown in IMDM Glutamax media supplemented with 20% 

FBS.  All other cell lines were grown in RPMI 1640 purchased from ATCC, 

supplemented with 10% FBS at 37ºC with 5% CO2 in air atmosphere. 

3.4.2 Cytotoxicity measurements 

The in vitro cytotoxicity was determined by the compounds ability to inhibit the 

growth of tumor cells.  Measurements were performed using the CellTiter-Blue Cell 

Viability Assay kit from Promega (Madison, Wisconsin).  In brief, the tumor cells were 

plated in a 96-well plate at a density of 1 x 10
4
 cells/well.  The cells were treated with a 

series of 3-fold dilutions of test compounds with final concentrations of 1% DMSO in 

final volume.  Cells treated with 1% DMSO served as controls.  Cells were incubated for 

48 hours at 37 °C, and the relative viability was measured using CellTiter-Blue.  IC50 

values were determined by plotting the relative viability by the log of drug concentration 
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and fitting to a sigmodial dose-response (variable slope) model in GraphPad Prism 

software (San Diego, CA). 

3.4.3 Western blotting 

Cells were lysed in RIPA buffer (10mM Tris-HCl pH=8.0, 150mM NaCl, 1mM 

EDTA, 1% Igebal, 0.5% Sodium deoxycholate, and 0.1% Sodium Dodecyl Sulfate) 

containing 1% protease inhibitor from Sigma (St. Louis, MO).  Cells were kept on ice for 

20 minutes in lysis buffer after vortexing, and then centrifuged at 17 x g for 15 minutes.  

The supernatant was collected, and protein concentration was determined by 

bicinchoninic acid (BCA) assay (Pierce, ThermoScientific, Rockford, IL).  Following 

quantification, 40 µg of total protein was mixed with loading dye and sample reducing 

agent (NuPAGE, Invitrogen, Carlsbad, CA), boiled for 5 minutes, and separated by gel 

electrophoresis at 150 V on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA).  

Proteins were then transferred at 40 V to a polyvinylidene difluoride (PVDF) membrane 

from Millipore (Billerica, MA).  Membranes were blocked in 5% milk in tris buffered 

saline TWEEN20 (TBST) for 1 hour at room temperature followed by incubation with 

primary antibody overnight at 4 °C.  Membranes were washed 3 times in TBST for 5 

minutes and then incubated in the appropriate HRP conjugated antibody (1:3000) for 3 

hours at room temperature.  Detection was performed using supersignal 

chemiluminescence system from Pierce (Rockford, IL).  The SERCA2 IID8 (1:200), 

SERCA3 XL-6 (1:300), Mcl-1 S-19 (1:400), Bcl-Xs/L S-18 (1:750), antibodies were from 

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and used at the specified dilution.  The 
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anti-Bcl-2 B3170 antibody (1:10,000), the anti-β-actin (1:40,000) antibody, and 

secondary antibodies were from Sigma–Aldrich (St. Louis, MO). 

3.4.4 ER calcium measurements 

1 x 10
6
 cells/mL were incubated in medium containing 5 μM Fura-2AM and 2.5 

mM probenecid at room temperature in the dark for 1 h. The cells were washed with cold 

PBS and re-suspended at 2 x 10
6
 cells/mL in medium containing 2.5 mM probenecid. To 

a cuvette with 735 μL media containing 100 mM EGTA and 2.5 mM probenecid was 

added 750 μL of the cell suspension. The cell suspension was mixed by pipetting. The 

cell media contained a negligible amount of free calcium under this condition. After 

fluorescent readings were recorded for 1 min, 15 μL of DMSO containing thapsigargin 

was added. Readings were obtained on a dual wavelength fluorometer (Cary Eclipse, 

Varian, Palo Alto, CA) with excitation wavelengths alternating between 340 and 380 nm 

and an emission wavelength of 510 nm. 

3.4.5 In vivo evaluation of CXL017 (Performed by Dr. Xing) 

For in vivo anticancer potential evaluation, female athymic nude mice obtained 

from Harland were maintained in a laminar airflow cabinet under pathogen-free 

conditions and used at 6 to 12 weeks of age.  The protocol for animal experiments was 

approved by the Institutional Animal Care and Use Committee (IACUC) of the research 

animal resources facility at the University of Minnesota.  Upon arrival, all mice were 

maintained on standard diet and housed in the pathogen-free animal quarters at the 

University of Minnesota Cancer Center.  After one week of acclimation, HL60 cell (5 x 

10
6
 in 0.1 mL PBS:Metrigel (v/v 1:1)) were implanted subcutaneously into the left flank 
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of each mouse.  At the same time, HL60/MX2 cells (5 x 10
6
 in 0.1 mL PBS:Metrigel (v/v 

1:1)) were implanted subcutaneously into the right flank of the same mouse.  Formation 

of a bulla indicated a satisfactory injection.  Tumors were measured three times a week 

with a caliper.  Tumor volumes were calculated using the following formula: ½(w1 x w2 x 

w2) where w1 is the largest tumor diameter and w2 is the smallest tumor diameter.  When 

tumors induced by HL60/MX2 reached 40 mm
3
, mice were randomized into two groups 

with similar distribution in HL60/MX2 induced tumor size and bodyweight, ten mice 

each group.  Mice in Group 1 were given carrier (PEG400:EtOH (v/v 2:1), 0.1 mL) alone 

via i.p. injection.  Mice in Group 2 were given CXL017 (100 mg/kg of body weight).  

Treatment was once a day for three weeks.  Mice were euthanized with CO2, and tumors 

removed and weighed. 
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CHAPTER 4 

4. CXL017 Mechanism of Action 

4.1 Introduction 

CXL017 has been shown to effectively and selectively target drug resistant 

leukemia cell lines with low micromolar potency, yet the mechanism by which this 

occurs was still unknown.  Nine different multidrug resistant cell lines, with varying 

mechanisms of resistance, were all sensitive to treatment with CXL017.  This property 

makes CXL017 an ideal candidate for further studies in order to overcome drug 

resistance.  Based on previous knowledge of sHA 14-1 and the reported Bcl-2 inhibitor 

HA 14-1, several potential mechanisms for how CXL017 overcomes resistance existed.  

These included, 1) through a mechanism involving SERCA and ER stress similar to sHA 

14-1, the parent compound to CXL017, which has been characterized to inhibit SERCA 

and cause ER stress
107

, 2) targeting of anti-apoptotic Bcl-2 proteins given that CXL017 

originally came from the putative Bcl-2 inhibitor HA 14-1, and 3) a combination of the 

two pathways or an entirely new target yet to be identified.  Given the previous data 

involving the cytotoxic profiles of ABT-737 and thapsigargin, scenario 3 seemed most 

likely to be true.  In the previous chapter, results indicated CXL017 does not have the 

same selectivity/resistance profile as ABT-737, a well-known and characterized Bcl-

2/Bcl-XL inhibitor
79

, or as thapsigargin, a very potent SERCA inhibitor
31

.  Both of these 

compounds suffered from drug resistance in multiple cell lines.  Nevertheless, SERCA 

and anti-apoptotic Bcl-2 family protein inhibition have been shown to be viable 

mechanisms in targeting drug resistance
108, 109

. 
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In this chapter, the possible mechanism by which CXL017 overcomes drug 

resistance in HL60/MX2 cells will be explored.  HL60/MX2 cells were chosen for further 

investigation on the basis that they were the most well-defined and well-studied drug 

resistant cell line in our laboratory.  CXL017 will be studied as a SERCA inhibitor and 

for its ability to cause ER stress.  Next, genetic regulation of several possible targets will 

be undertaken, followed by studies using a probe molecule with the possibility of target 

identification through covalent modification and detection of target proteins.  

4.2 Results and Discussion 

4.2.1 SERCA inhibition of CXL017 in HL60 and HL60/MX2 cell lines 

 The first step towards defining the mechanism of action of CXL017 was to 

investigate its SERCA inhibition potential.  It has previously been shown in chapter 2 

that CXL017 caused similar levels of calcium release compared to sHA 14-1 in NALM-6 

cells and that sHA 14-1 inhibited SERCA.  However, CXL017 had not yet been 

characterized for its potential to inhibit SERCA.  A coupled enzyme assay was used to 

determine CXL017 has a Ki value of 17.8 µM with a maximal inhibition of 62% against 

SERCA1a (Figure 4.1A).  Even though SERCA1a is mainly expressed in fast-twitch 

muscle fiber and has a slightly reduced calcium affinity and higher Vmax compared to 

SERCA2b, the housekeeping form of SERCA,
28

 it is commonly used in enzymatic assays 

due to ease of purification.  The main structural difference between SERCA1a and 

SERCA2b is the c-terminal extended tail, which accounts for SERCA2b’s higher affinity 

for calcium.
110

  SERCA inhibition studies with sHA 14-1 support using SERCA1a as an 

acceptable model for SERCA2B inhibition, since sHA 14-1 demonstrated similar 
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inhibitory potential with both isoforms.
107

  The results from this in vitro assay suggested 

that CXL017 is a partial SERCA inhibitor with moderate potency.  The results also 

indicated CXL017 and sHA 14-1 have similar SERCA inhibition values (Figure 4.1B).  

Therefore, SERCA inhibition does not appear to account for the improved potency of 

CXL017 over sHA 14-1 given their comparable inhibition data and that the Ki value is 

well above the IC50 value of 2.5 µM in HL60/MX2 cells. 
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Figure 4.1 SERCA1a inhibition by CXL017 and sHA 14-1.  A) CXL017 inhibition of 

SERCA1a at a single calcium concentration of 3.981 µM of free calcium.  Fraction 

unaffected represents fractional Vmax at saturating concentrations of CXL017.  B) 

Comparison of CXL017 and sHA 14-1 inhibition in SERCA1a at 3.981 µM free calcium.  

Curve fitting was done by GraphPad Prism using a partial inhibitory model. 
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 Induction of ER calcium release by CXL017 in HL60 and HL60/MX2 cells was 

also studied.  In both cell lines, sHA 14-1 was more effective in causing calcium release 

from the ER than CXL017 (Figure 4.2).  Given that CXL017 had similar inhibition 

values against SERCA1a and caused similar calcium release in NALM-6 cells compared 

to sHA 14-1, it was surprising to observe such a difference in calcium release in HL60 

and HL60/MX2 cells.  In chapter 3 it was hypothesized that the extent to which a 

compound was selective towards HL60/MX2 cells correlated to the SERCA inhibition 

potential of the compound. This hypothesis was supported by the correlation of calcium 

release levels in NALM-6 cells with compound selectivity as well as the ability of 

thapsigargin to potently select for HL60/MX2 cells over HL60 cells; however, the current 

data measuring calcium release in HL60/MX2 cells does not fully support that 

hypothesis.  Since cytotoxicity is measured after a treatment period of 48 hours while 

calcium release measurements are monitored for only 10 minutes, the possibility that 

calcium release is important to selectivity cannot be ruled out from this set of 

experiments, however.  The data involving thapsigargin treatment in HL60 and 

HL60/MX2 cells is still strongly indicative of mechanism involving SERCA inhibition 

and ER stress in the collateral sensitivity of HL60/MX2 cells towards thapsgargin 

(Figures 3.3 and 3.4).  In addition preliminary cytotoxicity testing with two other known 

SERCA inhibitors has shown HL60/MX2 cells are also collaterally sensitive to those 

compounds.  Finally, it can be concluded that SERCA inhibition is insufficient in 

explaining the improved cytotoxicity of CXL017 over sHA 14-1 since they were 

equipotent SERCA inhibitors. 
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Figure 4.2 ER calcium release of CXL017 and sHA 14-1 in HL60 and HL60/MX2 

Cells.  ER calcium release detected by Fura-2 in A) HL60 cells and B) HL60/MX2 cells.  

After 1 minute of collecting baseline readings, cells were treated with either DMSO 

(Black lines), 100 µM CXL017 (Blue lines), or 100 µM sHA 14-1 (Green lines) for 8 

minutes, when thapsigargin (TG) was added to measure the remaining levels of ER 

calcium.  Data is representative of two independent experiments. 
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4.2.2 Knockdown of SERCA2, SERCA3, Bcl-2, and Mcl-1 in HL60/MX2 cells  

In an effort to resolve the function individual protein changes may have regarding 

the selectivity of CXL017 and thapsigargin in HL60/MX2 cells, specific protein 

knockdown was required.   Therefore, RNA interference (RNAi) was used to create 

stable knockdown cell lines that would be studied for changes in sensitivity to CXL017, 

thapsigargin, or mitoxantrone.  Short hairpin RNAs (shRNAs) were transduced into 

HL60/MX2 cells via lentivirus followed by puromycin selection to develop stably 

expressing shRNA cells.  Once transduced, the shRNA becomes incorporated into the 

host cells genome, is transcribed, and degrades the mRNA of the target protein, which 

results in protein reduction.  Lentiviruses were purchased containing shRNAs targeting 

SERCA2, SERCA3, Bcl-2, or Mcl-1.  These proteins were chosen on the basis of several 

previous findings.  As demonstrated in chapter 3, both SERCA2 and SERCA3 were 

greatly overexpressed in HL60/MX2 cells compared to HL60 cells.  It was hypothesized 

that this overexpression led to the increased ER calcium levels in HL60/MX2 cells and 

resulted in the collateral sensitivity observed towards thapsigargin; therefore knockdown 

of SERCA2 or SERCA3 in HL60/MX2 cells should result in a lowering of ER calcium 

and resistance to thapsigargin.  Bcl-2 was chosen to knockdown because HA 14-1 was 

reported as a Bcl-2 antagonist
111

.  Finally, Mcl-1 was chosen for knockdown due its 

overexpression in HL60/MX2 cells.  After selecting the cells with puromycin, cells were 

collected, lysed, and analyzed by Western blot for successful protein knock-down.  

Successful knockdown of SERCA2, SERCA3, and Bcl-2 was achieved (Figure 4.3), 
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while knockdown of Mcl-1 was unsuccessful despite the use of several different shRNA 

constructs from multiple vendors. 
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Figure 4.3 Western Blotting of transduced HL60/MX2 cell lines.  HL60/MX2 cells 

were stably transduced with shRNA targeted to SERCA2, SERCA3, and Bcl-2.  

MX2/Ctrl cells were transduced with scambled shRNA.  β-actin was used as a loading 

control.  Western blots are representative of two independent experiments. 



 

 78 

Following knockdown, CXL017, thapsigargin, and mitoxantrone were assayed for 

their cytotoxicity in the modified cell lines.  Knockdown of SERCA2 and SERCA3 was 

predicted to result in acquired resistance of HL60/MX2 cells to CXL017 and 

thapsigargin, since knockdown of SERCA may lower calcium levels in the ER, while not 

affecting the cytotoxicity of mitoxantrone.  Successful knockdown of Bcl-2 was expected 

to result in increased sensitivity to all treatments, as Bcl-2 is an anti-apoptotic protein 

with a general mechanism of action in drug resistance.  However, the IC50 values of all 

three compounds remained unchanged in all of the protein knockdown cell lines.  To 

further evaluate the effects of each compound on the cell lines, several concentrations 

close to the IC50 value of each compound were evaluated.  Any change in drug sensitivity 

resulting from the knockdown is most likely to be revealed in this range.  Again, no 

changes were observed in relative cell viability (Figure 4.4), indicating that 

downregulating any one of these proteins individually is not enough to induce drug 

resistance or sensitivity to any of the agents evaluated.  The failure of SERCA2 or 

SERCA3 individual knockdown to induce resistance could result from the overexpression 

of the remaining isoform as, upon knockdown of either SERCA2 or SERCA3, the protein 

levels of the other isoform remain unchanged (Figure 4.3).  Another possible explanation 

is that while the protein was knocked down, calcium levels may not have been lowered.  

In this case though, HL60/MX2 SERCA2 or SERCA3 knockdown cells may have been 

more sensitive to thapsigargin as cells would have had difficulty maintaining the higher 

levels of ER calcium in HL60/MX2 cells.  Bcl-2 knockdown effects may have been 
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limited by other anti-apoptotic Bcl-2 family proteins taking over its role, such as the 

overexpression of Mcl-1.   

The failure to produce stable knockdown of Mcl-1 in HL60/MX2 cells may be 

due to the importance of Mcl-1 to cell survival.  During attempts to knockdown the 

protein, it was observed that cells transduced with shRNA targeting Mcl-1 compared to 

scrambled shRNA were less viable even before puromycin selection.  It is hypothesized 

that knockdown of Mcl-1 results in cell death in the HL60/MX2 cell line; therefore, only 

cells that incorporated the puromycin resistant gene without the Mcl-1 targeted shRNA 

survived the selection process. 
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Figure 4.4 Cytotoxicity of CXL017, thapsigargin, and mitoxantrone in HL60/MX2 

transduced cell lines.  48 hour cytotoxicity of A) CXL017, B) Thapsigargin, and C) 

Mitoxantrone was measured in stably transduced cells at the shown concentrations.  The 

data shown is the average cell viability across three independent experiments each 

performed in triplicate. 
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4.2.3 Photoaffinity probe labeling of proteins studies 

 Photoaffinity protein labeling experiments were also attempted to elucidate 

possible binding targets of CXL017.  Before photoaffinity labeling experiments could 

begin, a photoreactive analog of CXL017 capable of covalently modifying proteins with 

specific interactions had to be synthesized.  This was achieved by attaching an azide 

group to the 3’ position of the 6-phenyl ring of sHA 14-1 (Figure 4.5).  Phenyl azides 

such as this one can be photoactivated using 366 nm UV light, which results in formation 

of a reactive nitrene that can undergo hydrogen insertion resulting in covalent 

modification of target proteins
112

.  The ethyl esters of sHA 14-1 were also replaced by 

propargly esters in the probe molecule, resulting in CXL037 (Figure 4.5).  This 

substitution allows for “click” chemistry to be performed between the alkyne of the probe 

and an aliphatic azide.
113

  Either Rhodamine-azide or biotin-azide was used as the second 

substrate for the “click” reaction.  Once CXL037 is covalently attached to Rhodamine, 

labeled proteins can be detected through in-gel fluorescence with an excitation of 532 nm 

and an emission of 580 nm, while the biotin moiety can be detected using horseradish 

peroxidase (HRP) conjugated streptavidin following transfer of the labeled proteins to a 

PVDF membrane (Figure 4.6). 
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Figure 4.5 Structure of probe molecule, CXL037 

 

 

Figure 4.6 Probe labeling of target proteins 
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 After confirming that the probe molecule CXL037 was active with IC50 values of 

single digit µM in both HL60 and HL60/MX2 cells by cytotoxicity experiments, protein 

labeling was performed by mixing CXL037 with 100 µg of either HL60/MX2 or HL60 

cell lysate.  Following photoactivation and “click” chemistry with Rhodamine-azide, 

treated lysates were separated using gel electrophoresis under reducing conditions.  

Labeled proteins were identified using in-gel fluorescent imaging.  Several bands were 

detected indicating covalent modification had occurred between several proteins and the 

probe molecule; however, there were no discernable differences between HL60 and 

HL60/MX2 treatments (Figure 4.7).  This is likely due to the limited selectivity of 

CXL037.  Another limitation to this experiment was the use of in-gel imaging.  Very few 

high molecular weight proteins were observed and it was difficult to get resolution of 

individual protein bands despite optimization of the amount of Rhodamine-azide used.  

Therefore, it was necessary to develop a system with better controls that would allow for 

the identification of likely target proteins of CXL037 as well as an improved imagining 

technique. 



 

 84 

 

Figure 4.7 CXL037 labeling of proteins visualized using in-gel imagining.  HL60 and 

HL60/MX2 cell lysate (100 µg) was incubated with 0, 5, or 20 µM of CXL037.  

Following exposure to UV light, “click” chemistry with Rhodamine-azide, and separation 

via gel electrophoresis, labeled proteins were visualized on the Typhoon 7000 by 

fluorescence using an excitation of 532 nm and emission of 580 nm. 
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In order to address the obstacles posed from previous experiments, single 

enantiomers of CXL037 were used along with a new detection method.  It was 

discovered that the individual enantiomer CXL037B was much more potent than 

CXL037A.  (Figure 4.8)  This made CXL037A the ideal control to detect non-specific 

labeling of highly abundant proteins.  Detection of labeled proteins following “click” 

chemistry with biotin-azide was achieved through the use of HRP-conjugated streptavidin 

following the transfer of labeled proteins to a membrane.  Streptavidin has a very high 

binding affinity for biotin allowing for very sensitive detection of labeled proteins.  

Another change from previous experiments was the use of purified proteins in order to 

simplify the interpretation of the results and allow for optimization.   

Once conditions were established that allowed for the labeling of purified 

SERCA, a known protein target, or Bcl-2, a suspected protein target, cell lysates would 

be used to discover new proteins CXL037 may interact with.  Comparing proteins labeled 

by CXL037B with those labeled by CXL037A would allow for the determination of 

specific proteins that may be involved in the mechanism of action as opposed to high 

abundance proteins that are likely to by non-specifically labeled.  When using purified 

proteins, bovine serum albumin (BSA) was used as a non-specific binding control in 

order to optimize the amount of CXL037 needed to achieve labeling of target proteins 

with minimal labeling of non-specific proteins. 
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Figure 4.8 Cytotoxicity of CXL037 in HL60 and HL60/MX2 Cells  A) Structure of 

CXL037 with stereocenter indicated by *.  Absolute configuration of CXL037A and B 

yet to be defined.  B&C) 48 hour cytotoxicity of CXL037 enantiomers in B) HL60 cells 

and C) HL60/MX2 Cells.  Data is representative of two independent experiments. 
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Using the new probes and detection method, purified Bcl-2 protein was incubated 

with CXL037 A or B to determine photoaffinity labeling.  In the absence of UV light, 

almost no Bcl-2 was detected by streptavidin-HRP (Lanes 1-2 of Figure 4.9), indicating 

CXL037 must be activated by UV light before labeling can occur.  Similarly, biotin-azide 

was also necessary for the detection of Bcl-2 (Figure 4.9, lanes 3-4), which suggests that 

the streptavidin detection method was specific to biotin labeled proteins.  Finally, 

CXL037 was required to achieve labeling (Figure 4.9, Lane 5), confirming that the 

biotin-azide could not randomly label proteins.  Lanes 6 and 7 of Figure 4.9 show the 

equal labeling of Bcl-2 by both CXL037 A and CXL037 B even after several rounds of 

optimization.  Non-specific labeling occurred when BSA was used as well (Figure 4.9, 

Lanes 8-9).  This suggests that the photoaffinity group used in CXL037 is probably too 

reactive resulting in labeling of proteins non-specifically.  When HL60/MX2 cells were 

treated with either CXL037 A or B, multiple bands were observed even in controls 

without the biotin-azide or without CXL037 A or B (Figure 4.10), which could be due to 

detection of naturally occurring biotinylated proteins.  CXL037 A and B did demonstrate 

labeling of two proteins (indicated by arrows in Figure 4.10) that do not appear in control 

lanes.  However, the proteins are observed in lysates treated with both CXL037A and 

CXL037B indicating they may not be important to the mechanism of action.  Taken 

together, the results from the affinity studies suggest further optimization must be carried 

out; perhaps generating a new analog with a less reactive protein affinity group would 

result in more specific protein labeling. 
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Figure 4.9 Labeling of purified Bcl-2 protein with CXL037.  Purified Bcl-2 protein 

was labeled using CXL037 and BSA was used as a non-specific labeling control.  Protein 

was mixed with CXL037, exposed to UV light (366 nm), and “click” chemistry was 

performed with a biotin-azide.  The proteins were then separated via gel electrophoresis, 

transferred to a membrane, and visualized using streptavidin-HRP by 

chemiluminescence. 
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Figure 4.10 Labeling of possible target proteins in HL60/MX2 cells with CXL037 A 

and B.  HL60/MX2 cells were treated with CXL037 A or B.  Following treatment, cells 

were lysed and exposed to UV light to allow labeling to occur.  “Click” chemistry was 

then performed using biotin-azide, followed by gel electrophoresis and transfer to a 

membrane.  The labeled proteins were visualized using streptavidin-HRP conjugate. 
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4.3 Conclusion 

 Elucidating the cellular target(s) of CXL017 may uncover effective mechanisms 

to treat drug resistant cancer.  Given that thapsigargin and sHA 14-1 are SERCA 

inhibitors and are more potent in HL60/MX2 cells than HL60 cells, this represented a 

likely mechanism for CXL017’s selectivity towards HL60/MX2 cells.  In addition, recent 

evaluation of multiple SERCA inhibitors in HL60 and HL60/MX2 continues to reveal 

selectivity towards HL60/MX2 cells, supporting the argument that HL60/MX2 cells are 

more susceptible to targeting of SERCA and ER calcium stores than HL60 cells.  

However, it had not been confirmed that CXL017 was a SERCA inhibitor in vitro.  Data 

revealed that CXL017 was able to inhibit SERCA with similar potency as sHA 14-1, with 

an IC50 value of 17.8 µM.  Although, calcium release studies showed that sHA 14-1 was 

more effective in HL60 and HL60/MX2 cells than CXL017.  Therefore, it was concluded 

that SERCA inhibition by CXL017 was unlikely to account for the increased potency 

relative to sHA 14-1, but may still contribute to the collateral sensitivity of HL60/MX2 

cells.  In an effort to resolve the individual protein contributions to either drug resistance 

or collateral sensitivity, knockdown of SERCA2, SERCA3, and Bcl-2 was successfully 

completed.  Transduction of Mcl-1 was unsuccessful, likely due to cell death when Mcl-1 

was knocked down.  Disappointingly, knockdown produced no change in the sensitivity 

of the transduced cell lines to CXL017, thapsigargin, or mitoxantrone.  Finally an affinity 

probe, CXL037, was used to try and identify possible binding proteins that may reveal 

the cellular targets.  Conditions for protein labeling and subsequent “click” chemistry 

were successfully established; however, the non-specific labeling of proteins by CXL037 
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proved problematic.  The reactivity of the aromatic azide used as the photo-reactive 

group in CXL037 could result in the labeling of proteins non-specifically and requires 

further synthesis of less reactive probes. 

4.4 Experimental Procedures 

4.4.1 Cell Cultures 

HL60 and HL60/MX2 were purchased from ATCC.  The HL-60 cell line was 

grown in IMDM Glutamax media supplemented with 20% FBS, while HL60/MX2 cells 

were grown in RPMI 1640 purchased from ATCC, supplemented with 10% FBS at 37ºC 

with 5% CO2 in air atmosphere. 

4.4.2 In vitro SERCA Inhibtion (Nick Bleeker) 

 Ca
2+

-dependent ATPase activity was measured using LSR vesicles purified from 

fast-twitch skeletal muscle of New Zealand white rabbits in a NADH-linked enzyme-

coupled microtiter plate assay (200 uL/well) and free calcium was tightly controlled 

using an EGTA buffering system as previously described.
114, 115

  All reactions were 

conducted at 37 °C in triplicate or duplicate and results are reported as the mean of three 

independent experiments.  ATP hydrolysis was determined as the rate of NADH 

oxidation, measured from the absorbance at 340 nm using a Molecular Devices 

SpectraMax Plus (Sunnyvale, CA) spectrophotometer.  Compounds were introduced into 

the assay at their respective concentrations with 1% DMSO in the final assay volume. All 

data fitting was carried out using GraphPad Prism (San Diego, CA) software. 
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4.4.3 ER Calcium Release 

1 x 10
6
 cells/mL were incubated in medium containing 5 μM Fura-2AM and 2.5 

mM probenecid at room temperature in the dark for 1 h. The cells were washed with cold 

PBS and re-suspended at 2 x 10
6
 cells/mL in medium containing 2.5 mM probenecid. To 

a cuvette with 735 μL media containing 100 mM EGTA and 2.5 mM probenecid was 

added 750 μL of the cell suspension. The cell suspension was mixed by pipetting. The 

cell media contained a negligible amount of free calcium under this condition. After 

fluorescent readings were recorded for 1 min, 15 μL of DMSO containing thapsigargin 

was added. Readings were obtained on a dual wavelength fluorometer (Cary Eclipse, 

Varian, Palo Alto, CA) with excitation wavelengths alternating between 340 and 380 nm 

and an emission wavelength of 510 nm. 

4.4.4 Transduction of HL60/MX2 Cells 

 1 x 10
5
 cells in 1 mL of complete media containing 5 µg/mL polybrene (Santa 

Cruz Biotechnology, Santa Cruz, CA) were plated in a 12-well tissue culture plate.  Cells 

were transduced with lentivirus containing either scrambled shRNA or shRNA targeting 

the gene of interest at a multiplicity of infection (MOI) of 3.  The lentivirus was obtained 

from Santa Cruz Biotechnology, Inc (Santa Cruz, CA).  After 8 hours, the cells were 

centrifuged and re-suspended in 1 mL of fresh media.  48 hours after transduction, cells 

were selected with 3 µg/mL puromycin for a period of 72 hours.  Cells were analyzed via 

Western blot 1-2 weeks after transduction to evaluate protein knockdown. 
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4.4.5 Western Blotting 

Cells were lysed in RIPA buffer (10mM Tris-HCl pH 8.0, 150mM NaCl, 1mM 

EDTA, 1% Igebal, 0.5% Sodium deoxycholate, and 0.1% Sodium Dodecyl Sulfate) 

containing 1% protease inhibitor from Sigma (St. Louis, MO).  Cells were kept on ice for 

20 minutes in lysis buffer after vortexing, and then centrifuged at 17 x g for 15 minutes.  

The supernatant was collected, and protein concentration was determined by 

bicinchoninic acid (BCA) assay (Pierce, ThermoScientific, Rockford, IL).  Following 

quantification, 40 µg of total protein was mixed with loading dye and sample reducing 

agent (NuPAGE, Invitrogen, Carlsbad, CA), boiled for 5 minutes, and separated by gel 

electrophoresis at 150 V on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA).  

Proteins were then transferred at 40 V to a polyvinylidene difluoride (PVDF) membrane 

from Millipore (Billerica, MA).  Membranes were blocked in 5% milk in tris buffered 

saline TWEEN20 (TBST) for 1 hour at room temperature followed by incubation with 

primary antibody overnight at 4 °C.  Membranes were washed 3 times in TBST for 5 

minutes and then incubated in the appropriate HRP conjugated antibody (1:3000) for 3 

hours at room temperature.  Detection was performed using supersignal 

chemiluminescence system from Pierce (Rockford, IL).  The SERCA2 IID8 (1:200), 

SERCA3 XL-6 (1:300), and Mcl-1 S-19 (1:400) antibodies were from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA) and used at the specified dilution.  The anti-Bcl-2 

B3170 antibody (1:10,000), the anti-β-actin (1:40,000) antibody, and secondary 

antibodies were from Sigma–Aldrich (St. Louis, MO). 
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4.4.6 Cytotoxicity of CXL037 in HL60 and HL60/MX2 Cells 

The in vitro cytotoxicity was determined by their ability to inhibit the growth of 

tumor cells.  Measurements were performed using the CellTiter-Blue Cell Viability 

Assay kit from Promega (Madison, Wisconsin).  In brief, the tumor cells were plated in a 

96-well plate at a density of 1 x 10
4
 cells/well.  The cells were treated with a series of 3-

fold dilutions of test compounds with final concentrations of 1% DMSO in final volume.  

Cells treated with 1% DMSO served as controls.  Cells were incubated for 48 hours at 37 

°C, and the relative viability was measured using CellTiter-Blue.  IC50 values were 

determined by plotting the relative viability by the log of drug concentration and fitting to 

a sigmodial dose-response (variable slope) model in GraphPad Prism software (San 

Diego, CA). 

4.4.7 Probe Labeling 

 1 µg of Bcl-2 was added to a pointed bottom 96-well plate in 9 µL phosphate 

buffered saline (PBS).  An equal molar ratio of BSA (2.5 µg) was used as a non-specific 

control.  1 µL of 10X probe was then added to make the final concentration of probe 250 

nM.  The plate was then shaken for 1 hour in the dark followed by exposure to 366 nm 

light for 20 minutes on ice.  Next, the “click” reaction was performed by adding in order 

1 µL of 14X Rhodamine-azide or biotin azide, TCEP, TBTA, and CuSO4 to make final 

concentrations of 100 µM, 1 mM, 200 µM, and 1 mM, respectively.  The click reaction 

was allowed to proceed for 1 hr at room temperature in the dark.  Following “click” 

reaction, proteins were mixed with loading dye and sample reducing agent (NuPAGE, 

Invitrogen, Carlsbad, CA), boiled for 5 minutes, and separated by gel electrophoresis at 
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150 V on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA).  In-gel imagining 

was performed using the Typhoon FLA 7000 (GE Healthcare Life Sciences, Pittsburgh, 

PA) with excitation of 532 nm and emission of 580 nm.  For samples treated with biotin-

azide, proteins were then transferred at 40 V to a polyvinylidene difluoride (PVDF) 

membrane from Millipore (Billerica, MA).  The membrane was then blocked with 1% 

BSA in PBS with 0.05% TWEEN 20 at room temperature for 1 hour and washed two 

times for 5 minutes each using PBS with 0.05% TWEEN 20.  Membranes were then 

incubated with streptavidin-HRP polymer conjugate from Sigma (St. Louis, MO) diluted 

1:10,000 in PBS with 0.05% TWEEN 20 at room temperature for 1 hour.  After washing 

two times again, detection was performed using supersignal chemiluminescence system 

from Pierce (Rockford, IL). 
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CHAPTER 5 

5. Re-sensitization of HL60/MX2 Cells 

5.1 Introduction 

 Despite the advancement in chemotherapeutics, drug resistance is still one of the 

largest obstacles in the treatment of cancer.  CXL017 has already been demonstrated to 

selectively target drug resistant cell lines, including HL60/MX2 (mitoxantrone resistant), 

both in vitro and in vivo.  In addition, none of the other drug resistant cell lines, with 

various modes of attaining resistance, displayed resistance to CXL017.
116

  This feature 

was unique to CXL017 compared to several other compounds, which all suffered from 

drug resistance in at least one cell line tested.  This makes CXL017 an intriguing 

candidate for the treatment of drug resistant malignancies.  The question remained, 

however, whether cancer cells could acquire resistance to CXL017.  Cancer cells are 

rapidly dividing and prone to errors in replication allowing for drug resistance to be 

acquired quickly through modification of a target by either under or over expressing 

certain proteins.  Therefore, the possibility of acquired drug resistance in HL60 and 

HL60/MX2 cells upon prolonged sub-lethal exposure to CXL017 was explored. 

 After six months of exposure to CXL017, it was discovered that the HL60/MX2 

cells failed to develop stable resistance to CXL017 and had become re-sensitized to 

several treatments, including mitoxantrone.  This led to further studies in attempts to 

elucidate the mechanisms by which the re-sensitization occurred.  Western blotting was 

used to evaluate the levels of the key proteins that have been investigated in earlier 

chapters including Mcl-1, SERCA 2 and 3, Bcl-2, Bcl-XL, along with various other pro-
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apoptotic Bcl-2 family members, while RNA sequencing (RNAseq) was used to get a 

sense of the overall global changes occurring in each cell line.  These experiments will be 

the main focus of this chapter, as well as regulation of Mcl-1 and topoisomerase IIβ (topo 

IIB), the cellular target of mitoxantrone.  

5.2 Results and Discussion 

5.2.1 Long-term exposure of HL60 and HL60/MX2 cells to CXL017 

 The goal of this experiment was to determine if either HL60 or HL60/MX2 cells 

would develop resistance to CXL017 upon chronic exposure.  Cells were cultured in the 

presence of CXL017 or cytarabine (Ara-C), the primary therapy for AML, for a period of 

six months.  Negative control cells cultured in the presence of DMSO alone were also 

maintained, while Ara-c was used as a positive control to monitor the development of 

drug resistance to a primary therapy.  The concentration of the respective compounds was 

increased over the treatment period depending on cell viability in order to maintain a 

selective pressure on cells while allowing for some cell survival.  Cells were harvested 

and stored every two months for future evaluation.  Two additional treatments with ABT-

737, a Bcl-2/Bcl-XL inhibitor, and thapsigargin, the SERCA inhibitor, were also 

performed for a period of three months.  Each cell line was re-named according to the 

following pattern: parent cell line/treatment condition-length of time (i.e 

HL60/MX2/CXL017-6 stands for HL60/MX2 cells treated with CXL017 for 6 months). 

Upon completion of the treatment period the cells were tested for sensitivity to 

their respective treatments.  HL60/MX2 cells treated for three months with either ABT-

737 or thapsigargin developed 9-fold or 3-fold resistance, respectively (Figure 5.1 A and 
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B).  In the case of Ara-C treated cells, both HL60 and HL60/MX2 developed well over 

250-fold resistance to the therapy within the 6 month treatment period (Figure 5.1 C and 

D).  CXL017 treated HL60 cells, on the other hand, only developed a 1.3-fold resistance, 

while HL60/MX2/CXL017-6 cells exhibited a 2.3-fold resistance to the compound 

(Figure 5.2 A and B).  In order to evaluate if the resistance observed was stable, 

HL60/MX2/CXL017-6 and HL60/MX2/Ara-C cells were maintained for another two 

months in the absence of selective pressure.  The new cell lines, termed 

HL60/MX2/CXL017/NT or HL60/MX2/Ara-C/NT, were then tested with the respective 

therapies.  In Ara-C cells the resistance remained >250-fold, while in the CXL017 treated 

cell line the resistance was almost completely lost and was reduced to 1.2-fold (Figure 

5.2 C and D).  These results indicate that both HL60 and HL60/MX2 cells develop strong 

and stable resistance to Ara-C in the course of six months, and HL60/MX2 cells begin to 

form resistance to ABT-737 or thapsigargin within three months.  However, cells 

cultured in the presence of CXL017 develop only minimal yet transient resistance.  

Therefore, it appears that CXL017 remains a promising compound for targeting drug 

resistance since cancer cells are less likely to acquire drug resistance to the compound. 
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Figure 5.1 Evaluating acquired drug resistance in HL60/MX2 cells.  Cells were 

treated with sub-lethal doses of A) ABT-737 or B) thapsigargin (TG) for 3 months 

followed by 48 hour cytotoxic evaluation with the same compound to assess drug 

resistance.  C) HL60/MX2 cells and D) HL60 cells were treated with sub-lethal doses of 

cytarabine (Ara-C) for a period of 6 months followed by cytotoxicity to measure drug 

resistance.  Results are representative of two independent experiments. 



 

 100 

 

Figure 5.2 Assessing drug resistance to CXL017 treated cells.  A) HL60/MX2 cell and 

B) HL60 cells were treated with sub-lethal doses of CXL017 for a period of 6 months 

followed by 48 hour cytotoxicity experiments.  C) HL60/MX2/CXL017-6 cells or D) 

HL60/MX2/Ara-C cells were allowed to grow without selective pressure for two months 

followed by cytotoxic evaluation.  Curves are representative of at least two independent 

experiments. 
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 Despite the lack of resistance to CXL017, the cell lines were evaluated with a 

series of compounds to observe if chronic CXL017 treatment induced any changes 

favoring drug resistance in the cytotoxicity profile of HL60/MX2 cells.  The compounds 

that were tested include: mitoxantrone (MX), doxorubicin (dox), Ara-C, etoposide, ABT-

737, and thapsigargin.  Surprisingly, the HL60/MX2/CXL017 showed collateral 

sensitivity to every compound tested except thapsigargin (Table 5.1).  In fact, the 

HL60/MX2/CXL017-6 cell line was more sensitive than HL60 cells.  In the case of 

thapsigarin, a 30-fold resistance was observed.  In comparison, HL60/MX2/Ara-C cells 

demonstrated cross-resistance to every agent tested to varying degrees, except for 

CXL017, which was equipotent in HL60/MX2/Ara-C cell and HL60/MX2 cells. 

Table 5.1 48 hour IC50 values of various compounds in cells exposed to CXL017 or 

Ara-C for 6 months. 

 
Data represented are an average of three independent experiments with SEM. (Performed 

by Dr. Sonia Das) 
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 The collateral sensitivity that was induced by treatment of CXL017 prompted 

further investigation into the timing of re-sensitization.  Since cells were harvested and 

stored every two months throughout the treatment period, cytotoxicity was performed for 

each cell line including 2, 4, and 6 months of CXL017 treatment along with the 

HL60/MX2/CXL017/NT line (where selective pressure had been removed) (Table 5.2).  

It was observed that the collateral sensitivity was present in the HL60/MX2/CXL017-4 

cells, while not in the 2-month treated cells.  The other important observation from this 

data is that while the weak resistance to CXL017 was lost after removing the selective 

pressure, the collateral sensitivity is fully retained. 

Table 5.2 48 hour IC50 values of various compounds exposed to CXL017 for between 

2 and 6 months and cells grown without selective pressure for 2 months (NT cells) 

 
Data represented are an average of three independent experiments with SEM. (Performed 

by Dr. Sonia Das) 
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5.2.2 Characterization of CXL017 treated cell lines 

 Given that CXL017 treated cells showed such a drastic re-sensitization to several 

standard therapies, the newly created cell lines offered a new way of evaluating drug 

resistance in HL60/MX2 cells.  Therefore, these cell lines were characterized for their 

Bcl-2 family protein and SERCA protein levels by Western blot.  A strong correlation 

was observed among several protein changes and the collateral sensitivity observed in the 

CXL017/MX2/CXL017-4 cell line.  Amongst the anti-apoptotic Bcl-2 proteins Mcl-1, 

Bcl-XL, and Bcl-2, significant protein changes in Mcl-1 and Bcl-XL occurred, while there 

was only a slight lowering in the levels of Bcl-2.  Mcl-1 protein levels were greatly 

reduced in the HL60/MX2/CXL017-4 cells and continued through both the 6-month 

treated and HL60/MX2/CXL017/NT cell line (Figure 5.3 B).  Opposite to Mcl-1, Bcl-XL 

protein levels were increased beginning at 4-months of treatment and remained raised 

throughout the remaining time.  Since both Mcl-1 and Bcl-XL are anti-apoptotic and 

contribute to drug resistance, the changes in protein levels would appear contradictory.  

In combination with the cytotoxicity data, these results would suggest that the lowered 

Mcl-1 protein level likely outweighs the increase in Bcl-XL levels in relation to drug 

sensitivity.  Changes in two main pro-apoptotic Bcl-2 family members, Bak and Bax, 

were also characterized by Western blot.  No change in Bak protein was observed, but 

there was a general lowering of Bax protein in the re-sensitized cells.  The reduced levels 

of Bax were unexpected because, typically, reduced levels of Bax results in resistance.
117, 

118
  Another one of the pro-apoptotic Bcl-2 family members, Noxa, was Western blotted 

for in HL60/MX2/CXL017-6 and CXL017/NT cells.  Noxa is the primary pro-apoptotic 
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binding partner for Mcl-1.
119

  Levels of Noxa were found to be increased in both of the 

CXL017 treated cell lines compared to either HL60 or HL60/MX2 (Figure 5.3 C).  Taken 

together, this data suggests that in the CXL017 treated cell lines the overexpression of 

Noxa combined with the lowering of Mcl-1 proteins likely has a greater effect on drug 

sensitivity than the increase in Bcl-XL and reduction in Bax. 

 Changes in SERCA2 and SERCA3 protein levels were also evaluated.  The levels 

of both proteins were overexpressed starting at 4-months treatment.  Whereas Mcl-1 

levels were altered towards the protein levels observed in HL60 parent cells, SERCA 

protein levels continued to increase in the CXL017 treated cell lines.  In other words, 

CXL017 treated cells have higher levels of SERCA than HL60/MX2 cells, which have 

higher levels than HL60 cells (Figure 5.3 A and B).  SERCA protein level changes also 

correlate well with the onset of thapsigargin resistance in HL60/MX2/CXL017-4 (refer to 

Table 5.2).  However, the HL60/MX2/CXL017/NT cells lose their resistance to 

thapsigargin while the protein expression of SERCA 2 and 3 remain elevated. 



 

 105 

 

Figure 5.3 Western blotting of CXL017 treated HL60/MX2 cell lines.  A) Analysis of 

HL60 and HL60/MX2 cell lysates for various proteins.  B) Analysis of CXL017 treated 

cells for varying time points.  C) Analysis of Noxa in CXL017 treated cells.  (Performed 

by Xazmin from Dr. Ameeta Kelekar’s lab)  Total cell lysates were separated by SDS-

PAGE and immunoblotted for various proteins.  β-actin was used as a loading control and 

data are representative of three biological replicates. 
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5.2.3 Gene expression profiling of SERCA2 (ATP2A2), SERCA3 (ATP2A3), Bcl-2 

(BCL2), Bcl-XL (BCL2L1), and Mcl-1 (MCL1) 

 In order to further explore the cause of the observed protein changes, quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) was used to determine the 

level of gene expression in HL60, HL60/MX2, and HL60/MX2/CXL017/NT cells.  After 

isolating total RNA from each cell line in triplicate, samples were submitted for analysis.  

Quantification of each gene revealed several changes in gene expression amongst the cell 

lines (Table 5.3).  Gene expression differences between HL60 and HL60/MX2 cells were 

only minor for all five genes that were analyzed, where the largest change in expression 

was only 1.7-fold increase for ATP2A3, SERCA3, and MCL1 in HL60/MX2 cells.  

HL60/MX2 cells overexpress SERCA2, SERCA3, and Mcl-1 proteins compared to HL60 

cells, which was supported by the gene expression for all three proteins.  However, the 

extent to which gene expression is altered is relatively minor compared to the protein 

changes observed and suggests further regulation of these proteins may be occurring in 

HL60/MX2 cells.  Supporting this hypothesis is the fact that similar changes in BCL2L1, 

gene code for Bcl-XL, expression are also present, but its protein level is unaltered 

between HL60 and HL60/MX2 cells. 

HL60/MX2/CXL017/NT cells, on the other hand, exhibited expression changes of 

>2-fold in all three anti-apoptotic Bcl-2 proteins that were analyzed as well as SERCA3 

(Table 5.3).  While both SERCA2 and SERCA3 proteins are increased in 

HL60/MX2/CXL017/NT cells compared to HL60/MX2 cells, only the gene expression of 

SERCA3 was increased with no change in SERCA2.  Among the anti-apoptotic Bcl-2 
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family proteins, BCL2 was the only gene with lowered expression in the CXL017 treated 

cell line compared to HL60/MX2, which correlates with the slightly lowered protein 

levels.  BCL2L1 expression was dramatically increased and supports the results from 

Western blotting of this protein, which also showed a large increase in the expression of 

Bcl-XL (Figure 5.3 B).  Intriguingly, expression of MCL1 was actually increased 3-fold in 

HL60/MX2/CXL017/NT cells while protein levels of Mcl-1 were drastically decreased in 

this cell line.  This suggests that there is significant post-transcriptional regulation of 

Mcl-1.  The protein half-life of Mcl-1 is short relative to other anti-apoptotic Bcl-2 

proteins and is known to be tightly controlled through phosphorylation and the 

ubiquitin/proteasome degradation pathway.
47, 52, 53, 120, 121

  It is also known that Mcl-1 can 

be regulated at the translational level.
122

  Therefore, given that Mcl-1 protein levels are 

decreased while MCL1 expression is increased, there are likely alterations in protein 

stability or translation in CXL017 treated cells.  Overall, the results from the qRT-PCR 

indicate that changes in gene expression do not always correlate with the changes at the 

protein level, which should be expected given the number of mechanisms cells have 

developed to control protein expression.  Therefore, when comparing minor changes in 

gene expression in HL60/MX2 cells to either HL60 or HL60/MX2/CXL017/NT cells, 

caution must be used. 
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Table 5.3 qRT-PCR fold change of mRNA in HL60 and HL60/MX2/CXL017/NT 

cells relative to HL60/MX2 cells. 

 

Data are displayed with gene name in italics and protein name in parentheses.  Fold 

changes are the average of three experiments with SD. 
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5.2.4 Mcl-1 protein stability 

 Based on the hypothesis that Mcl-1 was being post-transcriptionally regulated, 

alterations in the protein half-life of Mcl-1 were measured in HL60, HL60/MX2, and 

HL60/MX2/CXL017/NT cells.  In order to determine the half-life of Mcl-1, cells were 

treated with cycloheximide (CHX), which is a eukaryotic translation inhibitor
123, 124

, and 

lysates were made at varying time points.  Lysates were then Western blotted for Mcl-1 

and densitometry was used to quantify the remaining protein levels at each time point 

(Figure 5.4 A).  The half-life of the protein was then determined by fitting the data to a 

one phase exponential decay curve.  The protein half-life of Mcl-1 in HL60/MX2 cells 

was found to be the longest at 2.1 hours, while in HL60 cells the half-life was slightly 

shorter at 1.8 hours.  In HL60/MX2/CXL017/NT cells, Mcl-1 had a much shorter half-

life, compared to HL60/MX2 cells, of only 1.2 hours (Figure 5.4 B).  These data indicate 

that the lowered Mcl-1 protein levels observed in CXL017 chronically treated cells is at 

least partially due to a shorter protein half-life. 
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Figure 5.4 Half-life analysis of Mcl-1 in HL60, HL60/MX2, and 

HL60/MX2/CXL017/NT cells.  A) Representative Western blots of protein degradation 

following treatment with 10 µg/mL cycloheximide (CHX), a protein translation inhibitor.  

Cells were treated with CHX for the given amount of time, collected, lysed, and total 

lysate was separated via gel electrophoreses.  B) Half-life of Mcl-1 in various cell lines 

determined by using densitometry of Western blots of cells treated with CHX.  β-actin 

was used to correct for loading differences and fitted using GraphPad Prism 4.  Half-life 

determinations are the average of two independent experiments with SD.  * represents 

p<0.05. 
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While the main Mcl-1 degradation pathway is through the proteasome, there have 

been reports that Mcl-1 can be degraded in a proteasome independent process as well.
125

  

Therefore, in order to explore whether the shortened half-life of Mcl-1 was a proteasome 

dependent process, cells were treated with a proteasome inhibitor, MG-132
126

, for 6 hours 

followed by Western blotting to monitor the accumulation of Mcl-1 (Figure 5.5 A).  

Again, densitometry was performed and the fold increase of Mcl-1 relative to non-treated 

cells was determined.  In all three cell lines, the levels of Mcl-1 increased from between 

2.6-fold in HL60/MX2 to nearly 6-fold in HL60 and HL60/MX2/CXL017/NT cells 

(Figure 5.5 B).  This confirmed that the proteasome is at least partially responsible for 

Mcl-1 degradation in these cell lines. 
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Figure 5.5 Mcl-1 accumulation in HL60, HL60/MX2, and HL60/MX2/CXL017/NT 

cells.  A) Western blot of Mcl-1 accumulation in various cell lines after treatment with 10 

µM MG-132, a proteasome inhibitor.  Cells were treated for 6 hours with MG-132, 

collected, lysed, and proteins were immunoblotted for Mcl-1.  β-actin was used as a 

loading control.  B) Fold increase of Mcl-1 relative to untreated controls determined by 

densitometry of Western blots using β-actin to normalize loading levels.  Data are an 

average of at least two independent experiments with SD. 
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5.2.5 RNA sequencing 

 RNA sequencing (RNAseq) is a next-generation sequencing technique that is 

capable of measuring every gene expressed in a cell population.
127

  Total RNA is isolated 

from cells, converted to cDNA, which is then sheered into shorter fragments.  Those 

fragments are separated by gel electrophoresis and 200 base-pair fragments are collected.  

Paired-end reads are then used to sequence 50 base-pair reads from each end of the 

fragment.  By performing large numbers of reads, it is possible to nearly sequence the 

entire RNA pool.  These reads can then be used to either create a whole new genome de 

novo or can be mapped to an existing reference genome.  Using Cufflinks software
128

, the 

fragments per kilobase of exon per million fragments mapped (FPKMs) can be calculated 

and provide a quantitative way of comparing all of the genes expressed in the cell 

population.  The FPKMs can then be compared amongst differing cell populations to 

determine differentially expressed genes. 

 RNAseq was performed on HL60, HL60/MX2, HL60/MX2/CXL017-6, and 

HL60/MX2/CXL017/NT cells.  The RNA was isolated in triplicate for each cell line, 

individually sequenced, and the average FPKMs were used to determine differentially 

expressed genes.  In order to identify the genes most likely responsible for resistance 

observed in HL60/MX2 cells, the common differentially expressed genes in HL60, 

HL60/MX2/CXL017-6, and HL60/MX2/CXL017/NT cells, compared to HL60/MX2 

cells, will be analyzed (Figure 5.6).  Only genes with a minimum 2-fold gene change 

where at least one of two cell lines being compared had an FPKM of 10 were considered.  

The FPKM cutoff of 10 was set to ensure that any identified genes are reliably expressed.  



 

 114 

Using this analysis, 254 genes were identified (137 downregulated and 117 upregulated) 

as being differentially regulated in HL60 and the two CXL017 treated cell lines when 

compared to HL60/MX2 (Figure 5.6).  In order to evaluate the quality of data from 

RNAseq, qRT-PCR was run on 12 differentially expressed genes.  Fold-changes 

compared well for the different methods, suggesting that the RNAseq data are reliable 

(Figure 5.7). 
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Figure 5.6 Venn diagram of the number of genes differentially expressed in HL60, 

HL60/MX2/CXL017-6 and HL60/MX2/CXL017/NT cells compared to HL60/MX2 

cells.  The overlapping differentially expressed genes in these three populations relative 

to HL60/MX2 cells are most likely to account of drug resistance/re-sensitization. 

 

Figure 5.7 Comparison of gene fold changes between HL60 and HL60/MX2 cells in 

RNAseq data with qRT-PCR data.  12 genes with varying levels of fold changes were 

analyzed by qRT-PCR and compared with fold changes in the RNAseq data. 
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This analysis did not reveal any of the genes that had been previously studied 

including SERCA2, SERCA3, Bcl-2, Bcl-XL, and Mcl-1.  However, one gene that was 

identified during the analysis was TOP2B, which corresponds to topoisomerase II β (topo 

IIβ).  HL60/MX2 cells have extremely low expression of TOP2B, which has been 

previously reported to be responsible for resistance to mitoxantrone.
93

  Therefore, the 

increased expression of TOP2B in CXL017 treated cells may account for the observed 

drug sensitivity in these cells in the case of reported topo IIβ inhibitors.  qRT-PCR was 

also used to measure TOP2B levels in these cells, and confirmed the RNAseq data 

(Figure 5.8).  Disappointedly, efforts to Western blot for topo IIβ expression in these cell 

lines were unsuccessful; however, with a 12 and 28-fold expression change in HL60 and 

HL60/MX2/CXL017/NT cells, respectively, it is very likely the protein is also 

overexpressed.  Together these data suggest a hypothesis such that the increase in TOP2B 

expression leads to the collateral sensitization observed in HL60/MX2/CXL017/NT cells. 
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Figure 5.8 qRT-PCR results for TOP2B expression in HL60 and 

HL60/MX2/CXL017/NT cells compared to HL60/MX2 cells.  Total RNA was isolated 

from HL60, HL60/MX2, and HL60/MX2/CXL017/NT cells.  TOP2B expression was 

assessed using qRT-PCR, and the fold expression change was determined.  RNA was 

isolated in triplicate and data represent the average with SD. 
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5.2.6 Topoisomerase II β knockdown 

 In order to evaluate the effect topo IIβ downregulation has in drug resistance, 

shRNA was used to transduce HL60 and HL60/MX2/CXL017/NT cells and knockdown 

TOP2B.  Stable knockdown cell lines were obtained following transduction with 

lentivirus by selection with puromycin, as with previous shRNA experiments.  Evaluation 

of knockdown efficiency was performed using qRT-PCR (Figure 5.9 A).  Levels of 

TOP2B were reduced by 6.1-fold and 3.1-fold in HL60/TOP2B and 

MX2/CXL017/TOP2B cells, respectively, when compared to scrambled shRNA control 

cells.  As a control for the specificity of TOP2B shRNA, TOP2A was also monitored by 

qRT-PCR with no change in either of the transduced cell lines (Figure 5.9 A).  In 

comparison to HL60/MX2 cells, TOP2B expression remained 1.8-fold higher in 

HL60/TOP2B cell line; whereas HL60/Ctrl cells had 10-fold higher levels of TOP2B 

(Figure 5.9 B).  Expression of TOP2B in MX2/CXL017/TOP2B cells remained 6-fold 

higher than HL60/MX2 cells compared to 19-fold higher in the MX2/CXL017/Ctrl cells.  

The successful knockdown of TOP2B in both cell lines will provide a system for 

evaluating the effect of reduced topo IIβ protein levels with respect to mitoxantrone drug 

resistance as well as other topo II inhibitors. 
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Figure 5.9 qRT-PCR data of TOP2B knockdown cells.  A) Fold decrease of TOP2B 

and TOP2A levels in HL60/TOP2B and HL60/MX2/CXL017/NT cells relative to their 

respective controls.  B) TOP2B expression in HL60/Ctrl, HL60/TOP2B, 

HL60/MX2/CXL017/NT/Ctrl, and HL60/MX2/CXL017/NT/TOP2B cells relative to 

HL60/MX2 cells.  Total RNA was isolated from each cell line in duplicate and data are 

average fold difference between each cell line and HL60/MX2 cells with SD. 
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 Following successful knockdown of TOP2B, cytotoxicity was performed on the 

newly generated cell lines to determine the effect on drug resistance.  Compounds 

evaluated included the topo II inhibitors mitoxantrone, etoposide, and doxorubicin, as 

well as CXL017 and cytarabine (Ara-C).  Based on previous data, knockdown of TOP2B 

was suspected to result in drug resistance against all the topo II inhibitors while no 

change in cytotoxicity was expected for CXL017 or Ara-C.  The reduced expression of 

TOP2B in HL60/TOP2B and MX2/CXL017/TOP2B cell lines did result in a 3.0-fold and 

1.8-fold increase in their respective IC50’s to mitoxantrone (Figure 5.10).  Less of an 

effect was observed for the other two topo II inhibitors with less than 1.5-fold resistance 

observed to either inhibitor in either cell line (Table 5.4).  As expected, no change was 

observed for CXL017 or Ara-C.   

These results suggest that reduction in the levels of TOP2B does induce drug 

resistance to mitoxantrone; however, the resistance observed in the knockdown cell lines 

is far less than that of the naturally occurring HL60/MX2 cell line of 45-fold.  This may 

be because the transduced cell lines still expressed slightly higher levels of TOP2B 

relative to HL60/MX2 cells, but it is more likely that there are other factors contributing 

to the resistance in HL60/MX2 cells.  The current data also suggest that a reduction in the 

levels of TOP2B alone is insufficient to induce drug resistance against doxorubicin or 

etoposide, further support for the role of other drug resistance mechanisms in 

HL60/MX2. 
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Figure 5.10 Cytotoxicity of mitoxantrone in TOP2B knockdown cell lines.  Cells were 

treated for 48 hours with various concentrations of mitoxantrone and cell viability was 

determined by cell titer blue. 

Table 5.4 48 hour IC50 values of various compounds in TOP2B knockdown cell lines. 

 

Data are averages of two independent experiments with SD. 
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5.2.7 Evaluating Mcl-1 for its contribution to mitoxantrone induced drug 

resistance 

 Data suggesting reduction of topo IIβ is insufficient to induce the levels of drug 

resistance found in HL60/MX2 cells combined with Mcl-1’s established role in drug 

resistance
129

, led to the hypothesis that overexpression of Mcl-1 in HL60/MX2 cells 

played a significant role in the observed drug resistance.  Earlier efforts made to 

knockdown Mcl-1 in HL60/MX2 cells via shRNA were unsuccessful, due to cell viability 

being negatively affected in the Mcl-1 shRNA treated cell lines.  Therefore, transient 

knockdown of Mcl-1 using small interfering RNA (siRNA) was performed.  It was 

thought that transient knockdown would be more tunable to the level of knockdown 

because it does not require incorporation of shRNA into the genome or a selection step 

allowing for faster evaluation of knockdown efficacy.  This method also allows for the 

quantification of cell death due to the siRNA transfection because the protein levels will 

start to be reduced almost immediately after the transfection, due to the short half-life of 

Mcl-1, without the time delay associated with shRNA.  HL60/MX2 cells were transfected 

via electroporation with 12.5 nM siRNA against Mcl-1 or scrambled siRNA as a control, 

and cells were analyzed for protein expression at 3 and 6 hours post transfection by 

Western blot.  This method proved to be effective in down regulating Mcl-1 in cells; 

however, cell viability was greatly reduced in cells transfected with Mcl-1 siRNA 

compared to control siRNA cells (Figure 5.11 A).  Within 24 hours of transfection, Mcl-1 

knockdown cells remained only 40% viable compared to controls.  Despite several 

attempts to reduce the loading level of siRNA, conditions leading to effective knockdown 
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of Mcl-1 without greatly reducing the viability of cells were not achieved.  This made it 

unfeasible to attempt to perform cytotoxicity experiments using mitoxantrone to evaluate 

Mcl-1’s role in drug resistance. 

In order to determine if Mcl-1 was as crucial in HL60 cells as HL60/MX2 cells, 

both cell lines were transfected using Mcl-1 siRNA and cell viability was monitored over 

the course of 48 hours at various time points (Figure 5.11 B).  It was observed that 

HL60/MX2 cells were much more dependent on Mcl-1 expression compared to HL60 

cells.  Reduced cell viability was observed within 4 hours post-transfection in 

HL60/MX2 cells, with 80% cell death at 48 hours.  The remaining cells probably 

represent unsuccessfully transfected cells as the transfection efficiency is approximately 

80%.  In Mcl-1 transfected HL60 cells, no cell death was observed in the first 6 hours and 

cell viability remained at 70% through 48 hours.  These results suggest that HL60/MX2 

cells rely on the overexpression of Mcl-1 for cell survival; therefore, targeting Mcl-1 

would be a useful strategy in eliminating drug resistant cells. 
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Figure 5.11 Mcl-1 transient knockdown in HL60 and HL60/MX2 cells.  A) Western 

blot of Mcl-1 levels following electroporation of HL60 and HL60/MX2 cells with 12.5 

nM siRNA targeted against Mcl-1.  Control cells were treated with scrambled siRNA.  

Cells were collected 3 and 6 hours post transfection.  Data is representative of two 

experiments.  B) Relative cell viability of HL60 and HL60/MX2 cells post transfection 

with 12.5 nM siRNA targeting Mcl-1.  Cells were electroporated and cell viability was 

determined at the given time points. 
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 Encouraged by the results from knockdown studies of Mcl-1 suggesting the 

protein plays a role in drug resistance, Mcl-1 was transiently overexpressed in HL60 

cells.  Plasmid DNA coding for the open reading frame (ORF) of Mcl-1 was transfected 

via electroporation into HL60 cells.  After 48 hours, cells were harvested and analyzed by 

Western blot for successful overexpression of Mcl-1 (Figure 5.12 A).  Once the 

conditions were optimized, 24 hour cytotoxicity of mitoxantrone, CXL017, and ABT-737 

was performed on Mcl-1 overexpressing HL60 cells (Figure 5.13 B-D).  ABT-737 was 

used as a positive control as it is reported to suffer from drug resistance when Mcl-1 is 

overexpressed.
130

  Mcl-1 transfected cells displayed 24-fold resistance to ABT-737, 8-

fold drug resistance to mitoxantrone, and only 2-fold resistance to CXL017.  This data 

implies that Mcl-1 is likely a key contributing factor in the drug resistance observed in 

HL60/MX2 cells, and the 45-fold resistance to mitoxantrone is not solely due to topo IIβ 

down regulation. 
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Figure 5.12 Overexpression of Mcl-1 in HL60 cells.  Cells were transfected via 

electroporation with 5µg of plasmid DNA encoded with the Mcl-1 open reading frame.  

A) Western blot analysis of Mcl-1 expression 48 hours post-transfection.  B-D) 24 hour 

cytotoxicity of B) mitoxantrone, C) ABT-737, and D) CXL017.  Data are representative 

of two independent experiments. 
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5.3 Conclusion 

 In this chapter several key findings were made.  It was discovered that cells 

exposed chronically to sub-lethal doses of CXL017 for a period of 6 months failed to 

acquire stable drug resistance to the compound, while cells exposed to Ara-C acquired 

>250-fold resistance.  In addition, cells exposed to CXL017 also became re-sensitized to 

several standard therapies including mitoxantrone, etoposide, doxorubicin, and Ara-C 

after 4 months of exposure.  Several protein changes were also observed to have taken 

place at 4 months of treatment.  SERCA2, SERCA3, and Bcl-XL were all shown to 

increase in expression, while Mcl-1 decreased.  It was then discovered that the decrease 

in Mcl-1 expression is at least partially due to a shortened protein half-life in 

HL60/MX2/CXL017/NT cells compared to HL60/MX2 cells and not due to a decrease in 

gene expression.  RNA sequencing revealed that TOP2B expression was significantly 

higher in CXL017 treated cells as well as endogenous levels in HL60 cells.  Knockdown 

of TOP2B in HL60 or CXL017 treated cells resulted in slight resistance to mitoxantrone, 

indicating the increased expression of TOP2B is likely one reason for the observed re-

sensitization.  Lastly, it was established that HL60/MX2 cells are dependent on Mcl-1 

overexpression for cell survival and that overexpression Mcl-1 in HL60 cells leads to 

drug resistance to mitoxantrone.  Taken together these results suggest Mcl-1 is a 

previously unidentified protein that is key to the drug resistance observed in HL60/MX2 

cells. 
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5.4 Experimental Procedures 

5.4.1 Cell Cultures 

HL60 and HL60/MX2 were purchased from ATCC.  The HL-60 cell line was 

grown in IMDM Glutamax media supplemented with 20% FBS, while HL60/MX2 cells 

were grown in RPMI 1640 purchased from ATCC, supplemented with 10% FBS at 37ºC 

with 5% CO2 in air atmosphere. 

5.4.2 Development of Drug Resistant cell lines (Performed by Dr. Sonia Das) 

 HL60 and HL60/MX2 cell lines were exposed to increasing concentration of 

CXL017 and Ara-C respectively in vitro, starting at the IC20 value for a period of 6 

months with gradual increase of drug concentration while maintaining the survival of 

most cells. Cell medium was changed twice a week. The sensitivity of these cells to the 

corresponding drugs was monitored once a month, in which the cells were grown in the 

absence of drug for a period of 7 days and then evaluated for the sensitivity with a cell 

viability assay. To determine if the cell lines exposed to drug for 6 months demonstrate 

stable resistance, they were cultured in the absence of drug for a period of 2 months and 

then re-evaluated for their drug sensitivity. For additional comparison, HL60/MX2 cells 

were exposed to ABT-737 (a known Bcl-2 inhibitor) and TG (a known SERCA inhibitor) 

for a period of 3 months, using the same protocol described earlier. 

5.4.3 Evaluation of Cytotoxicity 

 The in vitro cytotoxicity was determined by the compounds’ ability to inhibit the 

growth of tumor cells.  Measurements were performed with the CellTiter-Blue Cell 

Viability Assay kit from Promega (Madison, Wisconsin).  In brief, the tumor cells were 
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plated in a 96-well plate at a density of 1 x 10
4
 cells/well.  The cells were treated with a 

series of 3-fold dilutions of test compounds with final concentrations of 1% DMSO in the 

final volume.  Cells treated with 1% DMSO served as controls.  Cells were incubated for 

48 hours at 37 °C, and the relative viability was measured using CellTiter-Blue.  IC50 

values were determined by plotting the relative viability by the log of drug concentration 

and fitting to a sigmodial dose-response (variable slope) model in GraphPad Prism 

software (San Diego, CA). 

5.4.4 Western Blotting 

Cells were lysed in RIPA buffer (10mM Tris-HCl pH=8.0, 150mM NaCl, 1mM 

EDTA, 1% Igebal, 0.5% Sodium deoxycholate, and 0.1% Sodium Dodecyl Sulfate) 

containing 1% protease inhibitor from Sigma (St. Louis, MO).  Cells were kept on ice for 

20 minutes in lysis buffer after vortexing, and then centrifuged at 17 x g for 15 minutes.  

The supernatant was collected, and protein concentration was determined by 

bicinchoninic acid (BCA) assay (Pierce, ThermoScientific, Rockford, IL).  Following 

quantification, 40 µg of total protein was mixed with loading dye and sample reducing 

agent (NuPAGE, Invitrogen, Carlsbad, CA), boiled for 5 minutes, and separated by gel 

electrophoresis at 150 V on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA).  

Proteins were then transferred at 40 V to a polyvinylidene difluoride (PVDF) membrane 

from Millipore (Billerica, MA).  Membranes were blocked in 5% milk in tris buffered 

saline TWEEN20 (TBST) for 1 hour at room temperature followed by incubation with 

primary antibody overnight at 4 °C.  Membranes were washed 3 times in TBST for 5 

minutes and then incubated in the appropriate HRP conjugated antibody (1:3000) for 3 
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hours at room temperature.  Detection was performed using supersignal 

chemiluminescence system from Pierce (Rockford, IL).  The SERCA2 IID8 (1:200), 

SERCA3 XL-6 (1:300), Mcl-1 S-19 (1:400), Bcl-Xs/L S-18 (1:750), antibodies were from 

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and used at the specified dilution.  The 

anti-Bcl-2 B3170 antibody (1:10,000), the anti-β-actin (1:40,000) antibody, and 

secondary antibodies were from Sigma–Aldrich (St. Louis, MO). 

5.4.5 RNA isolation and qRT-PCR 

 Total RNA was isolated from cells using TRIzol Reagent from Invitrogen (Grand 

Island, NY) followed by PureLink RNA Mini kit from Life Technologies (Grand Island, 

NY) following manufactures protocols.  Briefly, 1 x 10
7
 cells were collected by 

centrifugation and homogenized in 1 mL TRIzol Reagent.  After incubating for 5 minutes 

at room temperature, 0.2 mL chloroform was added.  Samples were shaken for 15 

seconds, incubated for 3 minutes, and centrifuged at 12,000 x g at 4 °C.  The colorless 

aqueous phase was collected and RNA was purified using the PureLink kit.  An equal 

volume of 70% ethanol was added to the aqueous phase, vortexed, and transferred to a 

spin column.  Samples were centrifuged and the flow-through was discarded.  After 

washing the RNA several times, it was eluted from the column using RNase-free water.  

The RNA was quantified by measuring absorbance at 260 nm and an extinction 

coefficient of 40.  Purity was assessed using A260/A280 nm.  Samples were then 

submitted to the BioMedical Genomics Center at the University of Minnesota 

(Minneapolis, MN) for qRT-PCR analysis.  Data was then compared using the 2
-ΔΔC

T 

method as described.
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5.4.6 RNA sequencing 

 Total RNA was isolated as described in 5.4.5 and submitted to the BioMedical 

Genomics Center at the Universtiy of Minnesota (Minneapolis, MN) for Next Generation 

Sequencing, generating ~10 million 50 base pair paired end reads..  Data was processed 

in Galaxy/UMN.  Initially FASTQ Groomer was run on the data,
132

 followed by Tophat, 

assigning reads to the hg-19 human reference genome with a mean inner distance 

between mate pairs of 80 base pairs.
133

  Transcripts were then assembled and their 

abundance determined using Cufflinks
128

 with data generated from Tophat.  Cuffcompare 

and Cuffdiff are part of Cufflinks and were used to determine differential gene 

expression. 

5.4.7 Knockdown of topoisomerase II β 

1 x 10
5
 cells in 1 mL of complete media containing 5 µg/mL polybrene (Santa 

Cruz Biotechnology, Santa Cruz, CA) were plated in a 12-well tissue culture plate.  Cells 

were transduced with lentivirus containing either scrambled shRNA or shRNA targeting 

the gene of interest from Santa Cruz Biotechnology, Inc (Santa Cruz, CA) at a 

multiplicity of infection (MOI) of 3.  After 8 hours, the cells were centrifuged and re-

suspended in 1 mL of fresh media.  48 hours after transduction, cells were selected with 3 

µg/mL puromycin for a period of 72 hours.  Cells were analyzed via Western blot 1-2 

weeks after transduction to evaluate protein knockdown. 
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5.4.8 Transient transfection of HL60 and HL60/MX2 cells 

 Cells were transfected using the Neon electroporation system from Life 

Technologies (Grand Island, NY).  Briefly, 1 x 10
6
 cells were re-suspended in 100 µL 

phosphate buffered saline (PBS) from Life Technologies.  Cells were electroporated 

using the 100 µL tip and pulse voltage of 1350 V, pulse width of 35 ms, and 1 pulse, and 

re-suspended in 2.5 mL media in a 6-well plate.  Cells were either transfected with 12.5 

nM siRNA (based on 2.5 mL re-suspension volume) from Life Technologies or 5 µg of 

plasmid containing the Mcl-1 open reading frame (SC315538) from OriGene (Rockville, 

MD).  Successful knockdown was assessed after 6 hours and Mcl-1 expression was 

assessed after 48 hours via Western blotting. 
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