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Abstract

Colorectal cancer is one of the most common cancers in the United States with an early
detection rate of only 39%. Colorectal cancer cells along with other cancer cells exhibit many
deficiencies in cell-to-cell communication, particularly gap junctional intercellular
communication (GJIC). GJIC has been reported to diminish as cancer cells progress. Gap
junctions are intercellular channels composed of connexin proteins, which mediate the direct
passage of small molecules from one cell to the next. They are involved in the regulation of the
cell cycle, cell differentiation, and cell signaling. Since the regulation of gap junctions is lost in
colorectal cancer cells, the goal of this study is to determine the effect of GJIC restoration in
colorectal cancer cells. Overexpression of connexin 43 (Cx43) in SW480 colorectal cancer cells
causes a 6-fold increase of gap junction activity compared to control un-transfected cells. This
suggests that overexpressing Cx43 can restore GJIC. Furthermore, small molecule directly
targeting gap junction channel was used to increase GJIC. Gap junction enhancers, PQs, at 200
nM showed a 4-fold increase of gap junction activity in SW480 cells. Using Western blot
analysis, Cx43 isoform expression was seen to shift from PO to P1 and P2 isoforms after
treatment with PQ1 200 nM for 1 hour. Overall, the results show that overexpression of
connexin and small molecules such as gap junction enhancers, PQs, can directly increase gap
junction activity. The findings provide an important implication in which restoration of gap

junction activity can be targeted for drug development.
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Chapter 1 - Introduction

Colorectal Cancer
Statistics
Colorectal cancer is the third most common cancer and the third leading cause of cancer
related death in the United States?. The life time risk of developing colorectal cancer is 5%?2. In
2013, approximately 136,830 people were diagnosed with colorectal cancer. Approximately
50,310 deaths in the past year were due to colorectal cancer®. The incidence of colorectal cancer
is higher in men than in women?. The majority of cases and deaths due to colorectal cancer

occur in people 65 years and older®,

Risk Factors

Many risk factors have been found for colorectal cancer. A personal history of colorectal
polyps, colorectal cancer, or inflammatory bowel disease increases the risk of colorectal cancer.
In 1 out of 5 people that develop colorectal cancer, a familial connection to the disease is found.
Lifestyle also influences the risk of colorectal cancer. A diet high in red meat and / or processed
meats increases the risk of colorectal cancer as well as cooking meats at high temperatures. The
consumption of vegetables, fruits and whole grains decreases the risk of colorectal cancer.
Physical inactivity increases the risk and physical activity decreases the risk of colorectal cancer.
Obesity and smoking increase both the risk of developing and dying of colorectal cancer. Heavy

alcohol use also increases the risk of colorectal cancer?.

Colorectal Cancer Stages

The colon wall is made up of five tissue layers (Figure 1.1). The first layer from the

lumen is the mucosa, next is the submucosa, third is the muscularis propria, then the subserosa



and last is the serosa as shown in Figure 1.1. The rectum has all of the layers except for the
subserosa and serosa. There are five stages of colorectal cancer stage 0 to stage IV. Even though
overall occurrence rates are combined for both colon and rectal (colorectal) cancer, the treatment
and survival rates differ between the two cancer types®. Survival rates are shown in Table 1.1.

Cancer progression is shown in Figure 1.1.

Submucosa Muscularis Propria . Stage 0

|:| Stage |
. Stage Il
. Stage Il

. Stage IV

Mucosa

Subserosa

Distant
Sites

Lymph _ |
Nodes

Peritoneum

Figure 1.1 Cancer progression through layers of the colon.
Image was adapted from Edge et al., 2010*.

In stage 0 colorectal cancer, the cancer has not grown past the mucosa layer of the colon.
Polyps make up this stage and they may contain invasive cells. So to ensure that the polyp does
not become invasive, a polypectomy is used to remove the polyp?.

In stage | colorectal cancer, the cancer has progressed into the submucosa and possibly
into the muscularis propria, but not to lymph nodes or distant sites. The 5-year observed survival
rate is 74% for both colon and rectal cancer. The treatment for this stage is surgery to remove the
part of the colon that is afflicted. In some rectal cancer cases, chemotherapy after surgery is

given?,



In stage 11 colorectal cancer, the cancer has spread to the outer layer of the colon or
rectum and, possibly, to nearby organs but not to lymph nodes or distant sites. The 5-year
observed survival rate is 67% in early stage 11 colon cancer and down to 37% in late stage |1
colon cancer. For this stage, surgery may be the only treatment needed. However, in some cases
surgery may be followed by chemotherapy. In early stage Il rectal cancer, survival rate is 65%
and late stage Il survival rate is 32%. The treatment is surgery with chemotherapy and/or
radiation treatment for 6 months®.

In stage I11 colorectal cancer, the cancer has spread to nearby lymph nodes, but not too
distant sites in the body. The 5-year survival rate for cancer in the colon is 73% in early stage 11l
and 28% in late stage I11. The treatment is surgery, followed by radiation and/or chemotherapy.
In the rectum, early stage 111 cancer is associated with 74% survival rate, and late stage Il has a
survival rate of 33%. Treatment for this stage is radiation therapy along with chemotherapy
followed by surgery. After surgery, chemotherapy is given for about 6 months®.

In stage IV colorectal cancer, the cancer has spread from the colon or rectum to distant
organs and tissues throughout the body. The survival rate for this stage of colon cancer is 6%.
The treatment is chemotherapy followed by surgery and then more chemotherapy. For rectal
cancer, the 5-year survival rate for stage 1V is 6%. The treatment varies, in some cases surgery is
performed, and then chemotherapy. In other cases, it is chemotherapy, surgery, and then
chemotherapy and radiation, or chemotherapy and radiation, followed by surgery, followed by

chemotherapy®.



5-year Observed Survival Rate
Stage Colon Rectum
| 74% 74%
A 67% 65%
11B 59% 52%
11IC 37% 32%
HIA 73% 74%
1B 46% 45%
HC 28% 33%
\" 6% 6%

Table 1.1 5-year survival rate.
Table was adapted from Edge et al., 2010%,

Hallmarks of Cancer

As colorectal and other cancers form and progress, characteristics common to all cancers
are seen. These characteristics are known as hallmarks. Cancers do not gain these characteristics
all at once; they are gained over time as cancer progresses. There are 6 well known hallmarks in
cancer formation. The hallmarks are; ability to self-proliferate, the ability to ignore signals to
stop proliferating, the ability to ignore cell death signals, immortalization, recruitment of blood
vessels, and the ability to invade and metastasize®®.

The ability to self-proliferate, can occur by mutations, such as 35% of colon tumors
having a mutation in the Kirsten rat sarcoma viral oncogene homolog gene (KRAS) that causes it
to be active. KRAS activation will lead to the propagation of growth factors and, therefore, will
lead to proliferation of the cell®’.

A second hallmark is the ability to ignore signals to stop proliferating. An example is the
loss of heterozygosity in the Adenomatous polyposis coli (APC) gene in colorectal cancer. APC
is a tumor suppressor gene, which regulates cell growth. With homozygosity or heterozygosity of
normal APC gene, the APC protein can help control cell growth and suppress cancer. However,
after mutation of both genes, APC (loss of heterozygosity) can no longer function, allowing the

cell to grow uncontrollably. The loss of both APC genes is found in 80% of colon cancers®>” .



The third hallmark is the evasion of apoptosis (cell death signals). For instance, tumor
protein p53 (p53), a tumor suppressor gene, can activate the apoptotic pathway and lead to cell
death by binding to DNA and causing the cell to produce the cyclin-dependent kinase inhibitor 1
protein (p21)’. p21 complexes with cyclin-dependent kinase 2 (cdk2) to prevent the cell from
going to the next stage of cell division®. The loss of heterozygosity in the p53 gene occurs in a
little less than 50% of colon cancers®’.

A fourth hallmark is limitless replicative potential, also known as immortalization. In
normal cells, every time cell division occurs the telomere shortens until it gets too short, and then
the cell can no longer replicate. Telomerase is the enzyme that maintains telomeres and, even
with this enzyme, 50 — 100 base pairs are lost from the telomere after every division in normal
cells. In 85 to 90% of cancers the expression of the telomerase enzyme is elevated. This allows
for the maintenance of telomeres above the threshold length giving cells the ability for
continuous replication®.

The fifth hallmark is the ability to recruit blood vessels. All cells require nutrition to
function and survive, and acquire the necessary nutrition cells from within 100 pm of a blood
vessel. To become within 100 um of a blood vessel, the cells acquire the ability to produce
necessary proteins that signal for angiogenesis. Angiogenesis is the ability to recruit blood
vessels. At first the cells do not have this ability, and this limits their growth. Tumor cells
perform angiogenesis by secreting different growth factors which signal for the growth of blood
vessels to the area. A few of the signals for angiogenesis are vascular endothelial growth factor
(VEGF), transforming growth factor (TGF), tumor necrosis factor (TNF), and platelet-derived
endothelial growth factor (PEGF)®. Once the cells develop the angiogenic ability, this leads to

tumor expansion®>7.



The sixth hallmark is invasion and metastasis. This occurs in the last stage of cancer
progression. Cells acquire the ability to undergo the invasion-metastasis cascade. It has been
seen that the cell-cell adhesion molecules (CAMSs) change’. In epithelial cancers, like colorectal
cancers, an epithelial-mesenchymal transition occurs. This transition allows the cells to break
through the basement membrane and invade the blood or lymph to travel to distant sites in the
body, where the cells will colonize®’.

These hallmarks are all potential targets for chemotherapy, however, some are more
viable than others. Inhibiting hallmarks 1,4 and 5 (the ability to self-proliferate, immortality and
angiogenesis) are all current targets for cancer treatment®>’.

Currently, in colorectal cancer, cetuximab and panitumab are chemotherapeutic drugs
designed to inhibit endothelial growth factor receptor (EGFR) to suppress proliferation; however,
when KRAS is activated in cancer, this treatment has little effect due to KRAS activating EGFRs
downstream pathway”°, Bevacizumab and regorafenib target angiogenesis, the fifth hallmark,
by inhibiting vascular endothelial growth factor (VEGF) and kinases*''2. Currently, drugs
targeting the telomerase enzyme are being developed®®°. Drugs to target the invasion and
metastatic hallmark may eventually be developed, but more understanding of this pathway is
needed before designing drugs targeted to invasion and metastasis>>".

Other than drugs targeting these hallmarks, most chemotherapeutic drugs are designed to
damage the DNA®. These are more abundant than the drugs targeting the hallmarks. However,
there is another hallmark of cancer that until now has not been investigated as a potential target
for anti-cancer drugs. This hallmark is the loss of gap junctional intercellular communication

(GJIC)E.



The loss of gap junctions (GJs) and connexins is commonly found in cancers!’. GJs and
some connexins are thought to be tumor suppressors*®. Gap junctions are involved in the
bystander effect. Gap junctions allow for the propagation of small molecules between cells. It
has been shown that via the bystander effect contributes to the efficacy of cancer therapy. Using
8-bromo-cyclic-AMP, connexin 43 (gap junction building unit) and GJIC, were up-regulated
leading to the increased efficacy of gene therapy®2°. These previous studies show that gap

junction enhancers have the potential to increase the efficacy of chemotherapy treatments.

Gap Junctions

Gap junctional intercellular communication (GJIC) is the passage of small molecules
(>1000 Da) between adjacent connecting cells through gap junction channels, as shown in Figure
1.221-24_ The mediation of small molecules through gap junctions is known as the bystander
effect. The bystander effect involves the passage of toxic or beneficial compounds to adjacent
cells. Small molecules like cCAMP, calcium ions, and glucose can pass through gap junctions
while large molecules like proteins or complex sugars cannot pass through the gap junctions this
suggests maximal pore size of the channel is 1.5 nm in diameter in mammalian cells?>2°,
Through transfer of these different compounds, gap junctions are involved in the regulation of
the cell cycle, cell differentiation and cell signaling?’.

Gap junctions are made of the protein known as connexin. There are 21 known isoforms
of connexin?®. The connexin structure consists of 4 hydrophobic transmembrane domains, 2
extracellular, and 3 cytoplasmic loops as shown in Figure 1.22%%, Connexin 43 (Cx43) is the
most common connexin studied, as such it is the focus of this project. Six connexins form a
hemichannel and 2 hemichannels connect to form a gap junction. Functional gap junctions are

found in gap junctional plaques. A plaque consists of hundreds of gap junction channels in



position on the plasma membrane at regions connected to adjacent cells®t. The loss of gap

junctions and connexin 43 is seen commonly in cancer formation®’-32,

Gap junction

traramembeane domaing (M1 -M4)
extracedular loops (LY and £2)
oytoplasmec op KL

Al doiman | v and Ly

Figure 1.2 Gap junction and connexin structure.
Created by Mariana Ruiz Villarreal®,
As colorectal cancer forms, there is a decrease in gap junction activity, Cx43 expression,

and a shift in localization of Cx432®, The half-life of connexin is 1.5 to 3 hours®®. The regulation
of gap junctions occurs through phosphorylation of the connexin carboxyl-terminal domain.
Cx43 has been found as 3 different isoforms; PO, P1 and P2. The isoform regulation of Cx43 is
via phosphorylation events®14%-51 The PQ isoform has been shown to localize on internal
membranes like the Golgi apparatus*’>? The PO isoform is known to have less phosphorylation
than the P2 isoform and is referred to as dephosphorylated*®. The P1 and P2 isoforms are
associated with certain phosphorylation sites. The P1 form has been seen to be phosphorylated at
S364/S365 amino acid residues. Phosphorylation at S365 has been shown to be involved in the
assembly of gap junctions. The P2 form has been found as 2 different isoforms. One of the P2
isoforms is phosphorylated at S325/S328/S330; this form has been found at gap junctional
plaques*®. When the P2 isoform is phosphorylated at S262 and/or S368, a decrease in gap

junction intercellular communication (GJIC) is found*>®2%, Kinases (PKC, MAPK, Akt, ect.) are



regulators of gap junctions (GJs) by way of phosphorylation of connexin proteins at multiple
phosphorylation sites on the carboxyl-terminal domain*34554-5¢_ This research will look into the
effects of 6-methoxy-8[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethyl-

phenyloxy)quinolone (PQ1), a gap junction enhancer, on kinases that regulate gap junctions.

PQ1

Q& Me

MeO
&y

| e
N

v
HO JL(CH2)COH

PO1: Ar=m-CFa3CgH

Figure 1.3 Structure of PQL.
Adapted from Gakhar et al., 2008°’.
PQ1(Figure 1.3) was developed after using the partial crystal structure of gap junctions

(GJs) to test substituted quinolones and their ability to interact with the gap junctions. PQ was
found to bind to the core of the hemichannel of the gap junction. Interactions (closed contact) at
one minimum energy (-0.7 kcal/mol) bound structure were found between the CFs group of PQ1
and the H-N of Leu144 (2.5A) of connexin and OCHs group of PQ1 and CH; of Phe81 of
connexin (2.5A) were observed. PQ1 has been demonstrated to increase gap junction activity in

breast cancer cells. PQ1 caused an 8.5-fold increase in gap junction activity in T47D breast



cancer cells and subsequently a decrease of 70% growth in a xenograft tumor®’. Oral
bioavalability studies indicate that administration of PQ1 via oral gavage has a low toxicity to
normal tissue, with no observable adverse effects, while significantly attenuating tumor growth®”.
This study addresses whether overexpression of Cx43 or increase gap junction activity
can be achieved in human colorectal cancer cells, SW480. Using transfection and small molecule
approach (PQ1), the gap junction activity of SW480 cells was restored. Overall, this study
provides evidence, for the first time, that regain of GJIC can be achieved by a small molecule of

gap junction enhancer, PQ1, on SW480 colorectal cancer cells.
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Chapter 2 - Hypothesis and Objectives

Hypothesis

1. Gap junction intercellular communication can be restored by overexpression of Cx43
and/ or by small molecule PQL1.
2. PQ1 can induce apoptosis at concentrations higher than that needed for GJIC

restoration.
Objectives

1. To determine the effect of overexpression of Cx43 on GJIC.
2. To determine the effect of PQ1 on GJIC.

3. To determine PQ1’s effect on apoptosis.

11



Chapter 3 - Overexpression of Cx43 leads to increase in GJIC

Introduction

It has been seen that in colorectal cancer GJIC and Cx43 is decreased®. GJIC allows for
the direct propagation of small molecules between cells (bystander effect)'®. Using 8-bromo-
cyclic-AMP, Cx43 and GJIC were increased. The increase in GJIC potentiated the effect of
suicide gene therapy by way of the bystander effect in breast cancer cells'®. An increase in GJIC
has also been seen after overexpression of Cx43 in breast cancer cells'®*. In this chapter, the

effect of increasing GJIC on colorectal cancer cell line SW480 is studied.

Methods

Cell Line

The SW480 human colorectal cancer cell line was purchased from American Type Cell
Culture (ATCC, Manassas, VA). Cells were grown with 0% CO> in Leibovitz’s L-15 Medium
with 10% Gibco Fetal Bovine Serum (FBS) purchase from Life Technologies (Grand Island,

NY, USA).

Western Blot

Cells were seeded to 50% density in a T-25 cm? flask for 24 hours and allowed the
density to reach 90% prior to treatment. Cells were harvested with lysis buffer (20 mM Tris-HCL
pH 7.6, 0.5 mM EDTA, 0.5 mM EGTA, and 0.5% Triton-X 100) (Cell Signaling Technology
Inc., Danver, Massachusetts, USA). The lysate mixture was centrifuged at 13,000 rpm (Using an
Eppendorf centrifuge 5415R with rotor F-45-24-11, Eppendorf North America, Hauppauge, New
York, USA) for 30 minutes at 4°C, and the supernatant was collected. Total protein

concentration was determined using a Bio-Rad protein assay kit (Bio-Rad Life Science Research,

12



Hercules, California, USA). Twenty-five pug of whole cell extract was separated by 5-10%
sodium dodecylsulfate (SDS) polyacrylamide gel electrophoresis (PAGE) and transferred onto a
nitrocellulose membrane. The nitrocellulose membrane was immunoblotted against the protein
of interest. The primary antibodies were mouse anti-Cx43 (F-7) antibody, specific for epitope
mapping between amino acids 357-381 at the carboxy-terminus domain, and the mouse anti-
GAPDH (0411) antibody purchased from Santa Cruz Biotechnology (Santa Cruz, California,
USA). Secondary antibodies were anti-mouse and anti-rabbit 1gG linked HRP, they were

purchased from Cell Signaling Technology (Danver, Massachusetts, USA).

Transfection
Eight x10° SW480 cells were seeded into 6-well plates for 24 hours. Cells were

transfected with 3.5 pg of Gjal, NM 012567.2, subcloned into pEGFP-N3 vector 21 and Optifect
reagent (Life Technologies, Grand Island, NY, USA) in 0% Fetal Bovine Serum (FBS) tissue

culture media.

Gap Junction Activity

Scrape Load/Dye Transfer (SL/DT) assay was used to measure gap junction activity.
Eight x 10° SW480 cells were grown on a cover slip in a 6-well plate. Cells were grown for 24
hours; cells were transfected with a vector Cx43 for 24 hours. Cells were washed with
Phosphate Buffered Saline (PBS) 3 times. A mixture of 1% Lucifer yellow and 0.75%
Rhodamine dextran was added in the center of the cover slip. Two cuts crossing one another in
the center of the coverslips were made. After 3 minutes, cells were washed with PBS 3 times and
incubated at 37°C in tissue culture media for 20 minutes. The cells were then washed with PBS

and fixed with 2.5% paraformaldehyde for 30 minutes. Cells were mounted on a slide and then

13



sealed and visualized under a fluorescent microscope (Nikon Eclipse 80i, Nikon Instruments,
Melville, NY, USA)(X-Cite 120 PC fluorescence illumination system, EXFO Photonic Solutions
Inc., Mississauga, Ontario, Canada) at 10x objective (Nikon Instruments, Melville, NY, USA).
Images were captured using Nikon Digital Sight Fil (Nikon Instrument, Melville, NY, USA).
The distance between the designated cut and the dye transfer was measured. The distance of dye
uptake indicates that cells are active and have allowed the dye to pass from one cell to the next

cell.

Proliferation and Viability

Eight x 10° SW480 cells were seeded into 6-well plates for 24 hours. Cells were
transfected with a vector expressing Cx43. Twenty-four hours later, tissue culture media of
respective treatments were saved in 15 mL conical tubes. A volume of 0.5 mL of trypsin was
added to the cells for 5 minutes. Cell scrapper and 3 mL of PBS were used to harvest cells. Cells
were spun down for 5 minutes at 13,000 rpm; afterwards the supernatant was removed. VVolumes
of 900 uL PBS and 100 pL of trypan blue were added to the pellet and left to stand for 5
minutes. Cellometer Auto 2000 from Nexcelom Bioscience was used to measure the number of

cells for proliferation and viability. All cells were counted toward proliferation.

Results
Transfection of Cx43 leads to increased GJIC in SW480 colorectal cancer cells
Intercellular communication in many organs is maintained via GJIC. As cancer forms, a
decrease in GJIC and Cx43 protein are observed 8. An effective clinical drug targeting GJIC has
not been studied for colorectal cancer at this time; thus, ways to increase GJIC in colorectal

cancer cells were examined. Cells were transfected with Cx43 expression plasmid for 24 hours.

14



Western blot analysis showed that 25 ug of Cx43 expression vector was sufficient to increase
Cx43 in SW480 cells compared to control or empty vector (Figure 3.1A and 3.1B). These cells
were analyzed for gap junction activity after 24 hours of transfection. The results showed a 6-
fold increase of gap junction activity in Cx43-transfected cells compared to control cells (Figure
3.1C). Thus, the results suggest that regain of GJIC in SW480 cells can be achieved via
transfection of Cx43. Furthermore, a differential pattern of Cx43 isoform was observed. The
protein blot analysis showed that there are three distinct isoforms of Cx43: PO, P1, and P2.
Isoform expression of Cx43 had shifted from PO form to P1 form in the Cx43 transfected cells
(Figure 3.1D). Overall, these results show an increase in GJIC by overexpression of Cx43.The
effects of overexpression of Cx43 on cell viability and proliferation were analyzed to see if an
increase in GJIC would affect cell growth and death. A proliferation study of SW480 cells,
overexpressed with or without the Cx43 expression vector, showed no significant change
compared to empty vector (Figure 3.2A). The viability of SW480 cells overexpressing Cx43 was
not found to change (Figure 3.2B). These data demonstrate that the overexpression of Cx43 did
not alter the proliferation and viability of SW480 cells, and the change in gap junction activity is

due to the overexpression of Cx43.

Discussion

In colorectal cancer, a decrease in GJIC has been found. Thus, chemotherapeutic
compounds cannot utilize gap junctions to propagate their effects throughout the tumor. In this
study, the effects of overexpression of Cx43, a gap junction protein, were analyzed. The
overexpression of Cx43 in SW480 cells resulted in an increase in GJIC, as well as a shift in
isoform expression of Cx43 from PO to P1 (Figure 3.1). These findings are in line with similar

studies performed by TenBroek®®. Experiments were performed to analyze the effects of GJIC on
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the proliferation and viability of SW480 cells. As shown in Figure 3.2, increasing GJIC does not

affect viability or proliferation of SW480 cells. Since transfection is not a viable therapeutic

target, a small molecule approach is needed to increase GJIC in-vivo.

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Normalized to Empty Vector

T 3
g £
T
E & 2
® > o
. > ‘D
- ‘E_ 5
2 &b F
P2r
Cx43 Bl —— ‘ IB=Cx43
Intensity 10 10 041
S
4 — =
Cx 3P0 - . 1B=Cx43
GAPDH ——— e e ‘ 1B= GAPDH
.
*
T
s
(|
. I
No Treatment Empty Vector  Transfection Cx43
(Control) (Control)
Treatment “p-value < 0.05

= Cx43

No Treatment (Control) Transfection Cx43

%

*

1
1 '

= S S or L I

No Treantment Empty Vector (Control)  Transfection Cx43
(Control)

Treatment *p-value < 0.05

Figure 3.1 Overexpression of Cx43 and its effects on Gap Junction Activity.

uCx 43P0
Cx43 P1
Cx43 P2

Cells were treated with: no treatment (control), transfection of Empty Vector, transfection of

Cx43 for 24 hours. A) Levels of Cx43 were examined by western blot analysis using anti-

connexin43 (F-7) antibody. GAPDH was used as loading control. B) Graphical presentation of 3

independent experiments showing pixel intensities of total Cx43 normalized to control. *P value

is <0.05 compared to control. C) Scrape/ Load Dye transfer after no treatment or overexpression

of Cx43. Lucifer yellow dye in cells indicated in white. Red line indicates the point of entry for

Lucifer yellow. Dye transfer is measured from point of entry along scape line to outer most cells.

D) Graphical presentation shows the ratio of Cx43 isoforms PO, P1 and P2. Data were obtained

in 3 independent experiments and are represented as the mean + SD. *P value is <0.05 compared

to control. IB= Immunoblot against Cx43.
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Figure 3.2 Proliferation and Viability of SW480 cells after transfection.

Eight x 10° cells were seeded into 6-well plates. Cells were then treated with respective
treatments for 24 hours. Treatments were: Control, transfection of Empty Vector, and
transfection of Cx43 plasmid. After 24 hours of transfection, viability and proliferation was
performed. A) Proliferation of SW480 cells. B) Viability of SW480 cells. Data were obtained in

3 independent experiments and are represented as the mean + SD.
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Chapter 4 - PQ1’s effect on GJIC

Introduction
6-methoxy-8[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethyl-

phenyloxy)quinolone (PQ1) has been shown in breast cancer cells to increase GJIC®. This study
focuses on the effects of PQ1 on GJIC in colorectal cancer cells and its mechanism. PQ1 has 2
possible mechanisms: the first is by direct binding to Cx43; the second is by regulating kinase
activity as gap junctions are regulated by kinases*#>54°6_1In this study PQ1’s effects on kinase
activity is analyzed.

Protein kinase C (PKC) a, p44/42 mitogen-activated protein kKinase (p44/42 MAPK) and
active protein kinase B (pAkt) were investigated for their role in regulating gap junctions in the
presence of small molecule, gap junction enhancer, PQ1. 12-O-Tetradecanoylphorbol-13-acetate
(TPA) a GJIC inhibitor decreases GJIC by mimicking diacylglycerol (DAG) and activating PKC.
PKC is known to phosphorylate Cx43 at S368, a site that is known for its association with
decreased GJIC. However, the effects of PKC on GJIC are dependent on the isoform of PKC
(PKCa,p,9,y, and €) PKC a has been shown to both increase and decrease GJICP00,

Studies on the phosphorylation of Cx43 by way of MAPK have mixed results. Early
studies found MAPK (using an antibody that detects all MAPK) to be a GJIC down-regulator by
phosphorylation at S255, S279 and S2825!. A recent study found MAPK phosphorylation to lead
to the up-regulation of GJIC®2. p44/42 MAPK was shown to decrease GJIC®?,

The kinase Akt has been shown to stabilize gap junctions via phosphorylation at S373 of
Cx43%. Dunn et al., found that upon inhibition of Akt by Akt V11 inhibitor or with a dominant
negative version of Akt, gap junctions were smaller, and less phosphorylated Cx43 was

present®®.
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Methods
Cell Line
The SW480 human colorectal cancer cell line was purchased from American Type Cell
Culture (ATCC, Manassas, VA). Cells were grown with 0% CO- in Leibovitz’s L-15 Medium
with 10% Gibco Fetal Bovine Serum (FBS) purchase from Life Technologies (Grand Island,

NY, USA).

Western Blot

Cells were seeded to 50% density in a T-25 cm? flask for 24 hours and allowed the
density to reach 90% prior to treatment. Western blot assay was performed as described in
Chapter 3. Primary antibodies mouse anti-Cx43 antibody, mouse anti-PKCo (H-7), specific for
epitope mapping between amino acids 645-672 at the c-terminus of PKC a, and mouse anti-
GAPDH antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, California,
USA). Primary antibodies purchased from Cell Signaling Technology (Danvers, Massachusetts,
USA) were; rabbit anti-phospho-Akt (Ser473) (D9E) specific for endogenous levels of Akt when
phosphorylated at Ser473, rabbit anti-caveolin 1 (D46G3), specific for endogenous levels of total
caveolin-1, and rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), specific for
endogenous levels of p44 and p42 MAPK when phosphorylated at Thr202 and/or Tyr 204 of
extracellular-signal-regulated kinasel (Erkl), a classical MAPK. Secondary antibodies were
anti-mouse and anti-rabbit IgG-linked HRP, they were purchased from Cell Signaling

Technology (Danver, Massachusetts, USA).

Translocation Assay

The cells were harvested with MgCl.. The mixture was centrifuged at 35,000 rpm (Using

a Beckman TL-100 Ultra Centrifuge with rotor) for 1 hour and the supernatant was collected

19



(cytoplasmic portion). The pellet was re-suspended with lysis buffer (Cell Signaling Technology
Inc., Danver, Massachusetts, USA). The mixture was centrifuged at 13,000 rpm (Using an
Eppendorf centrifuge 5415R with rotor F-45-24-11, Eppendorf North America, Hauppauge, New
York, USA) for 30 minutes at 4°C, and the supernatant (membrane fraction) was collected. The

lysate was used for western blot analysis as described previously.

Gap Junction Assay

The SL/DT assay was used to measure gap junction activity. Eight x 10° SW480 cells
were grown on a cover slip in a 6-well plate. The cells were grown for 24 hours; then pre-treated
with kinase inhibitors: Calphostin C or Staurosporin (EMD Millipore (Bellerica, Massachusetts,
USA)) for 1 hour, followed by treatment with/without 200 nM 12-O-Tetradecanoylphorbol-13-
Acetate (TPA) and / or with 50 nM, 200 nM, or 500 nM PQL1 for 1 hour. The SL/DT assay was

performed as previously described in Chapter 3.

Immunofluorescence

Cells were seeded at 8 x 10° cells on coverslips in 6-well plates. Cells were pre-treated

with Calphostin C or Staurosporin for 1 hour, followed by treatment with 200 nM PQ1 for 1
hour. Controls were: no treatment, DMSO, and 200 nM PQL1 for 1 hour. The cells were then
fixed with 4% paraformaldehyde for 30 minutes and were washed 3 times with Tris Buffered
Saline (TBS) with Tween 20 (TBST). The cells were permeabilized with 0.1% Triton-X 100 for
20 minutes, and were washed 3 times with TBST. The cells were then blocked in 3% Bovine
Serum Albumin (BSA) for 1 hour, followed by primary antibody overnight in 3% BSA. The
samples were then washed in 3% BSA 3 times, secondary antibody was added for 2 hours at

room temperature and the samples were washed with 3% BSA 3 times. Coverslips were placed
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on slides using Prolong Gold antifade reagent (Life Technologies, Grand Island, NY, USA).
Primary antibody mouse anti-Cx43 was purchased from Santa Cruz Biotechnology (Santa Cruz,
California, USA). Secondary antibody Alexa Fluor 488 Rabbit Anti-Mouse 1gG (H+L) was
purchased from Life Technologies (Grand Island, NY, USA). Software and instrument are the

same as used in Gap Junction Activity Assay.

Results
PQ1, gap junction enhancer, increases GJIC in SW480 colorectal cancer cells

The approach of increasing GJIC directly has potential to enhance the efficacy of cancer
treatment. Since transfecting all cancer cells with Cx43 is not valid as a therapeutic option, an
alternate approach is needed. Recently, gap junction enhancers, a class of substituted quinolines
(PQs), have shown to increase GJIC in other cancer cells. Thus, in this study PQ1 was used to
increase GJIC in SW480 colorectal cancer cells. SW480 cells were treated with PQ1 at
concentrations of 50 nM, 200 nM, or 500 nM for 1 hour. The gap junction activity was measured
by scrape load/ dye transfer assay. The results showed that cells treated with 200 nM PQL1 had a
4-fold increase of dye transfer compared to control cells without treatment, or solvent alone
(Figure 4.1A and 4.1B). Interestingly, cells treated with PQ1 and GJ inhibitor, TPA, had no
increase of gap junction activity compared to DMSO, suggesting that TPA blocks PQ1-mediated
GJIC in SW480 cells (Figure 4.1C). Carbenoxolone (CBX) is a known gap junction inhibitor;
thus it was used as a control to see if PQ1 effects directly affect the gap junction. CBX is thought
to effect the gap junctions by altering local lipid environment®®. The effects of CBX on the
bilipid layer membrane conductance were not studied in this paper. Results show that treatment

with 100 uM CBX + 200 nM PQI1 did not show an increase in GJIC when compared to 100 uM
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CBX alone or controls (no treatment and DMSO) (Figure 4.1A and 4.1D). This concludes that
PQ1 cannot open GJs in the presence of a GJ inhibitor.

Previously, PQ1 was constructed using the structure of the carboxyl-terminus of Cx43°’.
Western blot analysis was used to analyze the effects of PQ1 on gap junction protein Cx43.
Figure 4.2 showed the protein expression of Cx43 after treating with 200 nM PQ1 and / or 200
nM TPA for 1 hour. Results showed no significant change in total Cx43 expression after
treatment with PQ1 and/or TPA for 1 hour compared to DMSO (Figure 4.2B). Figure 4.2C
shows the Cx43 isoform expression in treated cells compared to control cells. After treatment for
1 hour with 200 nM PQ1, a 2-fold decrease in isoform expression of PO was seen in PQ1 treated
SW480 cells compared to DMSO (Figure 4.2C). The expression of the P2 form increased 2-fold
after treatment with 200 nM PQL1 for 1 hour compared to DMSO (Figure 4.2C). When treating
cells for 1 hour with 200 nM TPA, the isoform profile of Cx43 showed no significant change in
the expression of the P2 or P1 isoforms of Cx43 compared to DMSO. The PO isoform was seen
to decrease 2-fold with TPA treatment alone when compared to the DMSO treated PO isoform.
However, there was no significant change in isoform expression after treatment with both TPA
and PQ1 for 1 hour, suggesting a potential antagonistic relationship between PQ1 and TPA
(Figure 4.2C). Overall, these findings suggest that PQ1’s ability to increase GJIC is by acting on

the existing Cx43 and not by increasing Cx43 expression.

PQ1I’s effects on Kinase Activity

Since specific kinases phosphorylate Cx43 and have been found to cause a change in gap
junction activity, this study focuses on kinases involved in the PQ1-mediated GJIC. To view the

effects of kinase activity on GJIC with treatment of PQ1, SL/DT was performed with kinase
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inhibitors Calphostin C (PKC inhibitor) and Staurosporine (inhibitor of PKC and
phospholipid/calcium-dependent kinase). Cells were pre-treated for 1 hour with either Calphostin
C or Staurosporine then treated for 1 hour with 200 nM PQ1 (Figure 4.3A and 4.3B). Compared
to no treatment or DMSO solvent, GJIC had an increase of 50% after 1 hour treatment with 200
nM PQ1. When compared with 1 hour treatment of 200 nM PQL1 to cells pre-treated with
Calphostin C or Staurosporin followed by treatment with 200 nM PQ1, GJIC showed a 50%
decrease in inhibitor treated cells compared to 200 nM PQ1 treatment alone (Figure 4.3B).

In Figure 4.2A and 4.2C, isoform P2 expression Cx43 was shown to increase, suggesting
the formation of GJs on the plasma membrane after PQ1 treatment. In Figure 4.4, GJ plaques are
seen in 200 nM PQ1 treated cells compared to no GJ plaques in no treatment or DMSO treated
cells. In cells pre-treated with Calphostin C, plaques were also found but at a decreased
abundance compared to PQ1 treatment alone. Pre-treated cells with Staurosporin were lacking in
GJ plaques compared to cells with PQ1 treatment alone (Figure 4.4). These findings suggest PQ1
activates kinases in order to form GJ plaques and to increase GJIC.

In Figure 4.5, membranous PKC a is not seen to change significantly after treatment with
PQ1 or TPA compared to DMSO. While triplicates westerns show no significant change in
PKCa expression in the cytoplasmic portion visualization of western blot analysis shows a
decrease in PKCa expression in the cytoplasmic samples of TPA with or without PQ1. Further
studies will be needed to confirm this but it seems that this change correlates to TPA’s ability to
activate and the deplete PKC isoforms in cells®”. PKC o has been shown to decrease GJIC, but it
has also been shown to increase GJIC®*®, In Figure 4.5, PKC o expression is not seen to change
after PQ1 treatment compared to DMSO. This suggests that PQ1 does not affect PKC a but it

does not rule out PQ1’s potential effects on other PKC’s in the SW480 cells, like PKC .
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Furthermore, MAPK was examined due to the fact that MAPK can phosphorylate Cx43
and subsequently increase or decrease gap junction activity. The results show that an increase
of 250% in activated form of MAPK (p44/42) was detected in the presence of 200 nM PQ1 at 1
hour treatment compared to DMSO (Figure 4.6). This suggests that, in the presence of small
molecule PQ1, p44/42 MAPK may cause an increase in GJIC in SW480 cells.

The activated form of Akt was analyzed. Akt has been shown to stabilize GJs®. After 1
hour of treatment with PQ1, activated Akt increased by 150% compared to DMSO (Figure 4.7A
and 4.7B). This suggests that increasing gap junction activity by PQ1 may involve the activation
of Akt. However, after performing a translocation assay, active Akt levels were not shown to
change in membrane or cytosolic portions after treatment with 200 nM PQ1 for 1 hour (Figure
4.7C and 4.7D). This suggests that either active Akt is indirectly involved in the increase in
GJIC, that Akt did not bind strongly enough to the Cx43 to remain in the membrane fraction of
the translocation, or that at the 1 hour time point Akt was no longer interacting with Cx43. The
literature has shown that phosphorylation can be completed within 15 minutes and that a change
in GJIC may not occur for another 1 to 3 hours®. This suggests that studies into kinase activity
and localization need to be conducted using immunofluorescence and western blot analysis at

earlier time points.

Discussion

Gap junctions allow for intercellular communication between adjacent connecting cells.
GJs play a major role in the life cycle of cells; they are involved in tissue homeostasis and
proliferation, as well other aspects of the cell cycle®® 7. In cancer cells, there is a significant
change of Cx43 localization at the plasma membrane and the cytoplasmic membranes, such as

the Golgi apparatus®#. Colorectal cancer cells show a similar profile’2. A small molecule, PQ1,
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was tested as a potential GJ enhancer in SW480 colorectal cancer cells. The results show that
PQ1 can increase gap junction activities. PQ1, does not cause an increase in Cx43 expression, it
causes an increase isoform P2 which forms functional GJs while decreasing isoform PO
expression causing an increase of Cx43 on the plasma membrane (Figure 4.2 and 4.4) and to
form functional gap junctions (Figure 4.1A, 4.1B, 4.2A and 4.2C).

The regulation of gap junctions is controlled by phosphorylation of specific sites (mostly
serine and tyrosine sites) on the carboxyl-terminal tail region of the connexins®-. In the
presence of TPA, PKCa has been shown to decrease GJIC®®. However, in some instances PKC o
has been shown to increase GJIC3. It is known that PKC phosphorylates Cx43 at S368 and S362
in-vitro and, subsequently, leads to decreases in GJIC*%%3 PQ1’s effects on GJIC are negated
in the presence of PKC inhibitor (Figure 4.3 and 4.4); however no significant change of PKC o
in the membrane or cytoplasm is seen (Figure 4.5). This suggests that PQ1 may affect PKC’s
other than PKC o *°.

Previously, MAPK and Akt have demonstrated to modulate Cx43 phosphorylation and,
subsequently, increase gap junction activity. Active MAPK has been shown to increase and
decrease GJIC; active Akt has been found to stabilize gap junctions®’*.This study also
determined whether the increase of gap junction activity by PQ1 was due to the activation of
MAPK and Akt. Interestingly, PQ1 was shown to cause an increase in p44/42 MAPK and
activated Akt (Figures 4.4 and 4.5). Activated Akt was not found to increase in the plasma
membrane after treatment with PQ1 (Figure 4.4). This suggests 3 possibilities: 1) is that PQ1’s
ability to increase GJIC is not through activation and translocation of Akt to the plasma

membrane, 2) that PQ1 does cause this translocation but the binding of Akt to Cx43 is not strong
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enough for Akt to stay with the membrane or 3) it might be the case that Akt had already

disassociated from Cx43 after phosphorylating the protein®,

A No Treatment (Control) DMSO (Control)

- -

B 50 nM PQ1 200 nM PQ1 500 nM PQ1

Effect of PQ1

C 200 nM TPA 200 nM TPA + 200 nM PQ1
o -
D 100 uM CBX 100 uM CBX + 200 nM PQ1
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Figure 4.1 Gap junction activity of SW480 cells.

Eight 10° SW480 cells were seeded into 6-well plates. A) SW480 cells were treated with no
treatment (control) and DMSO (control) for 1 hour. B) SW480 cells were treated with 50 nM
PQ1, 200 nM PQ1, or 500 nM PQL1 for 1 hour. C) SW480 cells were treated with 200 nM TPA
or 200 nM TPA + 200 nM PQ1 for 1 hour. SL/DT was performed after 1 hour of TPA or PQ1
treatment. Lucifer yellow dyes in cells indicates in white. Red line indicates the point of entry for

Lucifer yellow. Dye transfer is measured from point of entry along scape line to outer most cells.
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Figure 4.2 PQ1 changes isoform expression of Cx43.

Cells were treated with: no treatment (control), DMSO, 200 nM PQ1, 200 nM TPA, and 200 nM
PQ1 + 200 nM TPA. Cells were treated for 1 hour. A) Levels of Cx43 were examined by
Western blot analysis using anti-connexin43 (F-7) antibody. GAPDH was used as loading
control. B) Graphical presentation of 3 independent experiments showing pixel intensities of
total Cx43 normalized to control. *P value is <0.05 compared to control. C) Graphical
presentation shows the ratio of Cx43 isoforms PO, P1 and P2. Data were obtained in 3
independent experiments showing pixel intensities of Cx43 isoforms to GAPDH and are

represented as the mean £ SD. *P value is <0.05 compared to control. IB= Immunoblot against
Cx43.
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Effect of PQ1

Figure 4.3 Gap junction activity of SW480 cells.

Eight x 10° SW480 cells were seeded into 6-well plates. A) SW480 cells were treated with no
treatment (control) or DMSO (control) for 1 hour. B) SW480 cells were pre-treated with kinase
inhibitors (Calphostin C or Staurosporine) for 1 hour. After pre-treatment, cells were treated with
200 nM PQL for 1 hour. SL/DT was performed after 1 hour of PQ1 treatment. Lucifer yellow in
cells indicates in white. Red line indicates the point of entry for Lucifer yellow. Dye transfer is

measured from point of entry along scape line to outer most cells.
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Figure 4.4 PQ1’s effect on GJ plaques.

Eight x 105 SW480 cells were seeded onto coverslips in 6-well plates. SW480 cells were treated
with no treatment (control) or DMSO (control) for 1 hour. Designated SW480 cells were pre-
treated with kinase inhibitors (Calphostin C or Staurosporine) for 1 hour followed by 1 hour
treatment with 200 nM PQ1. Controls were: no treatment, DMSO, and 200 nM PQL.
Immunofluorescence was performed using mouse anti-Cx43. Green indicates Cx43 and blue

indicates the nuclei.
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Figure 4.5 PQ1’s effects on PKCa.

Cells were treated with: no treatment (control), DMSO, 200 nM PQ1, 200 nM TPA, or 200 nM
PQ1 + 200 nM TPA. Cells were treated for 1 hour. A) Level of PKC a was examined by western
blot analysis after translocation assay was pre-formed. Membrane and cytosol were separated.
GAPDH was used as a loading control. Caveolin was used as negative control. Level of PKC a

was examined by western blot analysis using anti-PKC o antibody. B) Graphical presentation of
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3 independent experiments showing pixel intensities of PKC o normalized to GAPDH and are

represented as the mean + SD. IB= Immunoblot against PKC a.
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Figure 4.6 PQ1’s effect on p44/42 MAPK expression.

Cells were treated with: no treatment (control), DMSO, or 200 nM PQL1. Cells were treated for 1
hour. A) Level of p44/42 MAPK was examined by western blot analysis using anti-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) antibody. GAPDH was used as a loading control. B) Graphical
presentation of 3 independent experiments showing pixel intensities of p44/42 MAPK

normalized to control. *P value is <0.05 compared to control. IB= Immunoblot against p44/42
MAPK.
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Figure 4.7 PQ1’s effect on active Akt expression.

Cells were treated with: no treatment (control), DMSO, or 200 nM PQ1 for 1 hour. A) Level of
active Akt was examined by western blot analysis using anti-phospho-Akt (Ser473) (D9E)
antibody. GAPDH was used as loading control. B) Graphical presentation of 3 independent
experiments showing pixel intensities of active Akt normalized to control. C) Level of active Akt
was examined by western blot analysis after translocation assay performed using anti-phospho-
Akt (Serd73) (D9E) antibody specific for activated Akt. Membrane and cytosol were separated.
GAPDH was used as a loading control. Caveolin was used as negative control. D) Graphical
presentation of 3 independent experiments showing pixel intensities of active Akt normalized to
GAPDH. IB= Immunoblot against active Akt.

32



Chapter 5 - PQ1’s effect on the Apoptotic pathway

Introduction

Apoptosis Pathway

Intrinsic Extrinsic
Akt Bcl 2 038 M e
Caspase 8

Mitochondria ?
Cytochrome C

Akt ——— Caspase9 ——»  Caspase 3

Survivin
Cell Death

Figure 5.1 Intrinsic and extrinsic apoptotic pathway.

Interestingly, PQ1 has been shown to induce apoptosis via caspase 8 and caspase 9 in
T47D breast cancer cells™. The regulation of apoptosis is complex. This study focuses on a few
specific proteins known to be involved in the apoptosis pathway. Figure 5.1 shows the intrinsic

and extrinsic apoptosis pathway and the proteins that are focused on in this study. Previous
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studies on PQ1’s effects on apoptosis in breast cancer have shown activation of both caspase 8
and caspase 9, which lead to the cleaving and, therefore, activation of caspase 37>7°. Caspase 3 is
an executioner caspase cleaved and activated by initiators: caspase 8 and caspase 9. The
executioner caspases cleave multiple structural and repair proteins’®. Caspase 3 was shown to be
essential for apoptosis-associated chromatin margination (condensed masses of chromatin move
toward periphery of the nucleus), DNA fragmentation, and nuclear collapse®. Caspase 9 is the
initiator caspase required for apoptosis signaling through the mitochondrial pathway. Caspase 9
activation occurs after the release of cytochrome ¢ from the mitochondria’®.

Akt, Bcl-2, and Bax all regulate the intrinsic cell death pathway that leads to the
activation of caspase 9. Akt (anti-apoptotic) has multiple targets in the apoptotic pathway. One
target of Akt is Bax, a pro-apoptotic protein that signals for the release of cytochrome ¢ from the
mitochondria when oligomerized. Akt inhibits Bax and prevents release of the cytochrome ¢’’'’8,
Another anti-apoptotic protein Bcl-2 can dimerize with Bax preventing it from homodimerizing
and oligomerizing with a second Bax protein to cause the release of cytochrome ¢’®. However,
when death signals are present in the cell, both Bcl-2 and Bax are activated, but the ratio of
Bax/Bcl-2 dictates the balance of apoptosis/ survival®®. A third Akt target is caspase 9. Akt
directly phosphorylates caspase 9, keeping it from being cleaved and activated®’.

Another kinase p38 MAPK is pro-apoptotic. p38 MAPK (part of the extrinsic apoptosis
pathway) is activated by tumor necrosis factor (TNF) after activation it leads to the cleaving of
caspase 8828384 38 MAPK also indirectly leads to caspase 9 activation by causing p53
production leading to the release of cytochrome ¢ from the mitochondria®*®®. Both caspase 8 and

caspase 9 activation lead to the cleaving and activating of caspase 37. Another protein, survivin
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(anti-apoptotic) is an anti-apoptotic protein with conflicting information on its mechanism. Some
studies show it inhibiting caspase 9 while others show it inhibiting caspase 38¢¢7.

In this thesis a few pro and anti-apoptotic proteins are studied to understand if apoptosis
is activated and if so, what is the pathway that PQ1 utilizes for the induction of apoptosis? There
are 3 known methods of cell death: apoptosis, necrosis and necroptosis (programmed necrosis).
Apoptosis is programmed cell death due to a signaling cascade. Necrosis is cell death due to
external factors and does not use specific proteins, however recently a third method necroptosis
was discovered. It was discovered that some parts of necrosis once thought to be passive and not
regulated actually have specific mechanisms, this is termed necroptosis®. Does PQ1 cause cell

death by apoptosis, necrosis, or necroptosis in SW480 colorectal cancer cells?

Methods
Cell Line
The SW480 human colorectal cancer cell line was purchased from American Type Cell
Culture (ATCC, Manassas, VA). Cells were grown with 0% CO: in Leibovitz’s L-15 Medium
with 10% Gibco Fetal Bovine Serum (FBS) purchase from Life Technologies (Grand Island,

NY, USA).

Proliferation and Viability

The assay was performed as previously described in Chapter 3. Cells were pre-treated for
with inhibitors of caspase 3, caspase 8 or caspase 9 for 1 hour, followed by 5000 nM PQ1

treatment for 23 hours. Controls were no treatment, DMSO, or 5000 nM PQ1 for 24 hours.
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Flow Cytometry

Two x 10° cells were grown in 12-well plates. Cell were dosed with: no treatment
(control), DMSO (control), 200 nM PQ1, 500 nM PQ1, 1000 nM PQ1, 5000 nM PQ1, or 10000
nM PQ1 at time points of 1 hour, 4 hours, 8 hours, and 24 hours. After treatment, media was
collected. Ethylenediaminetetraacetic acid (EDTA) was added to cells for 5 minutes. The cells
were gathered using a 22 gauge needle and added to the saved media. Cells were centrifuged at
1,500 rpm (Using an Eppendorf centrifuge 5415R with rotor F-45-24-11, Eppendorf North
America, Hauppauge, New York, USA). Cells were washed with PBS 3 times and centrifuged
between washes for 5 minutes. Dead Cell Apoptosis kit with Annexin V Alexa Fluor 488 and
Propidium lodide (PI) from Life Technologies (Grand Island, NY, USA) was used. Samples
were then ran on the FACS Calibur by BD Biosciences (San Jose, CA, USA). FCS Express 4
Flow Cytometry by De Novo Software (Los Angeles, CA, USA) was used to analyze the flow

cytometry data.

Western Blot

Cells were seeded to 50% density in a T-25 cm? flask for 24 hours and allowed the
density to reach 90% prior to treatment. Western blot assay was performed as described in
Chapter 3. Primary antibodies GAPDH (0411), Bax (B-9) specific for amino acids 1-171 of Bax
a, and Bcl-2 (C-2) specific for amino acids 1-205 of Bcl-2, were purchased from Santa Cruz
Biotechnology (Santa Cruz, California, USA). Primary antibodies survivin (71G4B7) detects
endogenous total survivin and p38 MAPK detects endogenous p38a, 3, y were purchased from
Cell Signaling Techonolgy (Danvers, Massachusetts, USA). Secondary antibodies were anti-
mouse and anti-rabbit 1gG linked HRP, they were purchased from Cell Signaling Technology

(Danver, Massachusetts, USA).
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Immunofluorescence

The assay was performed as described in Chapter 4. Primary antibodies mouse anti-Bax
(B-9) and mouse anti-Bcl-2 (C-2) were purchased from Santa Cruz Biotechnology (Santa Cruz,
California, USA). Rabbit anti-cleaved caspase 3(Asp175) recognizing the 17/19 fragment of
activated caspase 3 was purchased from Cell Signaling Techonolgy (Danvers, Massachusetts,
USA). Secondary antibodies were Alexa Fluor 488 rabbit anti-mouse 1gG (H+L) and Alexa
Fluor 568 goat anti-rabbit 1gG (H+L) were purchased from Life Technologies (Grand Island,
NY, USA).Secondary antibodies were anti-mouse and anti-rabbit IGg HRP linked, they were

purchased from Cell Signaling Technology (Danver, Massachusetts, USA).

Results

In the previous chapter 4, PQ1’s activation of Akt was shown (Figure 4.7). However,
besides being a stabilizer of GJs by way of Cx43; Akt is a known regulator of apoptosis. Akt
regulates apoptosis by various proteins along the intrinsic apoptotic pathway. To test for the
possibility of PQ1 activating the apoptosis pathway, SW480 cells were initially treated with
increasing concentrations of PQ1 to find the ICso of PQ1 in SW480 cells. Figure 5.2A shows the
proliferation of SW480 cells after 24 hours of PQ1 treatment. At 5000 nM PQ1, proliferation
decreased by 50% (Figure 5.2A). Viability was also tested and the 1Cso was found to be 5000 nM
(Figure 5.2B). Figure 5.2B shows cell death, but does not determine if the death is by apoptosis,
Necrosis, or necroptosis.

To determine if death was due to apoptosis we utilized flow cytometry using nnexin V
488 and Propidium lodide (PI) (Figure 5.3). Annexin V binds to both phosphatidylserine (PS)
and phosphatidylethanolamine (PE) which are expressed on the cell surface during apoptosis. Pl

binds to nucleic acid, it is impermeable to cell membranes so will not be present in live cells,
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only in cells that are dead. In Figure 5.3, control (no treatment and DMSQO) samples showed the
largest concentration of cells to be negative for both Annexin V and PI (alive not signaling for
apoptosis), a few cells were single positive for Annexin V (alive and signaling for apoptosis),
and the rest of the population were double positive, meaning both Annexin V and Pl were
present (cells were dead with signals for apoptosis present). After 4 hours of treatment with 200
nM PQ1 sample findings were similar to control samples. At 4 hour treatment of 500 nM, 1000
nM, or 5000 nM PQ1 treatment an increase in single positive Annexin V cells and double
positive cells are seen (Figure 5.3). The highest percentages of single Annexin V positive and
double positive cells are seen after 5000 nM treatment. When treated for 4 hours with 10000 nM
PQ1, very few single positive Annexin V cells were found and an increase in double positive
cells were seen (Figure 5.3). These results suggest that apoptosis is activate in SW480 cells after
treatment with PQ1. Due to these findings, a concentration of 5000 nM PQ1 at the 4 hour time
point was used in subsequent assays.

Major components of the apoptotic pathway are caspase 3, caspase 8 and caspase 9. To
test PQ1’s effects on the apoptotic pathway, SW480 cells were pre-treated with caspase 3,
caspase 8, or caspase 9 inhibitors and, subsequently, treated with 5000 nM PQ1 for 24 hours
(Figure 5.4). Results show no significant change in proliferation at 5000 nM PQL1 or pre-treated
cells compared to DMSO (Figure 5.4A). Viability is seen to decrease to 60% after treatment with
5000 nM PQ1 after 24 hours. When pre-treated with inhibitors of caspase 3, 8, or 9 no change in
viability compared to DMSO is seen (Figure 5.3A and 5.3B). These findings suggest that both
caspase 8 and 9 are activated in response to 5000 nM PQ1 and lead to the cleaving of caspase 3.

Active Akt (anti-apoptotic) inhibits Bad and Bax. Using western blot analysis, active Akt

is not shown to change (Figure 5.5). Bax is a pro-apoptotic protein. In Figure 5.6A and 5.6B,
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Bax increases by approximately 20% compared to DMSO at both 5000 nM and 10000 nM PQ1;
however, sample size of 3 shows no statistically significance compared to controls. Analyzing
Bax via immunofluorescence, it shows Bax decreasing at 5000 nM and 10000 nM PQ1 treatment
compared to DMSO (Figure 5.7). However, Bcl-2 at 1000 nM increases by 20%, and 5000 nM
PQ1 increases by approximately 50% compared to DMSO, although neither appear significant
after 3 replications (Figure 5.8A and 5.8B). At 10000 nM PQ1, Bcl-2 is not seen to change
(Figure 5.8A and 5.8B). Visualization of Bcl-2 by immunofluorescence shows no change in Bcl-
2 expression at any concentration compared to DMSO (Figure 5.9). Results of Bax/Bcl-2
expression levels analyzed by western blot analysis are summed up in Table 5.1. The ratio of
Bax to Bcl-2 determines if that part of the apoptotic pathway is activated or inhibited. Bcl-2
increases at 1000 nM PQ1 on both the western blot, suggesting survival. At 5000 nM PQ1, the
western blot analysis showed a larger increase in Bcl-2 than Bax, once again suggesting survival.
Western blot analysis at 10000 nM PQ1 showed no change in Bcl-2, and Bax was seen to
increase by 20% compared to DMSO, suggesting apoptosis. However, due to the data not being
significant after triplicates were performed, more studies are needed. The Bax anti-body used
was not specific to the oligomerized form of Bax which is the form when Bax causes the release
of cytochrome c; thus, data found does not necessarily correlate to the release of cytochrome ¢
and apoptosis.

Caspase 3 is an executioner protein that is essential for apoptosis?”®. Figure 5.10 showed
an increase in cleaved caspase 3 with increasing concentrations of PQ1. Cleaved caspase 3 did
not increase until 5000 nM and 10000 nM PQ1 treatments (Figure 5.10). This suggests apoptosis
is happening. p38 MAPK has been shown to be pro-apoptotic through both caspase 8 and

caspase 98992 cleavage. p38 MAPK is not seen to change (Figure 5.11). Survivin is thought to
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inhibit Caspase 3 and possibly inhibit caspase 9, an initiator caspase that leads to the cleaving of
caspase 3. Survivin is not seen to change (Figure 5.12). These results suggest that apoptosis by

way of PQL1 is not regulated by p38 MAPK or survivin.

Discussion

PQ1 was shown to activate Akt, a known GJ stabilizer and a regulator of apoptosis, in
Chapter 4 after treatment with 200 nM PQ1 compared to DMSO (Figure 4.7A and 4.7B). This
suggested a possible link of PQ1 regulating GJs and influencing the apoptotic pathway’""880.81.93,
Akt inhibits apoptosis by inhibiting pro-apoptotic proteins along the intrinsic apoptotic pathway.
Viability studies (Figure 5.2B) were used to find the 1Cso of PQ1 and allowing the testing of a
small range of concentrations to using Annexin V and Pl by flow cytometry to learn if apoptosis
takes place in SW480 cells after treatment with PQ1. Flow studies suggested that after 4 hours
treatment with 5000 nM PQ1 treatment apoptosis was starting to occur (Figure 5.3).

To learn if PQL1 affected the extrinsic or intrinsic apoptotic pathway, viability was
performed using caspase 8 and caspase 9 inhibitors (Figure 5.4). It was shown that both the
caspase 8 and caspase 9 pathways were activated. Active Akt has been found to inhibit Bax and
caspase 97778808193 The inhibition of Bax leads to fewer Bax molecules for Bcl-2 to inhibit®.
Akt increases free Bcl-2, while decreasing Bax molecules leading to a decreased ratio of Bax to
Bcl-2 and promoting survival®®. Akt also inhibits caspase 9 which is activated downstream of
Bax and Bcl-2788, Activation of caspase 9 leads to cleaving and activation of caspase 3, an
apoptosis executioner protein’®.

The data on Akt suggested that PQ1 has no effect on active Akt expression, as
concentration increases to doses needed to signal for apoptosis (Figure 5.5A and 5.5B). Data on

Bax and Bcl-2 suggested that at 1000 nM concentrations, anti-apoptotic factor Bcl-2 was
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elevated while Bax saw no change. At 5000 nM PQ1, both Bax and Bcl-2 increased the same
amount, suggesting that if apoptosis is occurring, it is mediated by alternate proteins. When
10000 nM PQ1 was used as treatment, Bax was increased and Bcl-2 stayed the same, suggesting
apoptosis (Figures 5.6, Figure 5.8 and Table 5.1).

Figure 5.4 suggests activation of apoptosis by way of the caspase pathway. Caspase 3 can
be regulated by multiple proteins. In this study, the intrinsic and extrinsic pathways were
analyzed using various proteins. The protein survivin has been documented to inhibit
apoptosis®8. Interestingly, survivin is unchanged in this case.

The protein p38 MAPK (intrinsic and extrinsic) is a pro-apoptotic protein and has been
shown to be activated by TNF®2, This protein mediates both caspase 8 and caspase 983848, The
results show no change in active p38 MAPK suggesting that PQ1 does not use the extrinsic

apoptosis signaling cascade to activate p38 MAPK.
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Figure 5.2 Proliferation and Viability of SW480 cells after treatment with PQ1.

Eight x 10° SW480 cells were seeded into 6-well plates. The cells were then treated with
respective treatments for 24 hours. Treatments were: No treatment (control), DMSO (control),
200 nM PQ1, 500 nM PQ1, 1000 nM PQ1, 5000 nM PQ1, 10000 nM PQ1, or 20000 nM PQ1.
After 24 hours viability and proliferation was performed. A) Proliferation of SW480 cells. B)
Viability of SW480 cells. Data were obtained in 3 independent experiments and are represented

as the mean £ SD. *P value is <0.05 compared to control.
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v

Two x10° cells were seeded into 12-well plates. Cells were then treated with respective

treatments for 4 hours. Treatments were: No treatment (control), DMSO (control), 200 nM PQ1,

500 nM PQ1, 1000 nM PQ1, 5000 nM PQL1, or 10000 nM PQL1. After 2,4,8 and 24 hours, flow

cytometry was performed only 4 hour time point shown as the 4 hour time point was the only

time point to show possible apoptosis signaling.
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Figure 5.4 Proliferation and Viability of SW480 cells after treatment with caspase
inhibitors.

Eight x 10° cells were seeded into 6-well plates. Cells were then treated with respective
treatments for 24 hours. Treatments were: No treatment (control), DMSO (control), 5000 nM
PQ1, 5000 nM PQL1 + Caspase 3 inhibitor, 5000 nM PQ1 + Caspase 8 inhibitor, or 5000 nM PQ1
+ Caspase 9 inhibitor. After 24 hours, viability and proliferation was performed. A) Proliferation
of SW480 cells. B) Viability of SW480 cells. Data were obtained in 3 independent experiments

and are represented as the mean + SD. *P value is <0.05 compared to DMSO (Control).
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Figure 5.5 PQ1’s effect on Akt activation.

Cells were treated with: no treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1,
or 10000 nM PQL1 for 4 hours. A) Level of active Akt was examined by western blot analysis
using anti-phospho-Akt (Ser473) (D9E) antibody. GAPDH was used as a loading control. B)
Graphical presentation of 3 independent experiments showing pixel intensities of activated Akt

normalized to control. IB= Immunoblot against active Akt.
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Figure 5.6 PQ1’s effect on Bax.

Cells were treated with: no treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1,
or 10000 nM PQ1 for 4 hours. A) Level of Bax was examined by western blot analysis using
anti-Baxantibody. GAPDH was used as a loading control. B) Graphical presentation of three
independent experiments showing pixel intensities normalized to control. IB= Immunoblot

against Bax.
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Figure 5.7 Visualization of PQ1’s effect on Bax.

Eight x 10° SW480 cells were seeded onto coverslips in 6-well plates. Cells were treated with:
No Treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1, or 10000 nM PQL1 for 4
hours. Immunofluorescence was performed using anti-Bax. Red indicates Bax and blue indicates

the nuclei. Immunofluorescence was performed in triplicate.
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Figure 5.8 PQ1’s effects on Bcl-2.

Cells were treated with: no treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1,
or 10000 nM PQL1 for 4 hours. A) The level of Bcl-2 was examined by western blot analysis
using Bcl-2 (C-2) antibody. GAPDH was used as a loading control. B) Graphical presentation of
three independent experiments showing pixel intensities normalized to control. IB= Immunoblot

against Bcl-2
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Figure 5.9 PQ1 has no visual effect on pro-apoptotic protein Bcl-2.

Eight x 10° SW480 cells were seeded onto coverslips in 6-well plates. Cells were treated with:
No Treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1, or 10000 nM PQ1, for 4
hours. Immunofluorescence was performed using anti-Bcl-2 antibody. Red indicates Bcl-2 and

blue indicates the nuclei. Immunofluorescence was performed in triplicate.
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PQ1 Concentration

Protein 1000 nM 5000 nM 10000 nM
Bcl-2 20% 50% 0%
Bax 0% 50% 20%

Table 5.1 PQ1’s effect on Bel-2 and Bax expression.

Compilation of data from Figure 5.5B and 5.7B.
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Figure 5.10 PQ1’s effect on caspase 3.

Eight x 10° SW480 cells were seeded onto coverslips in 6-well plates. Cells were treated with:
No Treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1, or 10000 nM PQ1 for 4
hours. Immunofluorescence was performed using anti-cleaved caspase 3. Green indicates anti-

cleaved caspase 3 and blue indicates the nuclei. Immunofluorescence was performed in triplicate.
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Figure 5.11 PQ1’s effects on p38 MAPK.
Cells were treated with: no treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1,
or 10000 nM PQL1 for 4 hours. A) Level of active p38 MAPK was examined by western blot

analysis. GAPDH was used as a loading control. B) Graphical presentation of 3 independent

experiments showing pixel intensities normalized to control. IB=

MAPK.
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Figure 5.12 PQ1’s effect on Survivin.
Cells were treated with: no treatment (control), DMSO (control), 1000 nM PQ1, 5000 nM PQ1,
or 10000 nM PQ1 for 4 hours. A) Level of survivin was examined by western blot analysis using
anti-survivin antibody. GAPDH was used as a loading control. B) Graphical presentation of 3

independent experiments showing pixel intensities of survivin normalized to control. IB=

Immunoblot against Survivin.
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Chapter 6 - Conclusion/ Future Studies

PQ1’s Mechanism for increasing GJIC

During cancer formation, a decrease in GJIC occurs. Cx43, a GJ protein, is found to decrease and
become localized on cytoplasmic membranes like the Golgi apparatus. Currently, no anti-cancer
drugs target gap junctions. In this study, transfection was used to test SW480 colorectal cells to
see if an increase in GJIC could occur. When cells were overexpressed with Cx43, GJIC was
increased with no effect in cell viability and proliferation, compared to control without
transfection. This suggests that increasing GJIC could increase the efficacy of other
chemotherapeutic drugs by allowing for their propagation through open gap junctions.

Since overexpression of Cx43 via transfection is not a viable therapeutic option, a small
molecule needed to be developed that caused the increase in GJIC. Using the known structure of
the carboxyl-terminus domain of Cx43, the small molecule, PQ1, was developed. PQ1 increases
GJIC by increasing the P2 isoform expression of Cx43. PQL1 led to an increase in the P2 Cx43
isoform which correlates to Cx43 in gap junction plaques.

The mechanism of how PQ1 causes the change in Cx43 isoforms and the increase in
GJIC has yet to be elucidated. As PQ1 was created using the carboxyl-terminus domain structure
of Cx43 one possibility was its direct binding to the domain, causing a shift in the isoform of
Cx43. The second is by indirect means. PQ1 may cause the change in isoform expression by
activating the kinases that regulate gap junctions by phosphorylating the carboxyl-terminus
domain of Cx43. Of the 2 possible mechanisms, the kinase mechanism was the focus of this
study.

Kinase inhibitors specific for PKC and phospholipid/calcium dependent kinase caused a

reversal of PQ1’s effects on GJIC and on GJ plaque formation. Western blot analysis was then
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used to test for the expression of active kinases. PKC a, shown to increase and decrease GJIC,
was analyzed for translocation. No change in PKC a localization was found. p44/42 MAPK,
shown to be a GJ inhibitor, was analyzed and seen to increase in expression. This is the first
study in SW480 cells to suggest that p44/42 MAPK may lead to an increase in GJIC. Active Akt,
a GJ stabilizer, had an increase in expression however, when testing to see if Akt was
translocated to the plasma membrane to phosphorylate GJs, no change was seen.

These results have shown that PQ1 regulates GJIC through kinase activity. Due to the
inhibitors specificity towards PKC and the fact that PKC a did not translocated to the membrane,
it suggests, that while PKC plays a role in the increase in GJIC caused by PQ1, another PKC
other than PKC a is most likely used by PQI to increase GJIC. Active Akt was seen to increase
but it was not seen to increase in the membrane portion of the lysate. This could be due to it not
phosphorylating the Cx43, the binding may not have been strong enough for it to have stayed
with the membrane portion during the translocation, or it may have no longer been bound to
Cx43 on the membrane. The literature has shown that phosphorylation can take as little as 15
minutes while GJ formation and opening may not happen for hours®,

Future studies will test the kinases (PKC’s, pAkt and MAPKSs) at different time points
(15 minutes, 30 minutes and 45 minutes). Phosphorylation sites known to increase GJIC like
S325/5328/S330 will be mutated and GJIC will be tested after treatment with PQ1 to find the

sites which PQ1’s kinases phosphorylate in order to cause the increase in GJIC.

PQ1’s effect on Apoptosis
The second part of this study focused on the possibility of PQ1 activating the apoptosis

pathway at higher concentrations. Proliferation and viability at increasing PQ1 concentrations

decreased compared to DMSO. The flow cytometry data suggested apoptosis at 4 hours with
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5000 nM of PQ1. Proliferation and viability using inhibitors for caspase 3, caspase 8 and caspase
9 concluded that PQ1 was activating the apoptotic pathway.

The study analyzed several proteins known to cleave caspase 8 and caspase 9 which leads
to the activation of caspase 3 and then to cell death. The link between GJ regulation and
apoptosis by pAkt was analyzed. However pAkt expression was unchanged.

To further analyze apoptosis, the Bcl-2/ Bax ratio was examined. The findings showed
that Bcl-2 expression increases at 1000 nM PQ1, Bcl-2 and Bax expression increase at 5000 nM,
and Bax expression increases at 10000 nM PQ1. However, in order for Bax to release
cytochrome c it has to oligomerize with other Bax proteins. Since the Bax antibody used was not
specific for oligomerized Bax, we cannot say that the increased Bax levels caused the release of
cytochrome c. PQ1 activates may activate proteins upstream of Bcl-2 and Bax that also lead to
the activation of other apoptosis proteins. Other proteins could be Bak, Bad and p53, all pro-
apoptotic proteins®®#49, Bak is an integral membrane protein on the outer membrane of the
mitochondria. When activated, it leads to the release of cytochrome ¢%.

Besides Bax and Bcl-2, p38 MAPK and survivin were also analyzed. p38 MAPK
activates both the caspase 9 and the caspase 8 pathways. Survivin is thought to inhibit caspase 9
in some literature and, in other literature, it inhibits caspase 3%, Neither protein was found to
change in the presence of PQ1.

Future studies into the mechanism of PQ1 and the apoptosis pathway will be performed.
Analysis of other apoptosis proteins like p53, p21, Bak, Bad and cytochrome c are future targets
for elucidation of the apoptosis pathway. This study has shown PQ1 activating apoptosis, future

studies will elucidate how this occurs.

56



10.

References

Haggar FA, Boushey RP. Colorectal cancer epidemiology: incidence, mortality, survival,
and risk factors. Clin Colon Rectal Surg. 2009;22(4):191-7. doi:10.1055/s-0029-1242458.
Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin.
2013;63(1):11-30. doi:10.3322/caac.21166.

Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 2014. CA Cancer J Clin.
2014;64(2):104-117. doi:10.3322/caac.21220.

Edge S, Byrd DR, Compton CC, Fritz AG, Green FL, Trotti A. AJCC Cancer Staging
Manual. 7th ed. Springer; 2010:143-164. Available at:
https://cancerstaging.org/references-tools/quickreferences/Documents/ColonSmall.pdf.
Accessed April 23, 2014.

Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100(1):57-70.
d0i:10.1016/S0092-8674(00)81683-9.

Trosko JE. The Role of Stem Cells and Gap Junctional Intercellular Communication in
Carcinogenesis.; 2003:43-48. Available at:
http://www.jbmb.or.kr/fulltext/jomb/view.php?vol=36&page=43. Accessed March 18,
2014,

Weinberg RA. The Biology of Cancer. Second Edi. Garland Science; 2013:439-719.

The p53 Tumor Suppressor Protein. National Center for Biotechnology Information (US);
1998. Available at: http://www.ncbi.nlm.nih.gov/books/NBK?22268/. Accessed April 15,
2014,

Nishida N, Yano H, Nishida T, Kamura T, Kojiro M. Angiogenesis in cancer. Vasc Health
Risk Manag. 2006;2(3):213-9. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1993983&tool=pmcentrez&re
ndertype=abstract. Accessed June 11, 2014.

Colorectal Cancer. Am Cancer Soc. 2013:1-87. Available at:
http://www.cancer.org/acs/groups/cid/documents/webcontent/003096-pdf.pdf. Accessed
February 28, 2014.

57



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wilhelm SM, Dumas J, Adnane L, et al. Regorafenib (BAY 73-4506): a new oral
multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with
potent preclinical antitumor activity. Int J Cancer. 2011;129(1):245-55.
doi:10.1002/ijc.25864.

Ferrara N, Hillan KJ, Novotny W. Bevacizumab (Avastin), a humanized anti-VEGF
monoclonal antibody for cancer therapy. Biochem Biophys Res Commun.
2005;333(2):328-35. d0i:10.1016/j.bbrc.2005.05.132.

Herbert BS, Wright AC, Passons CM, et al. Effects of chemopreventive and
antitelomerase agents on the spontaneous immortalization of breast epithelial cells. J Natl
Cancer Inst. 2001;93(1):39-45. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11136840. Accessed June 15, 2014.

Andrews LG, Tollefsbol TO. Methods of telomerase inhibition. Methods Mol Biol.
2007;405:1-7. doi:10.1007/978-1-60327-070-0_1.

Damm K, Hemmann U, Garin-Chesa P, et al. A highly selective telomerase inhibitor
limiting human cancer cell proliferation. EMBO J. 2001;20(24):6958-68.
doi:10.1093/emboj/20.24.6958.

Woods D, Turchi JJ. Chemotherapy induced DNA damage response: convergence of
drugs and pathways. Cancer Biol Ther. 2013;14(5):379-89. doi:10.4161/cbt.23761.
Laird DW, Fistouris P, Batist G, et al. Deficiency of Connexin43 Gap Junctions Is an
Independent Marker for Breast Tumors. Cancer Res. 1999;59(16):4104-4110. Available
at: http://cancerres.aacrjournals.org/content/59/16/4104.long. Accessed June 15, 2014.
McLachlan E, Shao Q, Wang H-L, Langlois S, Laird DW. Connexins act as tumor
suppressors in three-dimensional mammary cell organoids by regulating differentiation
and angiogenesis. Cancer Res. 2006;66(20):9886-94. doi:10.1158/0008-5472.CAN-05-
4302.

Carystinos GD, Katabi MM, Laird DW, et al. Cyclic-AMP induction of gap junctional
intercellular communication increases bystander effect in suicide gene therapy. Clin
Cancer Res. 1999;5(1):61-8. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9918203.
Accessed June 15, 2014.

Kandouz M, Batist G. Gap junctions and connexins as therapeutic targets in cancer.
Expert Opin Ther Targets. 2010;14(7):681-92. doi:10.1517/14728222.2010.487866.

58



21.

22.

23.

24,
25.

26.

27.

28.

29.

30.

31.

Musil LS. Differential phosphorylation of the gap junction protein connexin43 in
junctional communication-competent and -deficient cell lines. J Cell Biol.
1990;111(5):2077-2088. doi:10.1083/jch.111.5.2077.

Loewenstein WR, Kanno Y. Intercellular Communication and the Control of Tissue
Growth: Lack of Communication between Cancer Cells. Nature. 1966;209(5029):1248-
1249. d0i:10.1038/2091248a0.

Laird DW. Gap junction turnover, intracellular trafficking, and phosphorylation of
connexind3 in brefeldin A-treated rat mammary tumor cells. J Cell Biol.
1995;131(5):1193-1203. doi:10.1083/jch.131.5.1193.

Kumar NM, Gilula NB. The Gap Junction Communication Channel. 1996;84:381-388.
Alexander DB, Goldberg GS. Transfer of biologically important molecules between cells
through gap junction channels. Curr Med Chem. 2003;10(19):2045-58. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12871102. Accessed June 16, 2014.

Oyamada M, Oyamada Y, Takamatsu T. Gap junctions in health and disease. Med
Electron Microsc. 1998;31(3):115-120. doi:10.1007/BF01553778.

Spray D, Hanstein R, Lopez-Quintero S, Stout R, Suadicani S, Thi M. Gap junctions and
Bystander effects: Good Samaritans and executioners - WIRES Membrane Transport and
Signaling. WIREs Membr Transp Signal. 2013;2(1):1-15. Available at:
http://wires.wiley.com/WileyCDA/WiresArticle/wisld-WMTS72.html. Accessed March
18, 2014.

Sohl G, Willecke K. An update on connexin genes and their nomenclature in mouse and
man. Cell Commun Adhes. 10(4-6):173-80. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/14681012. Accessed February 1, 2014.

Solan JL, Lampe PD. Connexin43 phosphorylation: structural changes and biological
effects. Biochem J. 2009;419:261-272. doi:10.1042/BJ200823109.

Salameh A, Dhein S. Pharmacology of gap junctions. New pharmacological targets for
treatment of arrhythmia, seizure and cancer? Biochim Biophys Acta. 2005;1719(1-2):36-
58. doi:S0005-2736(05)00282-8 [pii] 10.1016/j.bbamem.2005.09.007.

Johnson RG, Reynhout JK, TenBroek EM, et al. Gap junction assembly: roles for the
formation plaque and regulation by the C-terminus of connexin43. Mol Biol Cell.
2012;23(1):71-86. doi:10.1091/mbc.E11-02-0141 mbc.E11-02-0141 [pii].

59



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mehta PP, Lokeshwar BL, Schiller PC, et al. Gap-junctional communication in normal
and neoplastic prostate epithelial cells and its regulation by cAMP. Mol Carcinog.
1996;15(1):18-32. d0i:10.1002/(SIC1)1098-2744(199601)15:1<18::AID-MC4>3.0.CO; 2-
0.

Villarreal MR. User:LadyofHats/galleryl - Wikimedia Commons. 2006. Available at:
http://commons.wikimedia.org/wiki/User:LadyofHats/galleryl. Accessed July 10, 2014.
Lampe PD, Lau AF. The effects of connexin phosphorylation on gap junctional
communication. Int J Biochem Cell Biol. 2004;36(7):1171-86. doi:10.1016/S1357-
2725(03)00264-4.

Willecke K, Eiberger J, Degen J, et al. Structural and functional diversity of connexin
genes in the mouse and human genome. Biol Chem. 2002;383(5):725-37.
doi:10.1515/BC.2002.076.

Kelsell D. Human diseases: clues to cracking the connexin code? Trends Cell Biol.
2001;11(1):2-6. doi:10.1016/S0962-8924(00)01866-3.

White TW, Paul DL. Genetic diseases and gene knockouts reveal diverse connexin
functions. Annu Rev Physiol. 1999;61:283-310. doi:10.1146/annurev.physiol.61.1.283.
Kanczuga-Koda L, Koda M, Sulkowski S, Wincewicz A, Zalewski B, Sulkowska M.
Gradual Loss of Functional Gap Junction within Progression of Colorectal Cancer — A
Shift from Membranous CX32 and CX43 Expression to Cytoplasmic Pattern During
Colorectal Carcinogenesis. In Vivo (Brooklyn). 2010;24(1):101-107. Available at:
http://iv.iiarjournals.org/content/24/1/101.abstract.

Lampe PD, Lau AF. Regulation of gap junctions by phosphorylation of connexins. Arch
Biochem Biophys. 2000;384:205-215. doi:10.1006/abbi.2000.2131.

Lampe PD, Lau AF. The effects of connexin phosphorylation on gap junctional
communication. Int J Biochem Cell Biol. 2004;36(7):1171-1186.

Warn-Cramer BJ. Regulation of Connexin-43 Gap Junctional Intercellular
Communication by Mitogen-activated Protein Kinase. J Biol Chem. 1998;273(15):9188-
9196. doi:10.1074/jbc.273.15.9188.

Oyamada M, Oyamada Y, Takamatsu T. Regulation of connexin expression. Biochim
Biophys Acta - Biomembr. 2005;1719(1-2):6-23.
doi:http://dx.doi.org/10.1016/j.bbamem.2005.11.002.

60



43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

Musil LS, Le AC, VanSlyke JK, Roberts LM. Regulation of connexin degradation as a
mechanism to increase gap junction assembly and function. J Biol Chem.
2000;275(33):25207-25215. doi:275/33/25207 [pii].

Segretain D, Falk MM. Regulation of connexin biosynthesis, assembly, gap junction
formation, and removal. Biochim Biophys Acta. 2004;1662(1-2):3-21.
d0i:10.1016/j.bbamem.2004.01.007 S0005273604000355 [pii].

Doble BW, Dang X, Ping P, et al. Phosphorylation of serine 262 in the gap junction
protein connexin-43 regulates DNA synthesis in cell-cell contact forming cardiomyocytes.
J Cell Sci. 2004;117(3):507-514. d0i:10.1242/jcs.00889.

Lampe PD. Phosphorylation of Connexin43 on Serine368 by Protein Kinase C Regulates
Gap Junctional Communication. J Cell Biol. 2000;149(7):1503-1512.
doi:10.1083/jch.149.7.1503.

Solan JL, Marquez-Rosado L, Sorgen PL, Thornton PJ, Gafken PR, Lampe PD.
Phosphorylation at S365 is a gatekeeper event that changes the structure of Cx43 and
prevents down-regulation by PKC. J Cell Biol. 2007;179(6):1301-9.
d0i:10.1083/jcb.200707060.

Solan JL, Lampe PD. Key Connexin43 phosphorylation events regulate the gap junction
life cycle. J Membr Biol. 2008;217(206):35-41. doi:10.1007/s00232-007-9035-y.Key.
Rivedal E, Leithe E. Connexin43 synthesis, phosphorylation, and degradation in
regulation of transient inhibition of gap junction intercellular communication by the
phorbol ester TPA in rat liver epithelial cells. Exp Cell Res. 2005;302(2):143-152.
d0i:S0014-4827(04)00535-X [pii] 10.1016/j.yexcr.2004.09.004.

Solan JL, Fry MD, TenBroek EM, Lampe PD. Connexin43 phosphorylation at S368 is
acute during S and G2/M and in response to protein kinase C activation. J Cell Sci.
2003;116(11):2203-2211.

Laird DW. Connexin phosphorylation as a regulatory event linked to gap junction
internalization and degradation. Biochim Biophys Acta. 2005;1711(2):172-182. doi:S0005-
2736(04)00240-8 [pii] 10.1016/j.bbamem.2004.09.009.

Srisakuldee W, Jeyaraman MM, Nickel BE, Tanguy S, Jiang ZS, Kardami E.
Phosphorylation of connexin-43 at serine 262 promotes a cardiac injury-resistant state.
Cardiovasc Res. 2009;83(4):672-681. doi:10.1093/cvr/cvpl42 cvpl42 [pii].

61



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

Leithe E, Rivedal E. Ubiquitination and down-regulation of gap junction protein
connexin-43 in response to 12-O-tetradecanoylphorbol 13-acetate treatment. J Biol Chem.
2004;279(48):50089-96. doi:10.1074/jbc.M402006200.

Stagg RB, Fletcher WH. The hormone-induced regulation of contact-dependent cell-cell
communication by phosphorylation. Endocr Rev. 1990;11(2):302-25. doi:10.1210/edrv-
11-2-302.

Séaez JC, Martinez AD, Brafies MC, Gonzalez HE. Regulation of gap junctions by protein
phosphorylation. Brazilian J Med Biol Res. 1998;31(5):593-600. doi:10.1590/S0100-
879X1998000500001.

Berthoud VM, Beyer EC, Kurata WE, Lau AF, Lampe PD. The gap-junction protein
connexin 56 is phosphorylated in the intracellular loop and the carboxy-terminal region.
Eur J Biochem. 1997;244(1):89-97. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9063450. Accessed February 1, 2014.

Gakhar G, Ohira T, Shi A, Hua DH, Nguyen TA. Antitumor effect of substituted
quinolines in breast cancer cells. Drug Dev Res. 2008;69(8):526-534.

Li Z, Zhou Z, Donahue HJ. Alterations in Cx43 and OB-cadherin affect breast cancer cell
metastatic potential. Clin Exp Metastasis. 2008;25(3):265-72. doi:10.1007/s10585-007-
9140-4.

TenBroek EM, Lampe PD, Solan JL, Reynhout JK, Johnson RG. Ser364 of connexin43
and the upregulation of gap junction assembly by cAMP. J Cell Biol. 2001;155(7):1307-
18. doi:10.1083/jcb.200102017.

Weng S, Lauven M, Schaefer T, Polontchouk L, Grover R, Dhein S. Pharmacological
modification of gap junction coupling by an antiarrhythmic peptide via protein kinase C
activation. FASEB J. 2002;16(9):1114-6. doi:10.1096/f].01-0918fje.

Warn-Cramer BJ, Cottrell GT, Burt JM, Lau AF. Regulation of Connexin-43 Gap
Junctional Intercellular Communication by Mitogen-activated Protein Kinase. J Biol
Chem. 1998;273(15):9188-9196. Available at:
http://www.jbc.org/content/273/15/9188.full. Accessed March 19, 2014.

Hossain MZ, Jagdale AB, Ao P, Kazlauskas A, Alton L. Disruption of Gap Junctional
Communication by the Platelet-derived Growth Factor is Mediated via Multiple Signaling

62



63.

64.

65.

66.

67.

68.

69.

70.

71.

Pathways. J Biol Chem. 1999;274:10489-10496. Available at:
http://www.jbc.org/content/274/15/10489.full.pdf. Accessed March 27, 2014.

Park JH, Lee MY, Heo JS, Han HJ. A potential role of connexin 43 in epidermal growth
factor-induced proliferation of mouse embryonic stem cells: involvement of Ca2+/PKC,
p44/42 and p38 MAPKs pathways. Cell Prolif. 2008;41(5):786-802. doi:10.1111/j.1365-
2184.2008.00552.x CPR552 [pii].

Dunn CA, Lampe PD. Injury-triggered Akt phosphorylation of Cx43: a ZO-1-driven
molecular switch that regulates gap junction size. J Cell Sci. 2014;127(Pt 2):455-64.
d0i:10.1242/jcs.142497.

Dunn CA, Su V, Lau AF, Lampe PD. Activation of Akt, not connexin 43 protein
ubiquitination, regulates gap junction stability. J Biol Chem. 2012;287(4):2600-7.
doi:10.1074/jbc.M111.276261.

Brokamp C, Todd J, Montemagno C, Wendell D. Electrophysiology of single and
aggregate Cx43 hemichannels. PLoS One. 2012;7(10):e47775.
doi:10.1371/journal.pone.0047775.

Lu Z, Liu D, Hornia A, Devonish W, Pagano M, Foster DA. Activation of protein kinase
C triggers its ubiquitination and degradation. Mol Cell Biol. 1998;18(2):839-45. Available
at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=108795&tool=pmcentrez&ren
dertype=abstract. Accessed June 17, 2014.

Vikhamar G, Rivedal E, Mollerup S, Sanner T. Role of Cx43 phosphorylation and MAP
kinase activation in EGF induced enhancement of cell communication in human kidney
epithelial cells. Cell Adhes Commun. 1998;5(6):451-60. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9791726. Accessed April 17, 2014.

Sohl G, Willecke K. Gap junctions and the connexin protein family. Cardiovasc Res.
2004;62(2):228-32. doi:10.1016/j.cardiores.2003.11.013.

Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer EC. Plasma membrane channels
formed by connexins: their regulation and functions. Physiol Rev. 2003;83(4):1359-400.
doi:10.1152/physrev.00007.2003.

Laird DW. Life cycle of connexins in health and disease. Biochem J. 2006;394(Pt 3):527-
43. doi:10.1042/BJ20051922.

63



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Dubina M V, latckii NA, Popov DE, Vasil’ev S V, Krutovskikh VA. Connexin 43, but not
connexin 32, is mutated at advanced stages of human sporadic colon cancer. Oncogene.
2002;21:4992-4996. doi:10.1038/sj.0nc.1205630.

Weng S, Lauven M, Schaefer T, Polontchouk L, Grover R, Dhein S. Pharmacological
modification of gap junction coupling by an antiarrhythmic peptide via protein kinase C
activation. FASEB J. 2002;16(9):1114-6. doi:10.1096/fj.01-0918fje.

Polontchouk L, Ebelt B, Jackels M, Dhein S. Chronic effects of endothelin 1 and
angiotensin Il on gap junctions and intercellular communication in cardiac cells. FASEB J.
2002;16(1):87-9. doi:10.1096/fj.01-0381fje.

Ding Y, Nguyen TA. PQ1, a quinoline derivative, induces apoptosis in T47D breast
cancer cells through activation of caspase-8 and caspase-9. Apoptosis. 2013:1-12.

Slee EA, Adrain C, Martin SJ. Executioner Caspase-3, -6, and -7 Perform Distinct, Non-
redundant Roles during the Demolition Phase of Apoptosis. J Biol Chem.
2001;276(10):7320-7326. Available at: http://www.jbc.org/content/276/10/7320.full.
Accessed March 19, 2014.

Vogelbaum MA, Tong JX, Rich KM. Developmental regulation of apoptosis in dorsal
root ganglion neurons. J Neurosci. 1998;18(21):8928-35. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9786998. Accessed April 24, 2014,

Peng F, Dhillon NK, Yao H, Zhu X, Williams R, Buch S. Mechanisms of platelet-derived
growth factor-mediated neuroprotection--implications in HIV dementia. Eur J Neurosci.
2008;28(7):1255-64. doi:10.1111/j.1460-9568.2008.06444.X.

Vukosavic S, Dubois-Dauphin M, Romero N, Przedborski S. Bax and Bcl-2 Interaction in
a Transgenic Mouse Model of Familial Amyotrophic Lateral Sclerosis. J Neurochem.
2002;73(6):2460-2468. doi:10.1046/j.1471-4159.1999.0732460.x.

Dlugosz PJ, Billen LP, Annis MG, et al. Bcl-2 changes conformation to inhibit Bax
oligomerization. EMBO J. 2006;25(11):2287-96. doi:10.1038/sj.emb0j.7601126.

Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in three Akts. Genes Dev.
1999;13(22):2905-2927. doi:10.1101/gad.13.22.2905.

Grethe S, Ares MPS, Andersson T, Pérn-Ares MI. p38 MAPK mediates TNF-induced
apoptosis in endothelial cells via phosphorylation and downregulation of Bcl-x(L). Exp
Cell Res. 2004;298(2):632-42. doi:10.1016/j.yexcr.2004.05.007.

64



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ho T-C, Chen S-L, Yang Y-C, et al. 15-deoxy-Delta(12,14)-prostaglandin J2 induces
vascular endothelial cell apoptosis through the sequential activation of MAPKS and p53. J
Biol Chem. 2008;283(44):30273-88. doi:10.1074/jbc.M804196200.

Morrell CN. Reactive oxygen species: finding the right balance. Circ Res.
2008;103(6):571-2. doi:10.1161/CIRCRESAHA.108.184325.

Saha K, Adhikary G, Kanade SR, Rorke EA, Eckert RL. p386 Regulates p53 to Control
p21Cipl Expression in Human Epidermal Keratinocytes. J Biol Chem.
2014;289(16):11443-53. d0i:10.1074/jbc.M113.543165.

Mita AC, Mita MM, Nawrocki ST, Giles FJ. Survivin: key regulator of mitosis and
apoptosis and novel target for cancer therapeutics. Clin Cancer Res. 2008;14(16):5000-5.
d0i:10.1158/1078-0432.CCR-08-0746.

Park S-J, Kim I-S. The role of p38 MAPK activation in auranofin-induced apoptosis of
human promyelocytic leukaemia HL-60 cells. Br J Pharmacol. 2005;146(4):506-13.
d0i:10.1038/sj.bjp.0706360.

Degterev A, Huang Z, Boyce M, et al. Chemical inhibitor of nonapoptotic cell death with
therapeutic potential for ischemic brain injury. Nat Chem Biol. 2005;1(2):112-9.
doi:10.1038/nchembio711.

Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME. Opposing effects of ERK and
JNK-p38 MAP kinases on apoptosis. Science (80- ). 1995;270(5240):1326-1331.
Available at: http://www.scopus.com/inward/record.url?eid=2-s2.0-
0028880006&partnerID=tZOtx3y1.

Gardner AM, Johnson GL. Fibroblast growth factor-2 suppression of tumor necrosis
factor a-mediated apoptosis requires ras and the activation of mitogen-activated protein
kinase. J Biol Chem. 1996;271(24):14560-14566. Available at:
http://www.scopus.com/inward/record.url?eid=2-s2.0-0029892754&partnerID=tZOtx3y1.
Nemoto S. Induction of Apoptosis by SB202190 through Inhibition of p38beta Mitogen-
activated Protein Kinase. J Biol Chem. 1998;273(26):16415-16420.
doi:10.1074/jbc.273.26.16415.

Zechner D. MKKG6 Activates Myocardial Cell NF-kappa B and Inhibits Apoptosis in a p38
Mitogen-activated Protein Kinase-dependent Manner. J Biol Chem. 1998;273(14):8232-
8239. doi:10.1074/jbc.273.14.8232.

65



93.

94.

Datta S. Akt Phosphorylation of BAD Couples Survival Signals to the Cell-Intrinsic Death
Machinery. Cell. 1997;91(2):231-241. doi:10.1016/S0092-8674(00)80405-5.

Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. Pro-apoptotic
cascade activates BID, which oligomerizes BAK or BAX into pores that result in the
release of cytochrome c. Cell Death Differ. 2000;7(12):1166-73.
d0i:10.1038/sj.cdd.4400783.

66



