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Understanding the cellular response thermal stress is important for improving 

thermoablative treatments of cancer. Cells generally respond to thermal stress by 

expressing heat shock proteins, or undergoing cell death by apoptosis or necrosis. Most 

of our detailed knowledge regarding these cellular phenomena has been gathered in vitro 

in two dimensional (2D) environments. Yet, little is known about how prostate cancer 

cells respond to thermal stress in a more physiologically relevant three dimensional (3D) 

environment. Several approaches were used to investigate this question, all of which 

focused on controlled heating of cells in both two dimensional (2D) and 3D culture.  

Tools and assays were developed to investigate cellular response to thermal stress in 2D 

and 3D environments. A computer-controlled heating apparatus was constructed to heat 

cell cultures to precise temperatures and durations. Three dimensional growth 

environments were produced using Matrigel, a commercially available extracellular 

matrix (ecm) mixture. Transcriptional expression of heat shock protein 70 (HSP70) was 

measured using a green fluorescent protein (GFP) reporter gene under the control of an 

HSP promoter. Apoptosis, necrosis and HSP70 transcription was measured using flow 

cytometry analysis. Quantitative polymerase chain reaction (qPCR) and microscopy 

revealed that transmembrane targets may be involved in the mechanism of the effect 
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which 3D culture has on the cellular response to heat shock. The results herein 

demonstrate that the 3D growth environment, may be protective to the cell in that the 

percentage of cells that undergo apoptosis or necrosis when exposed to heat shock are 

reduced. Furthermore, HSP70 expression is enhanced in 3D culture at a specific thermal 

dose and integrins and heat shock proteins may be part of the mechanism by which the 

ecm exerts its protective effect against thermal stress. 



 viii 

Table of Contents 

List of Tables ...........................................................................................................x 

List of Figures ........................................................................................................ xi 

Chapter 1: Introduction ............................................................................................1 

1.1 Benign Prostatic Hyperplasia .................................................................2 

1.2 The Stress Response .................................................................................6 

Heat Shock Protein 70 and the Stress Response ....................................6 

HSPs, Cancer and Minimally Invasive Therapies .................................7 

1.3 Three Dimensional Culture and Tumor Environment ..............................9 

1.4 Necrosis, Apoptosis & Anoikis ..............................................................10 

Chapter 2: Design & Construction of the Thermal Stress Apparatus ....................13 

2.1 Heating Manifold & Environment ..........................................................13 

2.2 Validation of Temperature Performance of the Heating Manifold .........17 

Chapter 3: Design & Construction of the Incubated Two Photon Microscope .....19 

3.1 Overview of Selection and Design of a Two Photon Microscope ..........19 

3.2 Performance of the Two Photon Microscope .........................................26 

3.3 Microscope Incubator .............................................................................29 

Chapter 4: Cloning of the Fusion Genes ................................................................36 

4.1 Overview of Reporter Genes ..................................................................36 

4.2 Cloning HMGB1-tdTomato Fusion Gene ..............................................38 

Chapter 5: Data Gathered.......................................................................................42 

5.1 Cell Viability Threshold .........................................................................42 

Methods................................................................................................44 

Results ..................................................................................................47 

Conclusions ..........................................................................................62 

5.2 The Effect of a Reconstituted Basement Membrane on Apoptosis, Necrosis 

& HSP70 Expression ...........................................................................63 

Methods................................................................................................63 



 ix 

Results ..................................................................................................65 

Conclusions ..........................................................................................81 

5.3 The Effect of Inhibiting Integrin Alpha V, Beta 1, and Beta 4 on Apoptosis, 

necrosis & Heat Shock Protein Expression .........................................82 

Methods................................................................................................82 

Results ..................................................................................................84 

Conclusions ........................................................................................103 

Chapter 6: Discussion, Conclusions & Future Direction .....................................104 

References ............................................................................................................111 



 x 

List of Tables 

Table 1: Elements of Semen Contributed by the Prostate.................................4 

Table 2: Bill of Materials for Heating Manifold Assembly. ...........................16 

Table 3: Bill of Materials for Microscope & Microscope Incubator ..............23 

Table 4: Antibodies Used for Inhibition of Mechanism Targets ....................84 



 xi 

List of Figures 

Figure 1: Anatomy of the Prostate......................................................................3 

Figure 2:  Heating Manifold with Distribution Manifold and Pump.................15 

Figure 3: Thermal Infrared Image of the Heating Manifold.  Electrical tape has 

been adhered to the copper heating surface to reduce reflections and give 

a surface with known emissivity, which is important when getting an 

accurate infrared temperature measurement.  Bright regions are 

reflections of rubber tubing bringing heated water to the manifold. 17 

Figure 4: Temperature Plots Across Region of Interest Lines from the Thermal 

Infrared Image of the Heating Manifold.  Peaks and troughs relate to the 

reflections of supply lines on the surface or the absence of electrical 

tape, respectively.  Accounting for the mentioned artifacts, temperature 

uniformity is within 0.5°C. ...............................................................18 

Figure 5: Photo of Two Photon Microscope During Assembly. ......................21 

Figure 6: Schematic Diagram of Microscope. ..................................................22 

Figure 7: Representative Image from the Two Photon Microscope.  Cells are PC3-

p4rep100, expressing GFP with a nuclear localization signal driven by 

the human HSP70 promoter.  Nikon 40x objective, NA 1.0, water 

dipping lens. ......................................................................................27 

Figure 8: Representative Image from the Two Photon Microscope Demonstrating 

Dual Channel Simultaneous Imaging.  HSP70 promoter activity is 

represented in Red and Vybrant CM-DiI labeling of membranous 

organelles is represented in green. Nikon 40x objective, NA 1.0, water 

dipping lens. ......................................................................................28 



 xii 

Figure 9: Sealed Specimen Chamber.  All parts are made of aluminum, hard 

anodized, and dyed black. Surfaces that may reflect light back into the 

light path have been bead blasted for a matte finish.  O-ring groove not 

filled with o-ring. ..............................................................................31 

Figure 10: Specimen Chamber Circulation Fan and CO2 Distribution Point.  The 

part is made of aluminum, hard anodized and dyed black.  A small 1” 

DC fan is housed centrally, and threads have been cut for pipe fittings.  

The design is massive for vibration reduction. .................................32 

Figure 11: Computer Model of Microscope and Specimen Chamber ................33 

Figure 12: Temperature Testing Results from Microscope Incubator. ..............34 

Figure 13: Microscope Incubator CO2 Performance.  High initial concentration is a 

characteristic of starting the system.  Spike at just after 100 min is a 

response to a low CO2 perturbation as the PID control rapidly 

compensates. .....................................................................................35 

Figure 14: Sequence Map of HSP70 Fusion Gene, p4rep100.  Human HSP70 

promoter (hHSP70) drives the expression of enhanced green fluorescent 

protein (EGFP).  In between these two elements is the herpes simplex 

virus thymidine kinase (HSV1TK) which included an engineered 

nuclear localization sequence resulting in the sequestration of HSV1TK-

EGFP in the nucleus.  The functionality of HSV1TK was unused in the 

work described herein. ......................................................................39 



 xiii 

Figure 15: Sequence Map of HMGB1-tdTomato Fusion Gene. The murine stem 

cell virus long terminal repeat (MSCV LTR) drives the expression of the 

high mobility group box 1 (HMGB1) coding sequence (CDS) which is 

attached to the tandem dimer tomato (tdTomato) fusion gene.  The result 

of transduction with this cell is red fluorescent nucleus, by which 

nuclear morphology should be able to be tracked. ...........................40 

Figure 16: Two Photon Micrograph of PC-pLV-CMV-HMGB1-tdTomato.  Cells 

have been heat shocked at 48°C for 3 minutes in a chambered coverslip 

using the described heating manifold.  Source of green signal is from a 

co-transduced EGFP construct.  This cell line was not ultimately used.

...........................................................................................................41 

Figure 17: WST-1 Absorbance of PC3s Heated for Short Durations. Cells were 

heated by adding samples at the appropriate time to a PCR machine with 

gradient heating in progress.  WST-1 was added 24 hours after heat 

shock and incubated for 30 minutes to 1 hour. (n=3) .......................48 

Figure 18: Normalized WST-1 Absorbance of Prostate Cancer Cells (PC3-

p4rep100) for Long Durations of Heating and Various Temperatures.  

Observation at approximately 12 hours after heating.  Data is the 

normalized average of 3 trials.  Each point is normalized to an average 

value of WST1 absorbance for cells heated at 37°C for various 

temperatures, as evidenced by the uniform shade in the 37°C row along 

the bottom of the figure. (n=3) ..........................................................49 



 xiv 

Figure 19: HSP70 Promoter Activity of Prostate Cancer Cells (PC3) Normalized to 

37°C Controls for Long Durations of Heating and Various 

Temperatures. Observation is approximately 12 hours after heat shock. 

Each point is normalized to an average value of green fluorescence for 

cells heated at 37°C for various temperatures, as evidenced by the 

uniform shade in the 37°C row along the bottom of the figure. (n=3)50 

Figure 20: Overlay of Interpolated HSP70 Promoter Fluorescence and WST1 

Absorbance.  HSP70 data in contour lines where blue and red are least 

and most fluorescence intensity, respectively.  WST1 data in gray scale 

contour shades where black and white are lowest and highest absorbance 

values, respectively. Red dots indicate actual data. Interpolation is by 

Matlab cubic algorithm as a part of the griddata function. ...............51 

Figure 21: Prostate Cancer Cells (PC3) Heated at 37°C, 44°C, 48°C, 52°C, 60°C 

for 10 minutes.  A) Unheated control. B) 44°C for 10minutes. C) 48°C 

for 10 minutes. D) 52°C for 10 minutes. E) 60°C for 10 minutes. The 

threshold between cell viability and cell death appears to be between the 

thermal doses of 48°C/10min and 52°C/10min. ................................53 

Figure 22: Scatter Plots of Flowcytometry Analysis of Prostate Cancer Cells (PC3) 

Heated at 44°C for 10, 30, 60, 120 minutes. A) Unheated control,  B) 

44°C for 10 minutes,  C) 44°C for 30 minutes,  D) 44°C for 60 minutes,  

and E) 44°C 120 minutes. A significant apoptotic population is observed 

at the thermal dose of 44°C/120min. Observation is 24 hours after heat 

shock. ................................................................................................54 



 xv 

Figure 23: Scatter Plots of Flow Cytometry Analysis of Prostate Cancer Cells 

(PC3) Heated at 45°C for 30, 60, 120, and 180 minutes. A) Unheated 

control, B) 45°C for 30 minutes, C) 45°C for 60 minutes, D) 45°C for 

120 minutes, and E) 45°C for 180 minutes.  The threshold for apoptosis 

appears to take place between the thermal doses of 45°C/60min and 

45°C/120min. Observation is 24 hours after heat shock. ..................55 

Figure 24: Apoptosis and Necrosis of PC3s Heated at 45°C for 120 minutes 

Observed 24 hours After Heat Shock – With and Without Pan-Caspase 

Inhibitor, Z-VAD-FMK.  A) Unheated control, B) Heated without 

inhibitor (Z-VAD-FMK
-
), and C) Heated with inhibitor (Z-VAD-FMK

 

+
).  The apoptotic population observed in panel C is interpreted to be a 

result of Z-VAD-FMK slowing the kinetics of late apoptosis. .........57 

Figure 25: Scatter Plot of Flow Cytometry Analysis of Apoptosis and Necrosis of 

PC3s Heated at 45°C for 180 minutes and Observed at 24 hours After 

Heat Shock – With and without Caspase 3 Inhibitor Ac-DEVD-CHO.  

A) Control, unheated PC3s.  B) Heated but uninhibited PC3s (Ac-

DEVD-CHO
-
).  C) Heated and inhibited PC3s (Ac-DEVD-CHO

+
).  No 

difference is detected between presence and absence of caspase 3 

inhibitor. ............................................................................................58 

Figure 26: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay of PC3s 

heated for 3, 5, 10 or 22 minutes at 40, 44, 50, 55, or 57°C.  Assay 

duration is approximately 3 hours.  Y axis units are arbitrary.  No true 

caspase 3 activity is detected. ...........................................................59 



 xvi 

Figure 27: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay. Assay of 

PC3s heated for 3, 5, 10 or 22 minutes at 40, 44, 50, 55, or 57°C.  Assay 

duration is approximately 19 hours.  Y axis units are arbitrary. No true 

caspase 3 activity is detected. ...........................................................60 

Figure 28: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay in PC3s 

Heated at Various Durations of 45°C.  No significant caspase 3 activity 

is detected. (n=3). ..............................................................................61 

Figure 29: Scatter Plot of Flow Cytometry Analysis of Annexin & PI Staining of 

PC3s Grown in 2D and 3D Culture and Heated at 44°C for 120 minutes. 

A) 2D unheated control group, B) 3D unheated control group, C) 2D 

heated group, and D) 3D heated group.  This comparison between 2D 

and 3D cultures demonstrates greater absolute levels of apoptosis and 

necrosis in 3D culture (B & D), but normalization to unheated controls 

demonstrates less induction of apoptosis and necrosis in 3D culture.67 

Figure 30: Normalized Subpopulation Percentages for Flow Cytometry Analysis of 

Annexin & PI Staining of PC3s Grown in 2D and 3D Culture and 

Heated at 44°C for 120 minutes. All bars are normalized to respective 

37°C control group.  3D culture demonstrates less induction of apoptosis 

and necrosis. ......................................................................................68 



 xvii 

Figure 31: Scatter Plot of Flow Cytometry Analysis of Annexin & PI Staining of 

PC3s Grown in 2D and 3D Culture and Heated at 45°C for 120 minutes. 

A) 2D unheated control group, B) 3D unheated control group, C) 2D 

heated group, and D) 3D heated group. A comparison between 2D and 

3D cultures demonstrates greater absolute levels of apoptosis and 

necrosis in 3D culture (B & D), but normalization to unheated controls 

demonstrates less induction of apoptosis and necrosis in 3D culture.69 

Figure 32: Normalized Subpopulation Values of Flow Cytometry Analysis of 

Annexin & PI Staining of PC3s Grown in 2D and 3D Culture and 

Heated at 45°C for 120 minutes. A) 2D unheated control group, B) 3D 

unheated control group, C) 2D heated group, and D) 3D heated group. 

Values are normalized to respective 37°C control. 3D culture 

demonstrates less induction of apoptosis and necrosis. ....................70 

Figure 33. Apoptosis and Necrosis for PC3s Cultured in 2D and 3D culture – 

Comparison Between 2D and 3D culture. Samples heated at 45°C 

demonstrate a significant difference (p<0.05) between 2D and 3D 

culture, such that there are larger apoptotic and necrotic subpopulations 

in the 2D culture than in the 3D culture. Populations have been 

normalized to respective 37°C control groups. .................................71 

Figure 34. Apoptosis and Necrosis for PC3s Cultured in 2D and 3D culture – 

Comparison of Thermal Doses.  No statistically significant difference is 

seen between the two thermal doses in normalized subpopulation 

percentages of apoptosis and necrosis. Populations have been 

normalized to respective 37°C control groups. .................................72 



 xviii 

Figure 35: Performance Test of PC3-p4rep100 HSP70 Promoter Driven 

Fluorescence.  Heat shock was at 46°C for 10 minutes, with a 12 hour 

post heat shock observation.  A) Diagnostic plot of forward scatter vs 

side scatter and promoter activity represented by green fluorescence 

intensity as the color scale.   White perimeter represents the gated 

population upon which all other calculations are made.  The gate was 

selected exclude debris.  Total analyzed events were greater than 14,000.  

B) Diagnostic plot of forward scatter vs side scatter for PC3-p4rep100 

cells heat shocked   C) Scatter plot demonstrating the baseline green 

fluorescence of the unheated cells.  D) Scatter plot demonstrated the 

increased green fluorescence of heated cells.  All units are arbitrary.73 

Figure 36: Normalized Subpopulation Values of Flow Cytometry Performance Test 

of PC3-p4rep100 HSP70 Promoter Driven Overexpression Detected by 

Fluorescence. Values are normalized induced expression percent over 

baseline expression percentage for 37°C Control and 46°C 10min heated 

group. Heat shock was at 46°C for 10 minutes, with a 12 hour post heat 

shock observation..............................................................................74 

Figure 37: Diagnostic scatter plots of 2D and 3D Culture of PC3-p4rep100 Heated 

at 46°C for 10minutes and Observed 12 hours later.  A) Unheated 2D 

culture.  B) Unheated 3D Culture.  C) Heated 2D Culture.  D) Heated 3D 

Culture. 3621 events have been gated (white perimeter) and analyzed.

...........................................................................................................75 



 xix 

Figure 38: Green Fluorescence Scatter Plots of 2D and 3D Culture of PC3-

p4rep100 Heated at 46°C for 10 Minutes and Observed 12 Hours Later.  

A) Unheated 2D culture.  B) Unheated 3D Culture.  C) Heated 2D 

Culture.  D) Heated 3D Culture. 3621 events have been gated and 

analyzed. ...........................................................................................76 

Figure 39: Normalized HSP70 Promoter Activity. Cells heated at 46°C for 10 

minutes and observed 12 hours later.  Each group, 2D and 3D, is 

normalized to its own unheated control.  3D culture appears to reduce 

HSP70 induction. ..............................................................................77 

Figure 40: Diagnostic Flow Cytometry Plots of Heated PC-p4rep100 Cells Grown 

in 2D and 3D Culture, Observed 24 Hours Post Heat Shock..  A) 

Unheated 2D Culture.  B) Unheated 3D Culture.  C) 2D Culture Heated 

at 44°C-120min.  D) 3D Culture Heated at 44°C-120min.  E) 2D Culture 

Heated at 45°C-120min.  F) 3D Culture Heated at 45°C-120min.  Total 

number of gated events is 4074 (white perimeter)............................78 

Figure 41. Comparison of HSP70 Expression in 2D and 3D Culture for Heated PC-

p4rep100. Observed 24 Hours Post Heat Shock.  A) Unheated 2D 

Culture.  B) Unheated 3D Culture.  C) 2D Culture Heated at 44°C-

120min.  D) 3D Culture Heated at 44°C-120min.  E) 2D Culture Heated 

at 45°C-120min.  F) 3D Culture Heated at  45°C-120min.  Total number 

of gated events is 4074. .....................................................................79 



 xx 

Figure 42: Normalized Subpopulation Values for HSP70 Expression in 2D and 3D 

Culture for PC-p4rep100 Heated at Apoptosis and Necrosis Inducing 

Temperatures (44°C and 45°C for 120 minutes). Observed 24 Hours 

Post Heat Shock.  Values are normalized to their respective 37°C 

(unheated) control group. ..................................................................80 

Figure 43. HSP70 Induction in 2D and 3D culture with Tests for Statistical 

Significance.  The difference in HSP70 induction is calculated as 

significant (p<0.05) for thermal doses 46°C/10min and 45°C/120min.

...........................................................................................................81 

Figure 44: Panel 1 of qPCR of Transmembrane Mechanism Targets for PC3s 

Grown at Various Seeding Densities in 2D and 3D Culture.  Plotted 

Relative to 3D Culture. Seeding densities for 2D Cultures were seeded at 

2.5x10
4
, 1x10

5
, or 4x10

5
 cells per well and 3D culture was seeded at 

1x10
5
. ................................................................................................87 

Figure 45: Panel 2 of qPCR of Transmembrane Mechanism Targets for PC3s 

Grown at Various Seeding Densities in 2D and 3D Culture.  Plotted 

Relative to 3D Culture. Seeding densities for 2D Cultures were seeded at 

2.5x10
4
, 1x10

5
, or 4x10

5
 cells per well and 3D culture was seeded at 

1x10
5
. ................................................................................................88 



 xxi 

Figure 46: Diagnostic Test of Blocking (inhibitory) Antibodies Against 

Transmembrane Targets – Panel 1. A) Antibody Isotype Control at 

Various Dilutions, B) Secondary Antibody and Cells Alone, C) Alpha V 

Antibody, D) Beta 1 Antibody, and E) P-Selectin glycoprotein ligand 

Antibody. All antibodies are mouse monocolonal antibodies, and tagged 

with the matched FITC secondary antibody. Anti-P-Selectin 

glycoprotein ligand does not demonstrate any apparent binding. .....89 

Figure 47: Diagnostic Test of Blocking (inhibitory) Antibodies Against 

Transmembrane Targets – Panel 1: Beta 4 and Higher Concentrations of 

Panel 1 Antibodies. A) Isotype control, B) AlphaV antibody, C) Beta 4 

antibody, D) P-Selectin Glycoprotein Ligand. Anti-β4 antibody 

demonstrates efficient binding.  P-Selectin glycoprotein ligand 

demonstrates no apparent binding even at the higher concentration.90 

Figure 48: Immunofluorescence Staining of PC3s with anti-αV Integrin Antibody.  

A & B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary 

and FITC secondary antibody used at 5ug/mL. No appreciable staining 

is observed. .......................................................................................91 

Figure 49: Immunofluorescence Staining of PC3s with anti-β1 Integrin Antibody.  

A & B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary 

and FITC secondary antibody used at 5ug/mL. Efficient staining is 

observed. ...........................................................................................92 

Figure 50: Immunofluorescence Staining of PC3s with anti-β4 Integrin Antibody.  

A & B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary 

and FITC secondary antibody used at 5ug/mL. Efficient staining is 

observed. ...........................................................................................93 



 xxii 

Figure 51: Immunofluorescence Staining of PC3s with anti-P-Selectin Glycoprotein 

Ligand Antibody.  A & B) 2D Culture and C & D) 3D Culture.  Mouse 

monoclonal primary and FITC secondary antibody used at 5ug/mL. No 

appreciable staining is observed. ......................................................94 

Figure 52: Rounding of PC3s in Presence of anti-αV Integrin Antibody. A) Without 

inhibition.  B) With inhibition. Olympus Fluoview Confocal 

Microscope.  20X objective. .............................................................95 

Figure 53: Inhibition of Transmembrane Targets and Observation of Apoptosis as 

Measured by Annexin-FITC 24 Hours After Heat Shock.  A) 2D, 37°C 

control group.  B) 3D , 37°C control group.  C) 2D,  44°C heating for 

120 minutes.  D) 3D,  44°C heating for 120 minutes.  E) 2D, 45° C 

heating for 120 minutes.  F) 3D, 45° C heating for 120 minutes.   

Sodium azide (NaN3) at 0.75mM was used as a positive control.  All 

antibodies were used at a concentration of 5µM. .............................96 

Figure 54: Inhibition of Transmembrane Targets and Observation of Necrosis as 

Measured by Propidium Iodide 24 Hours After Heat Shock.  A) 2D, 

37°C control group.  B) 3D, 37°C control group.  C) 2D, 44°C heating 

for 120 minutes.  D) 3D, 44°C heating for 120 minutes.  E) 2D, 45° C 

heating for 120 minutes.  F) 3D, 45° C heating for 120 minutes.   

Sodium azide (NaN3) at 0.75mM was used as a positive control.  All 

antibodies were used at a concentration of 5µM. .............................97 

Figure 55.  2D vs 3D Inhibition Experiment 37°C Control Subpopulation 

Percentages Normalized to No Antibody Control Group. Anti-β4 

antibody shows greater apoptosis and necrosis over all other samples 

(n=1). .................................................................................................98 



 xxiii 

Figure 56: 2D vs 3D Inhibition Experiment 44°C Control Subpopulation 

Percentages Normalized to No Antibody Control Group. ................99 

Figure 57: 2D vs 3D Inhibition Experiment 45°C Control Subpopulation 

Percentages Normalized to No Antibody Control Group. Greater 

amounts of apoptosis and necrosis are observed in 2D cultures than in 

3D culture (n=1). .............................................................................100 

Figure 58. HSP70 Induction With and Without αV, β1, and β4 Inhibition.  

Significant differences are seen only for the 46°C 10 minute thermal 

dose, but not for 44°C and 45°C 120 minute thermal doses. ..........101 

Figure 59. HSP70 Induction With and Without αV, β1, and β4 Inhibition – 

Comparison of 2D vs 3D Cultures.  Uninhibited cultures demonstrate 

greater HSP70 induction for thermal doses of 46°C/10min and 

44°C/120min, but a reversal of that trend is seen with the 45°C/120min 

thermal dose. Simultaneous inhibition of αV, β1, and β4 integrins causes 

a loss of statistical significance of the 46°C/10min thermal dose, and a 

new statistical significance in the 37°C control experiment. (*p<0.05)

.........................................................................................................102 

 



 1 

Chapter 1: Introduction 

Reductionist science in cancer biology has given us a strong foundation to begin 

to understand the complexities of the disease. It is this detailed understanding of the 

component parts of a biological problem that allows us to truly design treatments. In 

almost every endeavor to study this disease we begin with cell culture, often times of a 

single cell type, even a single cell, inside a polystyrene vessel, submersed in growth 

media and supplemented with fetal calf serum and antibiotics – an environment most 

foreign to where the cells originated from. The endogenous environments are complex 

and include different cell types, extracellular matrix (ecm) proteins, vasculature, and 

equally complex extracellular fluid. Furthermore, with the exception of blood, immune 

cells, and reproductive fluids, cells are always bound by cell adhesion molecules (CAMs) 

to one another and the matrix in which they reside. These transmembrane proteins are 

known to function as mechanisms of signal transduction via their interaction on the 

cytoplasmic side of the plasma membrane. These interactions are varied and are 

comprised of at least the cytoskeleton and various adaptor proteins.  Based on this view it 

is easy to understand that the physical and biological processes that take place at these 

interfaces of the environment and individual cells are likely to be diverse and important.  

Among the processes that take place listed in any cell biology text are: cell migration 

during development, metastasis, angiogenesis and immune surveillance; tissue anchoring 

functions and organ compartmentalization based on the formation of hemidesmosomes 

and tight junctions;  and finally anoikis and its converse synoikis [1–5]. These biological 

phenomena can become altered when cells are cultured in traditional tissue culture 

environments. Of particular concern and interest to us is how the dimensionality – 2 

dimensionality (2D) and 3 dimensionality (3D) affect the cellular response to thermal 
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stress. Evidence is given in this dissertation that 3D cultures may improve prostate cancer 

cells (PC3) ability withstand thermal stress in terms of reducing apoptosis and necrosis 

when heated at 45°C for 120 minutes. Furthermore, 3D culture appears to increase the 

HSP70 expression in PC3s heated at 45°C for 120 minutes, and integrins αV, β1, and β4 

may be implicated in sensitizing 2D cultures to heat shock (45°C/120min) as well as 

modulating HSP70 expression in both 2D and 3D culture.  

 

1.1 BENIGN PROSTATIC HYPERPLASIA 

 

The prostate is a male specific organ which measures approximately 4cm by 2cm 

by 3 cm and weighs about 40grams under normal conditions, but can weight 150 grams 

or more in benign prostatic hyperplasia (BPH) [6]. It is located underneath the bladder 

and surrounding the urethra and has four recognized zones within its own anatomy as 

illustrated in Figure 1. 

The prostate is considered an exocrine organ and consists primarily of ductal 

tissue with a smooth muscle component to help expel the product of the secretory 

epithelium. These excreted products become part of the seminal fluid expelled from the 

body during intercourse and are important for successful fertilization of the ovum within 

the female reproductive tract. Table 1 lists the main components of seminal fluid 

contributed by the prostate according to Ganong [7] with researched literature added. In 

addition to its exocrine function, the prostate serves as a control to prevent climacturia 

and black flow of urine into the seminal vesicles during urination.    
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Figure 1: Anatomy of the Prostate. 
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Table 1: Elements of Semen Contributed by the Prostate.  

Component Comments 

Spermine A polyamine [8,9] 

Citric acid Involved in semen gelification [10] 

Cholesterol, phospholipids Involved in capacitation of sperm in 

semen and timing of fertilization [11] 

Fibrinolysin, fibrinogenase Antigelation enzyme, also found in 

snake venom [12] 

Zinc Sperm motility, structural integrity, and 

various other functions [13] 

Acid phosphatase Uncertain role in fertility [14] 

Prostate Specific Antigen A serine protease that liquefies semen 

[15] 

 
 

The two most prevalent pathologies associated with the prostate are benign 

prostatic hyperplasia (BPH) and prostate cancer.  BPH occurs primarily in the transition 

zone and is an “almost universal feature” in later stages of life [16]. BPH can lead to 

problems with urination also known as voiding issues or lower urinary tract symptoms 

(LUTS) and although not solidly proven, may also lead to cancer [17–19]. As the volume 

of the transition zone grows, its intimate association with the urethra can cause 

compression and result in the LUTS observed. Treatments for the condition include both 

medical and surgical options [20,21]. Medical treatments of BHP other than “wait and 

see” [22] focus on the α1-adrenergc-receptor (muscular tone) and 5α-reductase (steroid 

metabolism). Surgical treatment options include placement of a stent in the obstructed 
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location [23] and the reduction of the volume of the prostate by various radical and 

minimally invasive methods including thermoablative therapies [24–28].  

Prostate cancer, an adenocarcinoma, and BPH share some similarities, but it is not 

yet proven BPH is the precursor to the development of prostate cancer. Furthermore there 

is complex evidence that support the two disease having a non-causal relationship, as 

well as a causal relationship [29–32]. It may be that a certain subset of adenocarcinomas 

of the prostate arises from BPH, which could explain the conflicting views in the 

literature, but definitive proof has yet to be demonstrated. 

The molecular events that form the initiation of prostate cancer are beginning to 

be understood. Patterns of DNA damage observed are reviewed in this article by Abate-

Shen and Shen [33]. Furthermore, there is a histological progression of prostate cancer 

that begins with dysplasia [34] and follows a path of increasing size and loss of 

differentiation [35]. Following Paget’s seed-soil hypothesis set forth in 1889 [36] when 

prostate cancer metastasizes it preferentially takes root in bone and few other places 

[37,38]. All in all, prostate cancer is one of the more predictable cancers, with good 

methods for early detection, and long-term survival if caught in early to moderate stages.  

Despite these ‘positive’ survival aspects of the disease, treatment of prostate cancer often 

leaves men impotent (as high as 71%), incontinent, sterile, and with doubts of self-image 

[39,40] which greatly affect the quality of life.   

Prostate cancer treatments are varied and the selection of specific treatment seems 

to depend upon a few governing parameters such as age of the patient, stage of primary 

tumor, lymph node involvement, and presence or absence of distant metastasis. From a 

survey of the literature it seems that the most commonly used treatments for localized 

prostate cancer are individually or in combination “watchful waiting” or surveillance, 

radiation therapy, and radical or nerve-sparing prostatectomy; and when metastatic 
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disease is present, chemotherapy [19,28,39,41–44].  Table 3 in Reference [42] reports the 

various treatments and associated complications. 

New therapies are being developed, many of which are thermal in nature.  These 

therapies are of particular interest because of their potential to be minimally invasive.  

They come in a variety of forms, three of the most well-known of which are high 

intensity focused ultrasound (HIFU) [45], photothermal therapy (PTT) [46], and radio 

frequency ablation (RFA) [47,48].  Regardless of the modalities in which thermal energy 

is deposited at the source, the temperature of the surrounding tissue will rise due to 

conduction and convection. For these reasons, the experiments herein were conducted 

with a specially designed heating manifold to heat cell cultures via conduction at the 

surface of the growth vessel. 
 
 

1.2 THE STRESS RESPONSE  

 

Temperature plays a critical role in many biological processes and cellular 

systems have mechanisms to respond to fluctuations in temperature. In response to 

elevated temperatures among other stimuli, cells in our body, as well as cells of virtually 

all living organisms, can express heat shock proteins (HSPs) in an orchestrated fashion 

known as the stress response. 

 

Heat Shock Protein 70 and the Stress Response  

A variety of genes are regulated in the stressed cell, but of particular importance 

to thermal therapies are the inducible HSPs. First discovered in D. melanogaster [49], 

HSPs are up-regulated along with other proteins in the organism when it experiences a 
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sublethal stress [50]. Heat shock proteins, distinguished in the literature by their 

molecular weight, are a family of proteins that respond to various stimuli including 

temperature extremes [51], hypoxia [52], osmotic stress [53], sheer stress [54], and 

radiation [55]. This characteristic process of selective transcription and translation is 

commonly called, the stress response.  In addition to better enduring the immediate stress 

of the sublethal stimuli, there is also a subsequent window of time after an initial insult 

that the organism or cells can tolerate a lethal stimuli [56]. It is thought that both the 

initial and subsequent window of tolerance is inferred by the molecular chaperone 

activity of HSPs i.e. the ability of these proteins to aid in the recovery of other proteins 

from denaturation. Of the various HSPs, HSP70 has a central role in the stress response 

due to its greater level of induction [57]. 

 

HSPs, Cancer and Minimally Invasive Therapies 

Treatments for cancer often include both surgery and chemotherapy, and all 

treatments attempt to remove or destroy tumor cells. In the use of minimally invasive 

thermal therapies energy is deposited at the tumor with the goal of inducing cell death, 

and the treated tissue is left within the body to be reabsorbed. Thermal therapies such as, 

photodynamic therapies [58], high intensity focused ultrasound (HIFU) [59], and radio 

frequency ablation [47,48], vary in the mode of energy deposition, but a significant 

fraction of the cells destroyed by these methods experience lethal thermal stress due to 

conduction near the site of energy deposition. As a result, a precise knowledge of cell 

death kinetics due to thermal stress is of great interest for modeling how cells will 

respond to a known temperature and duration of heating. In order to bring about 

successful treatment by surgery all malignant cells must fall into a region of guaranteed 
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necrosis where surgical margins invade healthy tissues. This poses problems when 

temperatures at the margins rise to levels that may not induce necrosis in healthy tissue, 

but do induce apoptosis. The result is less healthy functional tissue for the individual to 

survive with, which can greatly affect the quality of life as described above in the case of 

prostate cancer. Alternatively, if clinicians were to be able to precisely and reliably 

induce apoptosis within the surgical margins, this would likely mean the avoidance of 

apoptosis in the periphery and more healthy tissue could be spared, presumably to 

improve the quality of life. 

In addition to precise and controlled targeting of thermal energy to induce cell 

death, the kinetics of HSPs expression is of importance due to the potential that this 

protein family has in undermining the effectiveness of adjuvant courses of chemotherapy 

drugs [60].  Chemotherapy drugs are targeted to various aspects of physiology such as 

DNA synthesis, angiogeneisis, and metastasis [61–63] which by design impose lethal 

stress on cells. The course of chemotherapy often occurs closely after surgery, and 

potentially within the window of time when cells can be resistant to lethal stimuli due to 

induction of the stress response by the elevated temperatures of thermal therapy. As a 

result, the proper timing for chemotherapy should be planned with reference to the 

kinetics of HSP expression of the cancer [60]. This also places further importance on the 

surgical margins such that no neoplastic cells fall outside of the region of cell death, 

otherwise a survival advantage will have been given to the exact cells that are being 

targeted for death.   
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1.3 THREE DIMENSIONAL CULTURE AND TUMOR ENVIRONMENT 

 

Very few studies have investigated the effect that three dimensionality has on the 

thermal stress response. It has been demonstrated that cells grown in a three dimensional 

(3D) environment tolerate lethal chemical stress better than cells grown in a two 

dimensional (2D) environment [64]. The literature presents a reasonable view that the 

heat and mass transfer processes associated with a thick specimen are recognized to make 

a significant physiological difference in the experience of cells of their environment. For 

example, cells within the interior of a poorly perfused tumor experience hypoxia and low 

pH as a result of compromised mass transport of oxygen, sugar and lactic acid [65–67].  

These stresses in turn induce the expression of stress proteins such as heat shock proteins 

that facilitate their survival [68–71]. But the difference in stress response and cell death 

kinetics due to thermal insult for 3D versus 2D culture is not known to be a result of 

differences in transport phenomena, biological signaling, or another known process.  

Only one paper has been found to date on the difference in cellular viability to heat stress 

due to a 3D environment which demonstrates that three dimensionality may have an 

effect on the viability of cells after thermal stress [72]. It thought that the work herein 

will provide further evidence of a difference between the thermally induced cell death 

and HSP expression of 2D and 3D cultures as well as shed light on the mechanism which 

may be involved. 
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1.4 NECROSIS, APOPTOSIS & ANOIKIS 

 

Depending on the severity of stress, cells may forego the stress response and 

undergo cell death.  Cell death is currently understood in at least four major mechanisms 

which include necrosis, apoptosis [73,74], necroptosis [75,76], and autophagy [77–79].  

The work described in this dissertation focuses on necrosis and apoptosis.   

Necrosis most often occurs at the site of energy deposition where the cellular 

machinery to induce apoptosis or the stress response becomes overwhelmed to the point 

where a more orchestrated option is unavailable. The process of necrosis includes the 

swelling the plasma membrane, permeabilization of organelle membranes, the haphazard 

disintegration of the nuclear membrane and subsequent loss of genetic material to the 

cytoplasm and interstitial fluid [73]. As a result, necrosis potently invokes the 

inflammatory response of the immune system [80,81]. This process of necrotic 

immunogenicity and even HSP70 has been implicated in immunological cure for certain 

cancers [81–83]. 

In contrast, apoptosis is a series of organized, energy-requiring events in the cell 

where cytoplasmic and nuclear constituents are digested to an extent and packaged into 

vesicles, called apoptotic bodies [84]. The digestion of nuclear contents includes a 

characteristic digestion of the DNA which is often used to detect apoptosis e.g. terminal 

deoxynucleotideyl transferase dUTP nick end labeling (TUNEL) assay. In vivo, these 

apoptotic bodies can subsequently be processed by macrophages in a recycling and 

surveillance process. In contrast to necrosis, apoptosis is not as potent in evoking 

inflammation. Reference [73] is an excellent review of the morphological and flow 

cytometric analysis of apoptosis.   
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Related to apoptosis is a phenomena called Anoikis – programmed cell death due 

to loss of a cell’s connection to the extracellular environment via cell-matrix and cell-cell 

adhesion molecules [85].  Within this dissertation, I have considered anoikis as a unique 

point of initiation for apoptosis, rather than considering it a unique mechanism of cell 

death.  The research in this field and the understanding of the importance of the integrins 

in anoikis forms the premise of my hypothesis that 3D culture will affect the cellular 

response to thermal stress (heat shock). 

 

Integrins and Anoikis 

The signaling pathway responsible for anoikis is variable from cell type to cell 

type, but may converge on a few integral signaling pathways such as Raf, MEK, and 

ERK; PI-3 and AKT; and NF-kB [86] which have varied stimulatory inputs such as cell-

matrix, cell-cell interactions, and soluble growth factors. Acknowledging that no one 

stimuli is probably wholly responsible for the initiation of anoikis, it does seem that 

integrins would be the most prevalent mechanism of signaling extracellular matrix (ecm) 

attachment or detachment. Furthermore, because of their ability for “outward in” 

signaling, the integrins are the focus of activation or inhibition of apoptosis signaling 

pathways in anoikis.   

Integrins function as heterodimers – one α integrin pairs with one β integrin. At 

least 20 combinations are known and that number is believed to have grown [87]. In 

prostate cancer cell lines α subunits that have confirmed expression include subunits V 

and 2 through 6. The β subunits with confirmed expression include 1 through 4 [88].  

PC3 cell lines which are utilized in the references [87] and [88] exclude the expression of 

α4 and β2. Furthermore, regarding these references, the combinations of α integins with β 

integrins was not addressed. Other studies using the monoclonal antibody to αVβ3 
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integrin, LM609, demonstrate robust expression of αVβ3 in the PC3 cell line [89,90]. It 

should be disclosed that the focus of many of these articles is metastasis, adhesion and 

migration upon bone and neural tissue [91–94]. 

Some conflicting evidence also exists which states that αVβ3 integrin is not 

significantly expressed on the PC3 cell line [95], but the evidence cited by Chatterjee et 

al, is lacking in that none of the data is published for examination, but merely mentioned 

as unpublished work. Other work published by Wickstrand et al in 1983 demonstrates 

variability of surface antigens between clonal populations derived from one cell culture 

population [96]. Reference [97] reports different prostate cell lines and their expression 

of the integrins. In light of this contrary evidence, I maintain that expression of αVβ3 

integrin on PC3 cell lines is still well supported, but testing of the cell lines used in 

experimentation should be confirmed by antibody binding.  

Another integrin heterodimer that has been implicated in prostate cancer viability 

is the α6β4 heterodimer and the β4 subunit [98–101]. Again, much of the cited sources 

study these integrin subunits in the context of invasion and metastasis. Although it can be 

implied that use of these integrin subunits would be involved in resistance to anoikis, it 

must be conceded that this constitutes merely indirect evidence. These and other targets 

involved in anoikis were investigated.  
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Chapter 2: Design & Construction of the Thermal Stress Apparatus 

 

2.1 HEATING MANIFOLD & ENVIRONMENT 

 

In order to apply a thermal stress to the 3D cultures, a heating method which was 

compatible with all other work flow elements associated with the cell cultures was 

necessary. The use of chambered cover slips precluded submersion of cells into a heated 

water bath due to its loosely fitting lid and the risk of contamination which has the 

potential to alter HSP70 expression [102,103]. In addition, the following needs were 

considered in choosing a heating method: 

 

1. Rapid rate of heat transfer 

2. Uniform heating across the surface 

3. Minimization of contamination risk 

4. The heating modality should be representative of the prevailing experience of 

cells in a tumor during thermal therapies 

5. Ability to heat and optionally to cool 

6. Ability to accept multiple culture vessels at once 

7. Reusability 

 

To this end the decision was made to make a fluid filled manifold with forced 

convection at the heating surface within the manifold. Pictures of the completed design 

are reported in Figure 2. A bill of materials is given in Table 2 which describes all the 

parts that are present in the photos along with certain elements that are hidden within the 

design.   
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The heating manifold was composed of a copper heating surface milled to 3 mm 

(0.118”) thickness with eight lateral input fittings, and two end input fittings, and one end 

output fitting.   A 90⁰ angle fitting is attached to the corner to allow for the bleeding of 

air from the system. Within the chamber are two baffles angled parallel to one another 

and offset at an angle to the incoming lateral flow. This configuration establishes a 

rotational flow against the copper heating surface.   

The distribution manifold is made of aluminum and divides the input flow from 

the pump into ten output flows that feed the heating manifold. A radial design was chosen 

to maintain equal pressure between the ten output flows. The submersible water pump 

which feeds the distribution manifold is placed within an electronically controlled 

circulating water bath.   

This entire assembly plus the water bath is housed within an insulating enclosure 

made of high density polystyrene foam. Within this enclosure a composite 400+800 Watt 

PID controlled air heater was used to fight thermal losses while the heated water travels 

from the bath to the manifold. Heating the air offsets the 2°C loss from water bath to 

heating manifold surface. The set temperature for the air heater and the water bath were 

always set to the same temperature. 

Using this apparatus, cells will be stressed by a conduction boundary condition at 

the interface between manifold and culture vessel which then may setup a system of free 

convection within the media of the cell culture. Although many treatment modalities 

utilize forms of heat transfer other than conduction to deposit energy, the generated heat 

dissipates through adjacent tissue primarily by conduction. Thus gathering data on cells 

heated by conduction should yield the most pertinent results in comparison to data 

gathered by heating entire populations of cells by the energy deposition modality.   
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Figure 2:  Heating Manifold with Distribution Manifold and Pump. 
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Table 2: Bill of Materials for Heating Manifold Assembly. 

  Quantity 

Heating Manifold 
      3/8” – ½”NPT Barbed Fitting 10 

     1”-3/4”NPT Barbed Fitting 1 

     3/8”NPT 90Degree High Pressure Fitting 1 

     3/8”NPT Valve 1 

     Copper Plate (3/16”x4.5”x7”) Milled to 0.118” Center     
     Thickness 1 

     Polycarbonate Walls & Baffles ¼” thick 
      Teflon Tape 
     Epoxy 
 Distribution Manifold 
      Lid 1 

     Body 1 

     Viton O-Ring 1 

     3/8” – ½”NPT Barbed Fitting 10 

     1”-3/4”NPT Barbed Fitting 1 

     Machine Screw 4-40x2” 6 

     Submersible Water Pump 1.5Gal/min 1 

     Silicon Vacuum Grease  

     Teflon Thread Tape  
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2.2 VALIDATION OF TEMPERATURE PERFORMANCE OF THE HEATING MANIFOLD 

 

Using an infrared camera and associated software (FLIR and ExaminIR), the 

temperature uniformity of the heating manifold was verified to be within at least 0.5 

degrees centigrade.  The infrared image with region of interest lines are annotated is 

presented in Figure 3.  A plot of temperature along the region of interest lines is given in 

Figure 4.  Peaks and troughs relate to the reflections of supply lines on the surface or the 

absence of electrical tape, respectively.  Accounting for these artifacts, temperature 

uniformity is within 0.5°C. 
 

 

Figure 3: Thermal Infrared Image of the Heating Manifold.  Electrical tape has been 

adhered to the copper heating surface to reduce reflections and give a 

surface with known emissivity, which is important when getting an accurate 

infrared temperature measurement.  Bright regions are reflections of rubber 

tubing bringing heated water to the manifold.   
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Figure 4: Temperature Plots Across Region of Interest Lines from the Thermal 

Infrared Image of the Heating Manifold.  Peaks and troughs relate to the 

reflections of supply lines on the surface or the absence of electrical tape, 

respectively.  Accounting for the mentioned artifacts, temperature 

uniformity is within 0.5°C.   
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Chapter 3: Design & Construction of the Incubated Two Photon 

Microscope 

Although, this two photon microscope was not used extensively, it did comprise a 

significant portion of the development of this dissertation work.  As such, the basis for its 

selection, design, and construction is reported here in detail.   

 

3.1 OVERVIEW OF SELECTION AND DESIGN OF A TWO PHOTON MICROSCOPE 

 

The basis of two photon microscopy is the nonlinear, simultaneous absorption of 

two low energy photons by a fluorophore accompanied by the subsequent relaxation and 

release of a higher energy photon with approximately half the wave length [104–106].  

Two-photon laser scanning microscopy has some advantages over confocal laser 

scanning microscopy (CLSM).  Pertinent to the goals of this project are its ability to 

simultaneously image the reporter gene products, Enhanced Green Fluorescent Protein 

(EGFP) and tandem dimer Tomato (tdTomato), and the reduced photo-toxicity of near 

infrared (NIR) photons [104,107,108].  It has been reported that for a single cell type the 

power setting on a 2PLSM can be set three orders of magnitude (2-8mW) higher than a 

conventional CLSM UV laser (4µW) before the same kind of damage takes place [104].  

This two-photon absorption and emission process has been characterized in popular 

fluorescent proteins which demonstrate two photon absorption spectra that generally falls 

in the NIR spectrum [107,108].  These characteristics make 2PLSM a well matched 

imaging technique for cell stress and death studies. 

The two photon microscope was built in the lab of Dr. Andrew Dunn.  At the core 

of the microscope is a Zeiss Axiovert 135TV, inverted wide field fluorescence 
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microscope.  This microscope is in the process of being converted into a two photon 

microscope by the addition galvanometer mirrors, appropriate tube and scan lens, a pair 

of photomultiplier tube (PMT) detectors, beam steering mirrors, dichroic mirrors, and 

filters.  The light source for this microscope is a mode locked, femtosecond, tunable 

Titanium-Sapphire (Ti:S) laser manufactured by Coherent.  The optics of this microscope 

are setup according to Chapter 6 of Reference [109].  A schematic of the microscope and 

a picture of it while in assembly are given in Figure 5 and Figure 6. 

In addition to the addition of optics and electronics, several pieces of mounting 

hardware was designed and fabricated.  The top-most optical table, adjustable clamping 

mounts for 2” optical posts, and non-adjustable and fine adjustable mounts for the 

microscope body, and stepper motor post had to be custom designed and built. 

Table 3 lists the bill of materials for the two photon microscope. Furthermore, 

several specialized tools were designed and fabricated for ease of alignment in the 

constrained spaces of the set up. Most of all these components were machined by the 

author. 
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Figure 5: Photo of Two Photon Microscope During Assembly. 
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Figure 6: Schematic Diagram of Microscope. 
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Table 3: Bill of Materials for Microscope & Microscope Incubator 

Main Components 

Zeiss Axiovert 135TV Microscope 

Mira 900f Ti:S Laser 

Optical Table 

  

Optics, Mechano-optics, & Detection 

E03 High Power Dielectric Coated Mirrors 

Kinematic Mirror Mounts 

Kinematic Mounting Plates 

½” Optical Posts 

½” Optical Post Holder 

Glan-Laser Polarizer 

Prism Mount 

Rotation Mount with Micrometer Adjustment 

¼ Wave Plate 

Mechanical Shutter 

Periscope with E03 Mirrors 

½” Mirrors in a telescope configuration 

Galvanometer Mirrors (Cambridge Technology) 

Z Stage with Micrometer Adjustment 

Linear Translation Stage with Micrometer Adjustment 

2” Scan Lens 

Tube Lens 

Dichroic 

Objective 

Laser Blocking Filter 

Excitation Splitting Dichroic 

Photomultiplier Tubes 

  

Mechanical 

2’x2’ Solid Aluminum Optical Bread Board 

Custom Optical Bread Board 

2” Optical Posts 

Custom Length Optical Post 

2” Optical Post Pedestals 

Custom Optical Post C-Clamps 

Custom Front Mount for Microscope Body 
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Table 3:           Continued from page 23 

Custom Rear Mounts for Microscope Body 

Custom Leveling Side Mounts for Microscope Body 

  

Motorized Movement 

Stepper Motor 

Spindle Coupler 

Stepper Motor Mount 

Stepper Motor Post 

Motorized Stage 

  

Alignment 

Iris Pair 

Iris Pair Locking Mount 

Machined Alignment Bar and Clamp 

Optical Table Extension for Microscope Body 
Alignment 

1/4-20 Quick Locating Screw 

Bead Blasted and Scored Alignment Post 

30mm Rails 

30mm Plates with Iris Pair 

30mm Plate with LED laser mount 

LED Alignment Laser 

  

Microscope Electronics 

National Instruments Breakout Board 

National Instruments Digital Analog Acquisition Board 

Galvanometer Drivers 

Stepper Motor Driver 

Motorized Stage Driver 

Transimpedance Amplifier 

Photo Multiplier Tubes 

Coaxial to 3.5mm Audio Jack Converter Box 

Speakers 

Windows XP PC Computer with Raid Hard Drive 

Variable Power Supply 

  

Hardware & Electronics for Incubation 

Solar board  
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Table 3:           Continued from page 23 

Felt 

Xe-25 Aluminum Construction Rail 

Flexible Rubber Ducting 

800 Watt Resistive Heater 

400 cfm equipment fan 

Custom mounting bracket  

1" DC Fan 

Custom Hard Anodized Fan Box 

1/2"-3/4NPT Bronze Barbed Fitting 

1/2" Brass Quick Release Fitting 

1/8"-1/2NPT Chromed Brass Barbed Fitting 

1"-1"NPT Nylon Barbed Fitting 

Solid State Relay 

Toggle Switches 

CO2 Sensor 

Solenoid Valve 

CO2 Tank 

CO2 Regulator 

5PSI Pressure Gauge 

Custom Manifold to Connect and House Pressure 
Gauge 

Small DC Light Bulbs 

Custom Optical Angle Fitting 

1" Sapphire Window 

3/4" Latex Tubing 

1/2" Black poly tubing 

1/8" Clear poly tubing 

Custom Hard Anodized incubation Chamber 

Custom Hard Anodized Specimen Holder 

Viton O-ring 

Vacuum Grease 

  

1/4-20 Machine Screws 

4-40 Machine Screws 

Sharpened 1/4-20 Machine Screws 

T-Type Thermocouples 

National Instruments USB 9211 TC Reader 



 26 

3.2 PERFORMANCE OF THE TWO PHOTON MICROSCOPE 

 

Construction of this microscope began in May 2008 concurrently with the design 

and cloning of fusion genes described below, as well as with teaching duties. The first 

images were acquired September 2010. Figure 7 and Figure 8 are representative images 

from the finished two photon microscope. Cells in the images are of the PC3-p4rep100 

cell line. 
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Figure 7: Representative Image from the Two Photon Microscope.  Cells are PC3-

p4rep100, expressing GFP with a nuclear localization signal driven by the 

human HSP70 promoter.  Nikon 40x objective, NA 1.0, water dipping lens. 
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Figure 8: Representative Image from the Two Photon Microscope Demonstrating 

Dual Channel Simultaneous Imaging.  HSP70 promoter activity is 

represented in Red and Vybrant CM-DiI labeling of membranous organelles 

is represented in green. Nikon 40x objective, NA 1.0, water dipping lens. 
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3.3 MICROSCOPE INCUBATOR 

 

Previous work by members of our lab have shown that maximum stress protein 

expression can occur approximately 12 to 16 hours after heat shock depending on 

parameters of the heat shock [110].  As a result, incubation of the specimen was required 

for the long duration of imaging that is needed to continuously monitor cells after thermal 

stress.  The parameters of incubation were chosen to maintain key physiologic parameters 

in cell cultures. These parameters were temperature, osmolarity, and pH which are 

maintained by targeting 37⁰C, 95% relative humidity, and 5% CO2 in the air surrounding 

the culture vessel.  The humidity required by incubation conflicted with a number of 

electronic components of the microscope, namely the galvanometer mirrors (scan 

mirrors), motorized stage, and photomultiplier tubes (PMTs) which also conflicted with 

the temperature requirement.   

To work around these constraints, the incubation system was designed such that 

humidity is sequestered from all electronics, and the PMTs receive thermal isolation from 

elevated temperatures as well as benefit from thermal stratification.  The main elements 

of this incubation system are the heater assembly, specimen chamber, specimen chamber 

circulation fan, PMT insulation, and outer walls.  All optics except for PMTs were 

isolated from room temperature by the outer walls and PMT insulation.  Figure 9 and 

Figure 11  illustrate how the PMT insulation sequesters PMTs from the rest of the 

microscope.  Humidity and CO2 gas was sequestered in the aluminum specimen chamber 

that houses the cells in a chambered cover slip with an unobstructed light path to the 

bottom surface of the cover glass.  Isolation was achieved by use of appropriate o-ring 

seals, pipe fittings, and tubing.  Circulation of the gaseous environment was achieved by 

a fan connected via hosing to the specimen chamber.  This fan was housed in a 2”x2”x3” 
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milled aluminum block which was sealed by use of a high viscosity, silicon vacuum 

grease (Figure 10).  This circulation used to minimize temperature based stratification of 

the humidified air as well as any potential settling of CO2 due to its greater density than 

other components of air.  All aluminum parts were hard anodized and dyed black.  

Surfaces which had potential for reflection back into the objective were bead blasted to 

give a non-reflective finish.   

The control system for this incubator was programmed in LabView by an 

undergraduate student, Andrew Mark, under my supervision.  This program implements 

principle-integral-derivative (PID) control of both temperature and CO2 concentration.  

Temperature sensing occurs by use of four T-type thermocouples placed in appropriate 

regions.  CO2 sensing occurs by diverting flow of the specimen chamber’s gaseous 

environment through a non-dispersive infrared type sensor (SenseAir Model K-33 ICB).  

This program required tuning of the PID control, which took place after the alignment of 

the microscope optics when all parts of the microscope and incubation system were fully 

assembled.  The steady state temperature both within and without the specimen chamber 

were verified to be <1°C of each other and the set point, shown in Figure 12.  CO2 levels 

at steady state are controlled within 0.5% as demonstrated in Figure 13.   
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Figure 9: Sealed Specimen Chamber.  All parts are made of aluminum, hard anodized, 

and dyed black. Surfaces that may reflect light back into the light path have 

been bead blasted for a matte finish.  O-ring groove not filled with o-ring. 
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Figure 10: Specimen Chamber Circulation Fan and CO2 Distribution Point.  The part 

is made of aluminum, hard anodized and dyed black.  A small 1” DC fan 

is housed centrally, and threads have been cut for pipe fittings.  The design 

is massive for vibration reduction. 
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Figure 11: Computer Model of Microscope and Specimen Chamber 
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Figure 12: Temperature Testing Results from Microscope Incubator. 
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Figure 13: Microscope Incubator CO2 Performance.  High initial concentration is a 

characteristic of starting the system.  Spike at just after 100 min is a 

response to a low CO2 perturbation as the PID control rapidly compensates.  
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Chapter 4: Cloning of the Fusion Genes 

 

4.1 OVERVIEW OF REPORTER GENES 

 

Molecular imaging using reporter gene systems is a powerful tool that enables the 

tracking of proteins which under most circumstances retain normal function within the 

cell. The technique involves the fusion of the cDNA sequence of a fluorescent protein to 

a gene of interest. The reporter construct reveals the expression and subcellular 

localization of the target protein using techniques such as fluorescent microscopy and 

spectroscopy. 

Fluorescent proteins have many advantages over other imaging techniques.  

Imaging can be carried out in live cells to determine the expression, fate, and localization 

of target proteins. Furthermore, they are highly specific for only the targeted protein in 

the cell. Fluorescent proteins can also be attached to promoters and other regulatory 

sequences and be used to observe the level of transcription and translation giving further 

insight into the control of the protein of interest.   

One of the major drawbacks of using fluorescent reporter genes for quantitative 

studies is the difficulty in controlling the copy number of the fusion gene construct that 

are integrated into the genome of cells. Indeed, it may be necessary to have multiple 

copies of the reporter gene constitutively expressed to achieve a visible signal [111].  

Processes, such lentiviral or retroviral transduction, introduce multiple copies of reporter 

fusion genes into cells. This, however, has the potential to disrupt the behavior of cells by 

integration-mediated interruption of native gene function and the abundance of reporter 

genes in target cells. Fluorescent proteins may exhibit toxic effects  when over-expressed 
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in target cells [112,113], but these issues can be minimized by achieving a balance 

between reporter gene expression and signal intensity, and by the use of proper controls 

and analytical methods. 

Two fusion genes were used in this dissertation work. One fusion gene expresses 

enhanced green fluorescent protein (EGFP) under the control of a minimized human 

HSP70 promoter Figure 14. This construct was kindly supplied by Dr. Amer Najjar and 

used to measure the heat induced expression of the HSP70 gene.  The fluorescence signal 

produced by this construct reflects HSP70 promoter activity and the levels of HSP70 

protein levels.  

The second fusion gene, HMGB1-tdTomato, combined High Mobility Group Box 

1 (HMGB1) with the red fluorescent protein, tandem dimer tomato (tdTomato), and was 

generated to determine the condition and integrity of genomic DNA and the nucleus as 

indicators of cell viability. HMGB1-tdTomato, by virtue of its role as a DNA architecture 

protein, can reveal nuclear morphology and is therefore useful in differentiating between 

apoptosis and necrosis [80,114,115].  In a healthy cell, HMGB1-tdTomato is distributed 

evenly within the nucleus and thus the nucleus appears elliptical and bright. In apoptotic 

cells, the nucleus becomes fragmented into apoptotic bodies and such morphology should 

also be revealed by HMGB1-tdTomato. When a cell dies by necrosis, the nucleus and 

plasma membrane become permeable releasing the DNA, and HMGB1-tdTomato, into 

the extracellular matrix and thus ability to visualize the nucleus should disappear. 
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4.2 CLONING HMGB1-TDTOMATO FUSION GENE 

 
 

A plasmid containing HMGB1-EGFP fusion gene [80] was kindly provided by 

Dr. Marco Bianchi.  In this form, the rat coding sequence (CDS) of HMGB1 was attached 

to EGFP within a bacterial expression vector. Two HMGB1 fusion reporter genes were 

produced.  In the first, the rat HMGB1 CDS was cloned upstream of the red fluorescent  

protein DsRed in pDsRed-monomer-N1 (Clonetech) to produce an HMGB1-DsRed 

fusion.  This construct was utilized for chemical transfection of prostate cancer cell lines.  

To produce a cell line stably expressing an HMGB1 reporter, a lentiviral 

expression vector was constructed. The resulting construct, pLV-LTR-HMGB1-

tdTomato, contains the HMGB1 CDS fused to tdTomato, a tetrameric red fluorescent 

protein complex, and is driven by the constitutive murine stem cell virus (MSCV) long 

terminal repeat (LTR) promoter (Figure 15). This construct was initially tested for 

functionality in HEK293 cells, an easily transducible cell line. The vector was then used 

to transduce PC3 prostate cancer cells. The transduced population was subsequently 

enriched for positive cells using fluorescence activated cell sorting (FACS). A two 

photon micrograph of dual transfected PC3s is shown in Figure 16.  These cells have 

been heated at 48°C for 3 minutes on the previously described heating manifold.   

This fusion gene and cell line was used to gather time-lapse microscopy data 

which will be utilized in future work. 
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Figure 14: Sequence Map of HSP70 Fusion Gene, p4rep100.  Human HSP70 promoter 

(hHSP70) drives the expression of enhanced green fluorescent protein 

(EGFP).  In between these two elements is the herpes simplex virus 

thymidine kinase (HSV1TK) which included an engineered nuclear 

localization sequence resulting in the sequestration of HSV1TK-EGFP in 

the nucleus.  The functionality of HSV1TK was unused in the work 

described herein. 
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Figure 15: Sequence Map of HMGB1-tdTomato Fusion Gene. The murine stem cell 

virus long terminal repeat (MSCV LTR) drives the expression of the high 

mobility group box 1 (HMGB1) coding sequence (CDS) which is attached 

to the tandem dimer tomato (tdTomato) fusion gene.  The result of 

transduction with this cell is red fluorescent nucleus, by which nuclear 

morphology should be able to be tracked. 

 

 
 
 



 41 

 

Figure 16: Two Photon Micrograph of PC-pLV-CMV-HMGB1-tdTomato.  Cells have 

been heat shocked at 48°C for 3 minutes in a chambered coverslip using the 

described heating manifold.  Source of green signal is from a co-transduced 

EGFP construct.  This cell line was not ultimately used. 
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Chapter 5: Data Gathered 

 

5.1 CELL VIABILITY THRESHOLD  

 

A heat shocked cell can respond in at least three different ways depending on the 

thermal dose (temperature and duration).  First, a cell may undergo immediate necrosis 

where the plasma membrane becomes permeable to normally impermeable dyes such as 

Propidium Iodide (PI) [116].  Second, a cell may also undergo the process of apoptosis 

which includes the characteristic phosphatidylserine transition from the inner, 

cytoplasmic leaflet of the plasma membrane to the extracellular leaflet. Annexin V-FITC, 

a commercially available fluorescently labeled version of Annexin V, can conjugate to 

the phosphatidylserine on the exterior of apoptotic cells, and signal that the cell is in the 

process of apoptosis [117].  Third, the cell may not exhibit any measureable response. 

 The use of these markers, PI and Annexin V-FITC (Annexin) is used herein to 

discriminate the various subpopulations that arise when a population of cells is heat 

shocked. A double-positive population positive for PI and Annexin-FITC staining  can be 

interpreted to be comprised of cells that have directly undergone cell death by necrosis, 

and those that have become necrotic after undergoing apoptosis i.e. late apoptotic cells. 

Late apoptosis is a phenomenon that is readily detectable in vitro since apoptotic bodies 

are normally taken up by the immune system of the organism before they can present as a 

PI permeable cell [118,119]. 

Apoptosis, being a well-orchestrated process, depends on a dedicated set of 

cysteine-dependent aspartate directed proteases (caspases).  A definite hierarchy of these 

caspases exist with two general, but non-exhaustive categories, being the initiator and 

executioner category caspases [120].   
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Caspase activity can be measured using fluorescently tagged peptide substrates, 

which can be cleaved by caspase isoforms with varying degrees of specificity.  An 

acetylated four sequence peptide (Ac-DEVD) covalently bonded to various functional 

groups is commercially available for colorimetric, fluorescence, and inhibitory assays of 

caspase-3.  The experiments described in this section make use of two such compounds. 

Ac-DEVD-aminomethylcoumarin (AMC), a caspase-3 substrate that fluoresces upon 

cleavage by caspase-3, and Ac-DEVD-CHO, an aldehyde inhibitor of caspase-3 substrate 

which binds irreversibly to the enzyme active site. In other studies, a pan-Caspase 

inhibitor, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-

FMK), was used to inhibit overall caspase activity  

Necrotic or late apoptotic cells eventually lose mitochondrial function, a hallmark 

sign of the irreversible loss of metabolic activity and viability [121].  The viability of 

mitochondria can be assayed using a water soluble tetrazolium salt (WST) such as WST-

1 which is metabolized by mitochondrial enzymes resulting in a colorimetric change 

measureable by an absorbance spectrometer. 

In order to study the effects of Matrigel, a 3D environment, on apoptosis, 

necrosis, and HSP70 expression, two thermal doses were established around the threshold 

of influence. The threshold parameters were established by screening a wide array of 

thermal doses and utilized in all experiments to study apoptosis and necrosis.  To confirm 

that apoptosis was caspase dependent experiments were conducted using caspase 

inhibitors and metabolites. 
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Methods 

 

Cell Culture 

Prostate cancer cell lines PC3 and PC3-p4rep100 were maintained in a tissue 

culture incubator at 37°C at 95% RH, and 5% CO2. Growth media used was Gibco F12K 

Kaighn’s Modification (Cat No. 21127) supplemented with 10% Certified FBS (Gibco 

LOT 776620), and 1% Penicillin-Streptomycin. Cells for WST-1 experiments were 

cultured in standard flat bottom polystyrene 96 well plates. Cells for flow cytometry were 

grown in 6 cm diameter culture dishes.  In other sections, 3.5cm dishes and 96 well plates 

were utilized when appropriate. 

 

Cell Viability Measurement with WST-1 

Viability of either PC3 or PC3-p4rep100 was measured in optical 96 well plates.  

Cells were seeded at a density of 15,000 cells per well in 100uL of media.  10µL of 

Roche Cell Proliferation Reagent WST-1 (Cat No. 05015944001) was added to each well 

1 hour before the assay time. Cells were harvested with 0.25% Trypsin, counted with an 

improved Neubauer hemocytometer, diluted with complete media, and aliquotted into 

thin walled PCR tubes. Cells were then heated in an Eppendorf thermal cycler at various 

times utilizing the gradient heating capability of the machine. Cells were transferred to 

optical 96 well plates immediately after heating and placed in a tissue culture incubator.  

Cells which were in queue for heating were also kept in the same tissue culture incubator 

until the time arrived for heating.  Plates were read on a Tecan Safire Microplate Reader 

24 hours after heat shock. 
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Heating & Recovery of Cells for Flow Cytometry 

The custom designed heating manifold and enclosure, described above were 

utilized to heat cells grown in culture dishes for flow cytometry.  Growth media was 

removed prior to heating.  Empty dishes with cells adhered was placed on the heating 

manifold on a puddle of heated water, and preheated media was added to the cells.  This 

process was used to reduce the difference between the initial temperature and the target 

temperature. Media used during the heating was preheated for at least 7 minutes in the 

circulating water bath that feeds the manifold.  Recovery of the cells took place for 2 

minutes on the perforated surface of a laminar flow hood (to rapidly bring the 

temperature close to 37°C), and then in a 37°C incubator until it the time for flow 

cytometry.   

 

Heating & Recovery of Cells for WST-1 and Caspase Metabolite Experiments 

Cells used for Ac-DEVD-AMC and WST-1 assays and were cultured in tissue 

culture flasks, washed in PBS, trypsinized with 0.25% trypsin solution, counted with a 

hemacytometer, transferred into PCR tubes, and then heated in a PCR thermal cycler.  

The thermal cycler was used to heat cells at particular temperatures along a gradient 

between 37°C and 57°C for various lengths of time.  Heated cells were then transferred 

from the PCR tubes into a 96 well plate for recovery in a tissue culture incubator until 

lysed for the Ac-DEVD-AMC assay or WST-1 was added. 

 

Flow Cytometry & Annexin V-FITC / PI staining 

Apoptosis and Necrosis was measured on a BD Biosciences FACSCalibur flow 

cytometer. Cells were stained with Annexin V-FITC and Propidium Iodide (BD 

Biosciences Cat No. 556547).  Cultures were plated overnight, heated, and then harvested 



 46 

approximately 1 hour prior to the planned observation time.  During the 1 hour prior to 

observation, cells were harvested from the culture vessel. All debris and cells were 

collected by centrifugation (250 rcf) of the growth media as well as the trypsinzed cell 

solution.  Used media was aspirated, and the cell pellet resuspended in 110 µL of media 

containing 5 µL Annexin V-FITC and 5 µL PI. Cells were mixed by pipetting and 

incubated for 15 minutes at room temperature in the dark. 400 µL of additional media 

was added to the centrifuge tubes and the entire volume transferred to a flow cytometry 

tube on ice. 

 

Inhibition of Caspases 

Inhibition of caspase 3 with Ac-DEVD-CHO was performed at a final 

concentration of 100 nM for 3 hours prior to heat shock (Enzo Life Sciences Cat No. 

ALX-260-030-M001).   

Inhibition of all caspases was accomplished using pan-caspase inhibitor Z-VAD-

FMK (Enzo Life Sciences Cat No. ALX-260-020-M001) at a final concentration of 20 

µM and incubating at 37°C for 30 minutes prior to heat shock.  

 

Measurement of Caspase Activity 

Caspase activity was measured using a Tecan Safire plate reader and the reagent 

Ac-DEVD-AMC (Enzo Life Sciences Cat No. ALX-260-031-M001).  Cells were plated 

at one of 4 densities: 5x10
4
, 10 x10

4
, 25 x10

4
 or 50 x10

4
 cells/well depending on the 

experiment.  At the time of assay, 100-200 µL of lysis buffer was added (5x Lysis Buffer: 

250mM HEPES pH 7.4, 25mM CHAPS, 25mM DTT) depending on the cell 

concentration.  Cell lysate was centrifuged at 1000 rcf to pellet nuclei and debris, and the 

supernatant containing caspases was saved and stored at -20°C for later use. 10 µL of cell 
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lysate was utilized per 100 µL reaction in which Ac-DEVD-AMC was used at a final 

volume percent of 0.2% (dissolved in DMSO at 1mg/mL according to directions) in assay 

buffer (10x Assay Buffer: 200mM HEPES pH7.4, 1% CHAPS, 50mM DDT, 20mM 

EDTA).   

 

 

Results 

 

Cell Viability Measurement with WST-1 & Corresponding Heat Shock Protein 70 

Expression 

In order to get a sense of how heating would affect apoptosis, necrosis and HSP70 

expression, a broad range of thermal doses were applied to PC3s and both cell viability 

via use of the WST-1 reagent and HSP70 induction measured by green fluorescence were 

observed.   

Two scales of heating were employed: one that had a maximum duration of 22 

minutes (Figure 17), and another with a maximum duration of 120 minutes (Figure 18).  

A similar format experiment is reported in Figure 19, utilizing the PC3-p4rep100 cell line 

previously described, and gives the HSP70 expression corresponding to the WST-1 

results of Figure 18. Using the results of these experiments, it was clear that there was a 

sharp temperature and duration threshold above which cells are fated to die either by 

apoptosis or necrosis, and below which cells may respond by activation of the heat shock 

proteins or exhibit no observable response. In addition, there is a primary maxima of 

HSP70 expression at 45.5°C and between 20 and 30 minutes of heating (Figure 19 and 

Figure 20).   
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The WST-1 and HSP70 data from Figure 18 and Figure 19 was interpolated in 

MATLAB using a cubic algorithm. An overlay of that interpolation is given in Figure 20 

to highlight the correlation of HSP70 expression and WST-1 metabolism.   

 

 

 

Figure 17: WST-1 Absorbance of PC3s Heated for Short Durations. Cells were heated 

by adding samples at the appropriate time to a PCR machine with gradient 

heating in progress.  WST-1 was added 24 hours after heat shock and 

incubated for 30 minutes to 1 hour. (n=3) 
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Figure 18: Normalized WST-1 Absorbance of Prostate Cancer Cells (PC3-p4rep100) 

for Long Durations of Heating and Various Temperatures.  Observation at 

approximately 12 hours after heating.  Data is the normalized average of 3 

trials.  Each point is normalized to an average value of WST1 absorbance 

for cells heated at 37°C for various temperatures, as evidenced by the 

uniform shade in the 37°C row along the bottom of the figure. (n=3) 
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Figure 19: HSP70 Promoter Activity of Prostate Cancer Cells (PC3) Normalized to 

37°C Controls for Long Durations of Heating and Various Temperatures. 

Observation is approximately 12 hours after heat shock. Each point is 

normalized to an average value of green fluorescence for cells heated at 

37°C for various temperatures, as evidenced by the uniform shade in the 

37°C row along the bottom of the figure. (n=3) 
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Figure 20: Overlay of Interpolated HSP70 Promoter Fluorescence and WST1 

Absorbance.  HSP70 data in contour lines where blue and red are least and 

most fluorescence intensity, respectively.  WST1 data in gray scale contour 

shades where black and white are lowest and highest absorbance values, 

respectively. Red dots indicate actual data. Interpolation is by Matlab cubic 

algorithm as a part of the griddata function.  

 

 

Further Investigation of Cell Death at Select Temperature-Time Points by Flow 

Cytometry Analysis. 

Based on the results of the WST-1 cell viability measurements, the region 

straddling the threshold between viable and dead cells was targeted for further 

investigation. The method used was flow cytometry, which required large-scale heating 
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using the heating manifold described above. Such a change, required precise thermal 

doses to be established for the study of apoptosis and necrosis.   

Initially, a short duration was considered (10 minutes), and the dyes for apoptosis 

and necrosis, Annexin-V FITC and Propidium Iodide, in conjunction with the available 

optical measures of cellular size and density inherent to flow cytometry, were used to 

determine the threshold between viable and dead cells (Figure 20).  Figure 21).  Lower 

temperature and longer heating durations were then tested to induce an increase in 

apoptotic cell numbers.   Figure 22 shows the results heating at 44°C for various 

durations. Heating for at 44°C for 120 minutes resulted in the highest percentage of 

apoptotic cells among the thermal doses tested. 

To confirm that this thermal dose (44°C/120min) represented the threshold 

between viable and dead cells, a third experiment involving 45°C heating for various 

temperatures was executed as shown in Figure 23. The results demonstrated that at 120 

minutes a significant portion of cells underwent necrosis. These two thermal doses, 44°C 

and 45°C for 120 minutes, were utilized to study the process of apoptosis and necrosis in 

subsequent experiments. 
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Figure 21: Prostate Cancer Cells (PC3) Heated at 37°C, 44°C, 48°C, 52°C, 60°C for 10 

minutes.  A) Unheated control. B) 44°C for 10minutes. C) 48°C for 10 

minutes. D) 52°C for 10 minutes. E) 60°C for 10 minutes. The threshold 

between cell viability and cell death appears to be between the thermal 

doses of 48°C/10min and 52°C/10min.   
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Figure 22: Scatter Plots of Flowcytometry Analysis of Prostate Cancer Cells (PC3) 

Heated at 44°C for 10, 30, 60, 120 minutes. A) Unheated control,  B) 44°C 

for 10 minutes,  C) 44°C for 30 minutes,  D) 44°C for 60 minutes,  and E) 

44°C 120 minutes. A significant apoptotic population is observed at the 

thermal dose of 44°C/120min. Observation is 24 hours after heat shock.   
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Figure 23: Scatter Plots of Flow Cytometry Analysis of Prostate Cancer Cells (PC3) 

Heated at 45°C for 30, 60, 120, and 180 minutes. A) Unheated control, B) 

45°C for 30 minutes, C) 45°C for 60 minutes, D) 45°C for 120 minutes, and 

E) 45°C for 180 minutes.  The threshold for apoptosis appears to take place 

between the thermal doses of 45°C/60min and 45°C/120min. Observation is 

24 hours after heat shock.   
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Involvement of Caspase Activity in Apoptotic cell population 

In order to verify the involvement of caspases in apoptosis, as indicated by 

Annexin V-FITC staining, PC3 cells were treated with pan-caspase inhibitor Z-VAD-

FMK prior to heating and analysis by flow cytometry. Figure 24 shows the results of this 

experiment. A distinct apoptotic population is observed in the inhibited group (Figure 

24C), which may implicate one or more of the caspases in thermally induced apoptosis.  

In an attempt to narrow the apoptotic mechanism to an individual Caspase, 

Caspase 3 inhibitor Ac-DEVD-CHO was used to inhibit cells prior to heating and flow 

cytometry analysis. Figure 25 demonstrates no obvious difference between the inhibited 

group (Figure 25C) and the uninhibited group. This result was further confirmed by using 

the fluorescent caspase-3-specific substrate, Ac-DEVD-AMC, on cellular extracts from 

cells heated at various thermal doses. The results of these experiments, (Figure 26 - 

Figure 28), demonstrate that none of the thermal doses used induced any measureable 

Ac-DEVD-AMC fluorescent signal.  In certain cases, heating at 40°C yielded an elevated 

background level of fluorescence (Figure 26 and Figure 27). However, no time-

dependent increase in signal was detected (as observed in the positive control), 

dismissing the presence of any positive caspase-3 activity. 
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Figure 24: Apoptosis and Necrosis of PC3s Heated at 45°C for 120 minutes Observed 

24 hours After Heat Shock – With and Without Pan-Caspase Inhibitor, Z-

VAD-FMK.  A) Unheated control, B) Heated without inhibitor (Z-VAD-

FMK
-
), and C) Heated with inhibitor (Z-VAD-FMK

 +
).  The apoptotic 

population observed in panel C is interpreted to be a result of Z-VAD-FMK 

slowing the kinetics of late apoptosis. 
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Figure 25: Scatter Plot of Flow Cytometry Analysis of Apoptosis and Necrosis of PC3s 

Heated at 45°C for 180 minutes and Observed at 24 hours After Heat Shock 

– With and without Caspase 3 Inhibitor Ac-DEVD-CHO.  A) Control, 

unheated PC3s.  B) Heated but uninhibited PC3s (Ac-DEVD-CHO
-
).  C) 

Heated and inhibited PC3s (Ac-DEVD-CHO
+
).  No difference is detected 

between presence and absence of caspase 3 inhibitor.  
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Figure 26: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay of PC3s heated 

for 3, 5, 10 or 22 minutes at 40, 44, 50, 55, or 57°C.  Assay duration is 

approximately 3 hours.  Y axis units are arbitrary.  No true caspase 3 

activity is detected.  
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Figure 27: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay. Assay of PC3s 

heated for 3, 5, 10 or 22 minutes at 40, 44, 50, 55, or 57°C.  Assay duration 

is approximately 19 hours.  Y axis units are arbitrary. No true caspase 3 

activity is detected.  
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Figure 28: Caspase 3 Activity by Ac-DEVD-AMC Colorimetric Assay in PC3s Heated 

at Various Durations of 45°C.  No significant caspase 3 activity is detected. 

(n=3). 
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Conclusions 

 

From the results of the WST-1 cell viability experiments (Figure 17 and Figure 

18) the threshold between viable and dead cells was determined to be in the temperature 

range of 48.2°C - 53.2°C. Thermal doses inside or beyond this threshold retain cellular 

viability or induce apoptosis or necrosis, respectively. An overlay of HSP70 promoter 

activity and WST-1 metabolism demonstrated an overlap between maximum HSP70 

induction and maximum WST-1 metabolism. Although this overlap is skewed by 2.6°C 

and 30 minutes of heating (Figure 18 and Figure 19), it implicates the involvement of 

HSP expression with cellular viability in response to thermal stress. This threshold region 

was targeted for further study by flow cytometry, and in doing so it became clear that 

whether or not a population of cells proceeded down an apoptotic or necrotic pathway 

could be controlled by thermal dose (Figure 21 - Figure 23).  Positive Annexin V-FITC 

staining and inhibition of apoptosis by the pan-Caspase inhibitor Z-VAD-FMK 

demonstrated that thermally induced apoptosis is a Caspase-dependent mechanism.  

Assessment of caspase 3 activity with Ac-DEVD-AMC and the inhibitor Ac-DEVD-

CHO excluded the specific involvement of caspase-3 in the apoptotic process (Figure 24 

- Figure 28).  
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5.2 THE EFFECT OF A RECONSTITUTED BASEMENT MEMBRANE ON APOPTOSIS, 

NECROSIS & HSP70 EXPRESSION 

The established threshold thermal doses (44°C and 45°C for 120 minutes) were 

used in subsequent experiments to study the effects of the 3D environment on apoptosis 

and necrosis within a PC3 cell population. In addition, a third thermal dose of 46°C for 10 

minutes, which optimally induces HSP70 expression without inducing either mode of cell 

death, was used to study the effect of 3D culture on HSP70 expression. 

 

Methods 

 

Three Dimensional Cultures 

High Concentration Phenol Red Free Matrigel (BD Biosciences Cat No. 354262) 

was used in a 1:2 dilution with complete media to create a gelled layer at least 1 mm 

thick.  This amounted to a volume between 35-50 µL for one well of a 96 well plate.  The 

plate was kept at 4°C overnight to help remove bubbles and to level the surface of the 

Matrigel. Plates were placed in a tissue culture incubator for at least 2 hours prior to 

seeding. 

 

Harvesting of Cells from 2D and 3D Culture for Flow Cytometry 

Harvesting of cells for flow cytometry from Matrigel was a procedure that had to 

be optimized over several weeks. Initially, the suggested protocol from BD Biosciences 

using their Cell Recovery Solution resulted in a large subpopulation of nectrotic cells in 

the control (untreated) population. At the time, long incubations in this PBS-based 

solution was thought to adversely affect the viability of the cells by serum and/or nutrient 

deprivation. Incubation with trypsin and collagen for long durations (15 minute) at 37°C 
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was also attempted. This resulted in higher viable cell recovery rate (approximately 90% 

or better). Incubation with Cell Recovery Solution for shorter durations also improved 

viable cell recovery but yielded a lower overall cell recovery rate than the 

trypsin/collagen incubation. To optimize total cell yields and viable cell recovery, a 

hybrid protocol was developed as described below. 

Experiments involving 2D cultures were harvested following treatment with 

0.25% trypsin for 5 minutes at 37°C, centrifuged at 400 rcf, and resuspended in 100µL of 

complete media. 5 µL of Annexin-V FITC was added to the suspension and incubated at 

room temperature for 15 minutes before adding 5µL of Propidium Iodide.  Cells were 

mixed using a laboratory mixer for 2 seconds prior to analysis on the flow cytometer.  

Cells were kept on ice once harvested and stained until analysis.   

Experiments with cells grown in 3D cultures using Matrigel were harvested in the 

following manner: approximately 1 hour and 30 minutes prior to analysis, cells were 

placed on ice for 10 to 20 minutes to equilibrate and aid in the liquefaction of Matrigel.  

Growth media was harvested from the culture vessels and stored on ice in a temperature 

equilibrated 15 mL conical tube. 200 µL of a 1:1 mixture of BD Cell Recovery Solution 

(Cat No. 354253) and 0.25% Trypsin was added and pipetted to loosen Matrigel.  

Another 100 uL of trypsin was added to the cells which were then incubated at 37°C for 

15 minutes in a tissue culture incubator and then transferred to the original growth media 

in a 15mL conical tube on ice. 1 mL of complete media was then added to the 15mL 

conical tube to stop the trypsinization.  Finally, the culture vessel was washed again with 

200 uL of solution containing the harvested cells. Cells were centrifuged at 400 rcf,  

resuspended in 100µL of media, and stained with Annexin-V FITC and Propidium 

Iodide. Control 2D cultures grown without Matrigel were treated and prepared 

identically. 
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Gating of Flow Cytometry Data for HSP70 Analysis 

Flow cytometry results were gated by the white perimeter lines shown in 

diagnostic figures. This perimeter or “gate” represents the group of events that are 

considered in subsequent plots and analyses. Events outside of this gate are not accounted 

for in the analysis. The main goal of gating was to exclude debris artifacts, characterized 

by low forward and side scattering signal. This is appropriate since the focus of the 

experiments herein is the HSP70 expression of viable cells 

 

Results 

 

Effect of 3D culture on Apoptosis and Necrosis 

The two thermal doses, 44°C and 45°C for 120minutes, were applied to cells 

grown in 2D and 3D cultures. The cells were assessed for apoptosis and necrosis 24 hours 

later. The results reported in Figure 29 through Figure 32 show a greater percentage of 

cells undergoing the process of apoptosis and necrosis in 2D culture than in 3D culture.  

When these experiments were repeated for statistical significance, only the 45°C thermal 

dose yielded significant results (Figure 33). The same data tested for statistical 

significance between thermal doses did not yield any significant results (Figure 34).  

 

Effect of 3D culture on HSP70 Expression 

PC3-p4rep100 cells, which express EGFP under the control of the human HSP70 

promoter were heat shocked at 46°C for 10 minutes and assayed by flow cytometry 12 

hours later to assess their heat-induced HSP70 promoter activity. Figure 35 and Figure 36 

demonstrate the robustness of HSP70 fluorescence expression and detection by flow 
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cytometry. Figure 36 quantifies the fold expression of HSP70 over the baseline level of 

cells not expressing HSP70 in culture. These results indicate that the reliability of HSP70 

response in the PC3-p4rep100 cells.   

The thermal dose of 46°C/10min was utilized as a way to achieve HSP70 

induction without causing large percentages of cells undergoing apoptosis or necrosis.  

Utilizing this thermal dose, it was observed that HSP70 expression was greater in 2D 

culture than in 3D culture (Figure 37 - Figure 39). This trend appeared also in preliminary 

experiments using the 45°C/120min thermal dose, but not the 44°C/120min thermal dose 

(Figure 40 - Figure 42).  

These experiments were repeated in triplicate to calculate statistical significance, 

the results of which are shown in Figure 43. These results show that heating 3D cultures 

for 46°C/10min results in less HSP70, than 2D cultures.  The opposite is observed for 

heating at 45°C/120min, where 3D cultures demonstrate a population of HSP70-

expressing cells 2.77 times larger than the 2D control.   
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Figure 29: Scatter Plot of Flow Cytometry Analysis of Annexin & PI Staining of PC3s 

Grown in 2D and 3D Culture and Heated at 44°C for 120 minutes. A) 2D 

unheated control group, B) 3D unheated control group, C) 2D heated group, 

and D) 3D heated group.  This comparison between 2D and 3D cultures 

demonstrates greater absolute levels of apoptosis and necrosis in 3D culture 

(B & D), but normalization to unheated controls demonstrates less induction 

of apoptosis and necrosis in 3D culture. 
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Figure 30: Normalized Subpopulation Percentages for Flow Cytometry Analysis of 

Annexin & PI Staining of PC3s Grown in 2D and 3D Culture and Heated at 

44°C for 120 minutes. All bars are normalized to respective 37°C control 

group.  3D culture demonstrates less induction of apoptosis and necrosis.  
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Figure 31: Scatter Plot of Flow Cytometry Analysis of Annexin & PI Staining of PC3s 

Grown in 2D and 3D Culture and Heated at 45°C for 120 minutes. A) 2D 

unheated control group, B) 3D unheated control group, C) 2D heated group, 

and D) 3D heated group. A comparison between 2D and 3D cultures 

demonstrates greater absolute levels of apoptosis and necrosis in 3D culture 

(B & D), but normalization to unheated controls demonstrates less induction 

of apoptosis and necrosis in 3D culture. 
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Figure 32: Normalized Subpopulation Values of Flow Cytometry Analysis of Annexin 

& PI Staining of PC3s Grown in 2D and 3D Culture and Heated at 45°C for 

120 minutes. A) 2D unheated control group, B) 3D unheated control group, 

C) 2D heated group, and D) 3D heated group. Values are normalized to 

respective 37°C control. 3D culture demonstrates less induction of apoptosis 

and necrosis.  
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Figure 33. Apoptosis and Necrosis for PC3s Cultured in 2D and 3D culture – 

Comparison Between 2D and 3D culture. Samples heated at 45°C 

demonstrate a significant difference (p<0.05) between 2D and 3D culture, 

such that there are larger apoptotic and necrotic subpopulations in the 2D 

culture than in the 3D culture. Populations have been normalized to 

respective 37°C control groups. 
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Figure 34. Apoptosis and Necrosis for PC3s Cultured in 2D and 3D culture – 

Comparison of Thermal Doses.  No statistically significant difference is 

seen between the two thermal doses in normalized subpopulation 

percentages of apoptosis and necrosis. Populations have been normalized to 

respective 37°C control groups. 
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Figure 35: Performance Test of PC3-p4rep100 HSP70 Promoter Driven Fluorescence.  

Heat shock was at 46°C for 10 minutes, with a 12 hour post heat shock 

observation.  A) Diagnostic plot of forward scatter vs side scatter and 

promoter activity represented by green fluorescence intensity as the color 

scale.   White perimeter represents the gated population upon which all other 

calculations are made.  The gate was selected exclude debris.  Total 

analyzed events were greater than 14,000.  B) Diagnostic plot of forward 

scatter vs side scatter for PC3-p4rep100 cells heat shocked   C) Scatter plot 

demonstrating the baseline green fluorescence of the unheated cells.  D) 

Scatter plot demonstrated the increased green fluorescence of heated cells.  

All units are arbitrary.  

 



 74 

 
 

Figure 36: Normalized Subpopulation Values of Flow Cytometry Performance Test of 

PC3-p4rep100 HSP70 Promoter Driven Overexpression Detected by 

Fluorescence. Values are normalized induced expression percent over 

baseline expression percentage for 37°C Control and 46°C 10min heated 

group. Heat shock was at 46°C for 10 minutes, with a 12 hour post heat 

shock observation.   
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Figure 37: Diagnostic scatter plots of 2D and 3D Culture of PC3-p4rep100 Heated at 

46°C for 10minutes and Observed 12 hours later.  A) Unheated 2D culture.  

B) Unheated 3D Culture.  C) Heated 2D Culture.  D) Heated 3D Culture. 

3621 events have been gated (white perimeter) and analyzed.   
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Figure 38: Green Fluorescence Scatter Plots of 2D and 3D Culture of PC3-p4rep100 

Heated at 46°C for 10 Minutes and Observed 12 Hours Later.  A) Unheated 

2D culture.  B) Unheated 3D Culture.  C) Heated 2D Culture.  D) Heated 3D 

Culture. 3621 events have been gated and analyzed.   
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Figure 39: Normalized HSP70 Promoter Activity. Cells heated at 46°C for 10 minutes 

and observed 12 hours later.  Each group, 2D and 3D, is normalized to its 

own unheated control.  3D culture appears to reduce HSP70 induction. 
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Figure 40: Diagnostic Flow Cytometry Plots of Heated PC-p4rep100 Cells Grown in 

2D and 3D Culture, Observed 24 Hours Post Heat Shock..  A) Unheated 2D 

Culture.  B) Unheated 3D Culture.  C) 2D Culture Heated at 44°C-120min.  

D) 3D Culture Heated at 44°C-120min.  E) 2D Culture Heated at 45°C-

120min.  F) 3D Culture Heated at 45°C-120min.  Total number of gated 

events is 4074 (white perimeter).  
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Figure 41. Comparison of HSP70 Expression in 2D and 3D Culture for Heated PC-

p4rep100. Observed 24 Hours Post Heat Shock.  A) Unheated 2D Culture.  

B) Unheated 3D Culture.  C) 2D Culture Heated at 44°C-120min.  D) 3D 

Culture Heated at 44°C-120min.  E) 2D Culture Heated at 45°C-120min.  F) 

3D Culture Heated at  45°C-120min.  Total number of gated events is 4074.  
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Figure 42: Normalized Subpopulation Values for HSP70 Expression in 2D and 3D 

Culture for PC-p4rep100 Heated at Apoptosis and Necrosis Inducing 

Temperatures (44°C and 45°C for 120 minutes). Observed 24 Hours Post 

Heat Shock.  Values are normalized to their respective 37°C (unheated) 

control group.  
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Figure 43. HSP70 Induction in 2D and 3D culture with Tests for Statistical 

Significance.  The difference in HSP70 induction is calculated as significant 

(p<0.05) for thermal doses 46°C/10min and 45°C/120min.   
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measured level in control 2D cultures (Figure 43).  Conversely, HSP70 promoter activity 

is higher in 2D cultures than 3D when the thermal dose of 46°C/10min is used (Figure 
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5.3 THE EFFECT OF INHIBITING INTEGRIN ALPHA V, BETA 1, AND BETA 4 ON 

APOPTOSIS, NECROSIS & HEAT SHOCK PROTEIN EXPRESSION 

 

The observed effects of 3D culture on apoptosis, necrosis and HSP70 expression 

were hypothesized to be mediated by integrin signaling pathways. First, a literature 

search was performed to identify integrins expressed on the surface of PC3 cells.  

Subsequently, a qPCR screen for integrins and other pathway targets was performed. 

Integrins αV, β1, β4, and P-Selectin glycoprotein ligand were identified by qPCR as 

differentially expressed targets which were then verified with antibody staining using 

both flow cytometry and fluorescence microscopy. The effects of integrin blocking on 

apoptosis, necrosis and heat shock protein expression in 2D and 3D cultures was then 

investigated.  

 

Methods 

 

Quantitative Polymerase Chain Reaction 

mRNA for qPCR was extracted from cells grown in 2D or 3D culture using Trizol 

reagent and QIAGEN RNA purification kit. This mRNA was converted to cDNA by 

reverse transcription under identical conditions for all samples. Primers were designed 

using the PrimerQuest tool on IDTDNA.com. Primer pair product length was targeted at 

350bp. Detection of qPCR product utilized a SYBR green protocol and an Applied 

Biosciences qPCR machine. The targets chosen for screening were: αV integrin, β3 

integrin, α6, β4 integrin, β1 integrin, E-Selectin, P-Selectin Glycoprotein Ligand, N-

Cadherin, PTPN12 and PVRL4. The last two are not transmembrane proteins, but have 

been implicated in cell-to-cell communication pathways. 
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Confocal Microscopy 

 Microscopy images were gathered using an Olympus FV1000 confocal 

microscope system outfitted with an incubation chamber set at 37°C and 5% CO2. Images 

were gathered as .OIF files and with a resolution of 800x800 pixels.  The two objectives 

were utilized were a 40x long working distance objective and a 20x objective.  

 Laser power was limited to 5% or less to minimize cell damage due to 

concentrated excess heat. PMT settings generally were set at the maximum recommended 

setting of 780 volts. 

 

Antibodies 

Blocking antibodies were found through a literature search. All primary 

antibodies were mouse monocolonal antibodies purchased from ABCAM. Table 4 lists 

the antibodies researched and used for these experiments. 
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Table 4: Antibodies Used for Inhibition of Mechanism Targets 

 Clone Name ABCAM Cat. No. Reference 

αV 17E6 ab16821 [122] 

β1 9EG7 ab24693 [123] 

β4 ASC-8 ab77801 [124] 

P-Selectin Glycoprotein 

Ligand 

KPL1 ab78188 [125] 

N-Cadherin 1H7, 2A9 Not available [126] 

Secondary Antibody 

Goat anti-Mouse IgG1 

heavy chain (FITC) 

ab97239  

 

 

Results 

 

qPCR Target Screen 

Cells were grown at various seeding densities (4x10
5
, 2 x10

5
, 1 x10

5
 and 2.5 x10

4
 

per well of a 12 well plate) for qPCR to determine the effect of seeding density on target 

gene expression. Figure 44 and Figure 45 report the results of the qPCR experiments 

normalized to both the house keeping gene glyceraldehyde phosphate dehydrogenase 

(GAPDH) and corresponding 3D cultures (ΔΔCt method). The results show that β4, β1, 

P-Selectin Glycoprotein Ligand, and N-Cadherin are differentially expressed between 2D 

and 3D cultures. αV was included in subsequent experiments due to the evidence in the 

literature (previously reviewed) that supports its role as a possible anti-cancer target in 
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similar epithelial cancers such as breast cancer. No correlation between cell seeding 

density in 2D and target gene expression was observed.   

Based on these results, blocking antibodies were selected against αV, β1, β4, and 

P-Selectin glycoprotein ligand (P-SGPL).  Blocking antibodies against N-Cadherin were 

not commercially available and so were excluded from experiments. Using these primary 

antibodies, a FITC secondary antibody, and flow cytometry analysis, presence of these 

targets on the cell surface was confirmed (Figure 46 and Figure 47).  In addition, this data 

compared the relative abundance of these targets on cells grown in 2D culture. It was 

observed that αV and both β integrins were detectable by flow cytometry, but P-Selectin 

Glycoprotein Ligand was not.   

Using confocal microscopy of the same targets with the same antibodies 

corroborated the observations from flow cytometry where αV was not strongly 

detectable, in contrast to β1 and β4. P-Selectin Glycoprotein Ligand was not detected 

(Figure 48 -Figure 51). 

During the microscopy of these targets, it was noticed that treatment of cells with 

anti-αV integrin resulted in abnormal rounding of the cells.  A repetition of this 

experiment was performed and a representative image of three fields of view is reported 

in Figure 52.   

 

Antibody Inhibition Experiments – Cell Death 

Cells were heated in the presence of the blocking antibodies against αV, β1, and 

β4 to inhibit the action of their respective targets.  Preliminary results are shown in Figure 

53 to Figure 57. The results of inhibition without heating in Figure 55 seem to suggest 

that inhibition of β4 and maybe αV result in larger apoptotic and necrotic subpopulations 

in 2D but not 3D culture. When the thermal dose of 44°C for 120 minutes is applied, 
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inhibition of the same integrins αV and β4 in 2D culture resulted in greater measured 

apoptosis and necrosis. Finally, at 45°C, the inhibition of β1 demonstrated greater 

measured apoptosis and necrosis, in conjunction with the inhibition of αV and β4, but 

again only in the 2D cultures.  In the 3D cultures, the effect of inhibition seems to be less 

robust, and if anything can be implied from this data, it would seem to be that the 

inhibition of β1 integrin may reduce the measured apoptosis and necrosis in 3D culture 

across each of the thermal doses studied. 

 

Antibody Inhibition Experiments – HSP70 Induction 

 To study the effect of integrin inhibition on HSP70 induction, a mixture of the 

blocking antibodies was used to simultaneously block αV, β1, and β4 integrins. The 

results of this experiment, expressed as a comparison between uninhibited and inhibited 

groups, are reported in Figure 58.  A comparison between 2D and 3D cultures is reported 

in Figure 59. The comparison between uninhibited and inhibited groups show statistically 

significant differences in both the 2D and 3D cultures heated at 46°C for 10 minutes.  The 

trend exhibited in 2D culture at this thermal dose demonstrated reduced induction of 

HSP70 in the 2D culture when the integrins (αV, β1, and β4) were inhibited.  An inverse 

trend was observed in the 3D cultures. Statistically significant differences in HSP70 

expression between 2D and 3D inhibited cultures was not observed under the 46°C/10min 

thermal dose (Figure 59). Significant differences are, however, observed at 37°C 

(control). In other words, statistical significance was lost and gained for the 46°C/10min 

and 37°C control groups, respectively. 
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Figure 44: Panel 1 of qPCR of Transmembrane Mechanism Targets for PC3s Grown at 

Various Seeding Densities in 2D and 3D Culture.  Plotted Relative to 3D 

Culture. Seeding densities for 2D Cultures were seeded at 2.5x10
4
, 1x10

5
, or 

4x10
5
 cells per well and 3D culture was seeded at 1x10

5
. 



 88 

 

Figure 45: Panel 2 of qPCR of Transmembrane Mechanism Targets for PC3s Grown at 

Various Seeding Densities in 2D and 3D Culture.  Plotted Relative to 3D 

Culture. Seeding densities for 2D Cultures were seeded at 2.5x10
4
, 1x10

5
, or 

4x10
5
 cells per well and 3D culture was seeded at 1x10

5
. 
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Figure 46: Diagnostic Test of Blocking (inhibitory) Antibodies Against 

Transmembrane Targets – Panel 1. A) Antibody Isotype Control at Various 

Dilutions, B) Secondary Antibody and Cells Alone, C) Alpha V Antibody, 

D) Beta 1 Antibody, and E) P-Selectin glycoprotein ligand Antibody. All 

antibodies are mouse monocolonal antibodies, and tagged with the matched 

FITC secondary antibody. Anti-P-Selectin glycoprotein ligand does not 

demonstrate any apparent binding. 
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Figure 47: Diagnostic Test of Blocking (inhibitory) Antibodies Against 

Transmembrane Targets – Panel 1: Beta 4 and Higher Concentrations of 

Panel 1 Antibodies. A) Isotype control, B) AlphaV antibody, C) Beta 4 

antibody, D) P-Selectin Glycoprotein Ligand. Anti-β4 antibody 

demonstrates efficient binding.  P-Selectin glycoprotein ligand demonstrates 

no apparent binding even at the higher concentration. 

 
 
 



 91 

 

Figure 48: Immunofluorescence Staining of PC3s with anti-αV Integrin Antibody.  A 

& B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary and 

FITC secondary antibody used at 5ug/mL. No appreciable staining is 

observed. 
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Figure 49: Immunofluorescence Staining of PC3s with anti-β1 Integrin Antibody.  A & 

B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary and 

FITC secondary antibody used at 5ug/mL. Efficient staining is observed. 
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Figure 50: Immunofluorescence Staining of PC3s with anti-β4 Integrin Antibody.  A & 

B) 2D Culture and C & D) 3D Culture.  Mouse monoclonal primary and 

FITC secondary antibody used at 5ug/mL. Efficient staining is observed. 
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Figure 51: Immunofluorescence Staining of PC3s with anti-P-Selectin Glycoprotein 

Ligand Antibody.  A & B) 2D Culture and C & D) 3D Culture.  Mouse 

monoclonal primary and FITC secondary antibody used at 5ug/mL. No 

appreciable staining is observed. 
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Figure 52: Rounding of PC3s in Presence of anti-αV Integrin Antibody. A) Without 

inhibition.  B) With inhibition. Olympus Fluoview Confocal Microscope.  

20X objective. 
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Figure 53: Inhibition of Transmembrane Targets and Observation of Apoptosis as 

Measured by Annexin-FITC 24 Hours After Heat Shock.  A) 2D, 37°C 

control group.  B) 3D , 37°C control group.  C) 2D,  44°C heating for 120 

minutes.  D) 3D,  44°C heating for 120 minutes.  E) 2D, 45° C heating for 

120 minutes.  F) 3D, 45° C heating for 120 minutes.   Sodium azide (NaN3) 

at 0.75mM was used as a positive control.  All antibodies were used at a 

concentration of 5µM.  
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Figure 54: Inhibition of Transmembrane Targets and Observation of Necrosis as 

Measured by Propidium Iodide 24 Hours After Heat Shock.  A) 2D, 37°C 

control group.  B) 3D, 37°C control group.  C) 2D, 44°C heating for 120 

minutes.  D) 3D, 44°C heating for 120 minutes.  E) 2D, 45° C heating for 

120 minutes.  F) 3D, 45° C heating for 120 minutes.   Sodium azide (NaN3) 

at 0.75mM was used as a positive control.  All antibodies were used at a 

concentration of 5µM.  
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Figure 55.  2D vs 3D Inhibition Experiment 37°C Control Subpopulation Percentages 

Normalized to No Antibody Control Group. Anti-β4 antibody shows greater 

apoptosis and necrosis over all other samples (n=1). 
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Figure 56: 2D vs 3D Inhibition Experiment 44°C Control Subpopulation Percentages 

Normalized to No Antibody Control Group.  
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Figure 57: 2D vs 3D Inhibition Experiment 45°C Control Subpopulation Percentages 

Normalized to No Antibody Control Group. Greater amounts of apoptosis 

and necrosis are observed in 2D cultures than in 3D culture (n=1). 
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Figure 58. HSP70 Induction With and Without αV, β1, and β4 Inhibition.  Significant 

differences are seen only for the 46°C 10 minute thermal dose, but not for 

44°C and 45°C 120 minute thermal doses. 
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Figure 59. HSP70 Induction With and Without αV, β1, and β4 Inhibition – Comparison 

of 2D vs 3D Cultures.  Uninhibited cultures demonstrate greater HSP70 

induction for thermal doses of 46°C/10min and 44°C/120min, but a reversal 

of that trend is seen with the 45°C/120min thermal dose. Simultaneous 

inhibition of αV, β1, and β4 integrins causes a loss of statistical significance 

of the 46°C/10min thermal dose, and a new statistical significance in the 

37°C control experiment. (*p<0.05) 
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Conclusions 

 

A qPCR screen of several cell-ecm, cell-cell, and apoptosis related proteins 

demonstrated variability in the expression levels between 2D and 3D cultures. In 

particular, integrin β1, β4, P-Selectin glycoprotein ligand, and N-Cadherin showed the 

most difference between 2D and 3D culture with all but β1 being more highly transcribed 

in 2D culture (Figure 44 and Figure 45). Flow cytometry analysis and microscopy of αV, 

β1, β4, and P-Selectin Glycoprotein Ligand revealed that of these four transmembrane 

proteins, β1 and β4 were the most abundant, followed by αV and then P-Selectin 

glycoprotein ligand (P-SGPL). Whereas anti-αV antibody demonstrated weak staining 

and a rounding effect on the PC3s, P-SGPL demonstrated weak staining, but no other 

effect. This rounding could have been due to αV integrin possibly having a role in cell 

spreading and adhesion.   

Inhibition of the individual integrins αV, β1, and β4 demonstrated the potential 

effect of increasing induced apoptosis and necrosis at the 45°C/120min thermal dose 

(Figure 57), but these preliminary results cannot be used to draw a firm conclusion, due 

to the lack of repetition. Simultaneous inhibition of integrins αV, β1, and β4, 

demonstrated an effect on the percentage of cells inducing the HSP70 promoter beyond 

baseline for the 46°C/10min thermal dose. The trend in 2D culture is that inhibition 

reduces the population of HSP70 induced cells, and the converse in 3D culture. As such it 

appears that 3D culture invokes a reversal of the effect of integrin αV, β1, and β4 

inhibition under these specific culture conditions and thermal dose. 
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Chapter 6: Discussion, Conclusions & Future Direction 

 

From the data presented in Chapter 5, four observations are most strongly 

supported. First, apoptosis and necrosis are reduced in 3D cultures heated at 45°C for 120 

minutes. Second, more HSP70 is expressed in 3D culture when heated at 45°C for 120 

minutes. Less HSP70 is expressed in 3D culture when heating is carried out at 46°C for 

120 minutes. Third, 3D cultures may demonstrate less apoptosis and necrosis than 2D 

cultures when heated at 45°C for 120 minutes with prior inhibition of integrins (αV, β1, 

and β4). Fourth, the simultaneous inhibition of integrins αV, β1, and β4, results in less 

HSP70 expression in 2D cultures and more HSP70 expression in 3D cultures relative to 

uninhibited controls. Each of these observations will be discussed in light of the 

literature. 

When cells were grown and heat shocked in 3D culture at 45°C for 120 minutes, 

there was a smaller percentage of cells that underwent apoptosis and necrosis in 3D 

culture than in 2D culture (Figure 33). The protective effect of 3D culture has been 

described in thermally and chemically stressed cells [72,127,128].  Khoei et al. used 

spheroid cultures of prostate cancer cells (DU145) heated at 43°C for durations ranging 

from 0 and 120 minutes and demonstrated a greater percentage of viable cells in 

comparison to 2D controls [72].  Similarly, Yin et al. found that hepatocytes (HepG2) in 

gel entrapment cultures, a collagen-I 3D culture environment, were less susceptible to 

methotrexate toxicity than 2D cultures [129]. Sowa et al. demonstrated larger surviving 

fractions and better growth curves for mammary epithelial cells (184A1) grown on 

Matrigel against various doses of x-ray radiation [128].  These works corroborate the 
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findings herein that 3D cultures provide an enhanced protective environment that 

minimizes thermally induced apoptosis and necrosis. 

HSP70 expression is an indicator of the cellular response to thermal injury and its 

intensity can be controlled with the thermal dose applied to the growth environment 

(Figure 43).  HSP70 expression in 2D culture exceeds that in 3D culture for a thermal 

dose of 46°C for 10 minutes, whereas the higher thermal dose of 45°C for 120 minutes 

results the opposite trend – a much larger level of HSP70 expression in 3D culture than in 

2D culture. These results are consistent with the few published reports available.  

Spheroids of prostate cancer DU145 cells grown in agar require 10 fold more HSP 

inhibitor, quercetin, to produce a similar growth curve as uninhibited 2D cultures when 

exposed to a thermal dose of 43°C for up to 120minutes [130].  Furthermore, in time 

course experiments of HSP70 expression using ELISA to detect HSP70, the level of 

HSP70 in spheroid cultures at 7 hours post heat shock, 3D cultures demonstrated greater 

than 5 fold higher expression of HSP70 in 3D cultures relative to 2D cultures.  Baseline 

levels of another heat shock protein, HSP90, have also been shown to be higher in 

unheated adult rat cardiomyoctes growing on a 3D Matrigel matrix [131]. Although more 

consensus is needed in the literature regarding HSP70 expression in epithelial cancers, 

the work herein represents a contribution towards understanding the dynamics of heat 

shock protein expression in 3D cultures of prostate cancer. 

Elucidating the underlying mechanism of the protective effect of 3D culture led 

toward the investigation of integrins as potential mediators of the mechanism for the 

observed protective effect of 3D culture. Integrins are transmembrane proteins that 

interact with the extracellular matrix and mediate intracellular signal transduction. To 

identify the probable integrins involved in thermal response, qPCR was performed to 

screen for differentially expressed integrins. These results demonstrated differential 
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expression of particular transmembrane proteins between 2D and 3D culture (Figure 44 

and Figure 45). These findings were generally consistent with other studies in the 

literature which propose a broad range of gene expression is affected by the cellular 

microenvironment [132–134]. Specifically, proteins associated with cell-ecm connections 

and migration were found to be the most differentially expressed in two kinds of 

ectopically transplanted tumors in comparison to 2D cultures [132].   

Integrins (αV, β1, and β4) differentially expressed in 2D and 3D cultures were 

blocked prior to heat shock, and apoptosis and necrosis observed to explore the role of 

these integrins. Blocking of the integrins was expected increase the level of apoptosis and 

necrosis observed after heat shock, and preliminary results support this hypothesis. Due 

to limitations in time, repetitions for statistical analysis could not be carried out. Figure 

57 suggests that inhibition of the integrins (αV, β1, and β4) may have a sensitizing effect 

in 2D culture.  This is consistent with the evidence that blocking of various integrins 

heterodimers and monomers such as αVβ5, β3, β1, can sensitize cancer cell lines and 

tumors to the effects of radiation treatment [135–137].  Of particular interest are the 

findings of Park et al. where inhibition of β1 integrin in breast cancer cells and tumors 

demonstrated reduced viability and tumor volume [137].  Blocking may provide a 

plausible adjuvant technique to further sensitize cancer cells to thermal therapies.   

Using the same inhibitory antibodies against αV, β1, and β4 integrin, the effect of 

inhibition of these integrins on heat shock protein expression between 2D and 3D culture 

was investigated. Figure 58 demonstrates significant differences in HSP70 expression 

between uninhibited and simultaneously inhibited (anti-αV, -β1, and -β4 integrin) 2D and 

3D cultures heated at 46°C for 10 minutes. Figure 59 demonstrates two points regarding 

the inhibition of integrins: first, a gain in statistical significance of HSP70 expression 

between 2D and 3D culture in the absence of heating (37°C), and second, a loss in 
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statistical significance of HSP70 expression between 2D and 3D culture at a thermal dose 

of 46°C for 120 minutes.  A few situations described in the literature may corroborate 

these findings. Platelet adhesion to collagen via α2β1 resulted in the dephosphorylation of 

the constitutively expressed form of HSP70 which exist in a larger complex of 

phosphorproteins including HSP90 [138,139].  In addition, the transcription factor AP-1 

has been implicated as a link between integrins αV, β1, β3, β5, and HSP70 in the context 

of psoriasis infection of human keratinocytes and tissue lesions [140], but the evidence 

presented is not strongly convincing.  What is reported in Figure 58 and Figure 59 might 

be the first evidence in PC3s of a possible transcriptional link between the integrins and 

HSP70.   

 

Speculation on the Mechanisms of Protection 

It would be interesting if all of the significant observations discussed above were 

able to be understood in the light of a single theory where the 3D culture of Matrigel 

signaled through the integrins to activate integrin specific survival pathways and enhance 

HSP70 expression in response to thermal stress, but the work herein does support such a 

strong conclusion.  As such, in this section, a review of the literature is made with the 

goal of assessing whether or not such a cohesive explanation of the protective effect of 

Matrigel 3D culture would be possible. 

It is well documented that HSP70 can prevent apoptotic cell death by inhibiting 

various processes in the path to apoptosis [141–145] and enhanced expression of HSP70 

in 3D cultures heated at 45°C for 120 minutes may plausibly be responsible for the 

reduced apoptosis and necrosis observed in the 3D cultures. So, the question then arises:  

is there a causal relationship between the enhanced HSP70 expression (45°C/120min) and 

signaling via the integrins that explains the observed difference in apoptosis and necrosis 
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between the 2D and 3D culture environment?  The findings from the literature are 

discussed below. 

HSP70 expression is controlled by sequences in its promoter called, Heat Shock 

Regulatory Elements (HSEs), where the transcription factor, Heat Shock Factor 1 (HSF1) 

binds [146,147].  Although, this regulatory system involves the possibility for modulation 

by phosphorylation [148], and might have other situation specific to mediators as in the 

example of heat shock with hypoxia [149], no research was found which shows integrin 

related modulation of HSF-1 to enhance or otherwise effect HSP70 expression. 

Other forms of HSPs have been shown to have a putative interaction with integrin 

signaling pathways. An activating association between HSP60 and the α3β1 integrin 

heterodimer in the breast cancer cell line, MDA-MB231, has been demonstrated [150].  

HSP90 can bind and stabilize the integrin signaling molecule focal adhesion kinase 

(FAK) in kidney cells (293T) [151]. Inhibition of HSP90 can induce cell detachment in 

lung cancer cells (A549),  fibroscaroma cells (HT1080), breast cancer cells (MCF-7), 

lymphnode stromacells (CA-12), and 293T cells [151]. A similar activating interaction 

between HSP90 and FAK has also been reported in endothelial cells (HUVEC) [152].  It 

is not evident from the literature that a direct interaction between HSP70 and integrins 

αV, β1, or β4 may exist, but both HSP70 and these integrin monomers in various 

combinations with other integrin monomers do affect the apoptotic pathway. Most of the 

evidence in the literature demonstrate that the integrins use kinases to transmit their 

signal to the interior of the cell. The major signaling pathways that integrins interact with 

are the focal adhesion kinase (FAK), integrin linked kinase (ILK) and SH2-domain 

adaptor protein, Src homology 2 (Shc) which all converge upon the AKT/PKB pathway 

of cell survival [2]. These pathways are upstream of the caspases, but can ultimately 

induce caspase dependent apoptosis. In addition to these apparently canonical pathways, 
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the cytoplasmic portions of unligated αVβ3 integrins have been demonstrated to associate 

with caspase 8 [153] and induce apoptosis. 

 It has been shown that HSP70 interacts with the machinery of apoptosis, in 

multiple ways [144,154–157]. Whereas the evidence in the literature points to integrins 

mostly acting upstream of the caspases, heat shock proteins appear to act in more varied 

ways, and generally further downstream to the initiating stimulus, and closer to the 

caspases themselves.  For example, researchers have shown that HSP70 is able to prevent 

the activation of certain pro-caspases (pro-caspase 3,7, 8 and 9) [155,156], while others 

have demonstrated both more upstream (c-Jun) and downstream (past Caspase 3) 

involvement of HSP70 in preventing apoptosis [158,154]. One mechanism presented 

posits that HSP70 in monocytes (U-937) is able to bind the zymogen form of caspase 3 

and 7 but not their activated forms [155]. Other researchers present data from T cell 

leukemia cells (Jurkat) which suggest that HSP70 exerts its anti-apoptotic effects at the 

level of mitochondria by inhibition of cytochrome C (cytC) release and maintenance of 

the mitochondrial membrane potential (Δψm) [157]. Although the interaction of HSP70 

with the apoptotic pathway varies, and potentially from cell type to cell type, a general 

consensus can be that the caspases may represent a plausible convergence point linking 

integrin signaling with HSP70 expression to reduced apoptosis in 3D growth 

environments.  

The work reported in this dissertation suggests the possibility of a correlation 

between inhibition of integrins αV, β1, and β4 and HSP70 expression in 2D and 3D 

cultures heated at 46°C for 10 minutes (Figure 58), and the direction of that correlation 

seems to depend upon the culture type (2D or 3D).  
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Conclusion 

 In conclusion, the data presented in this dissertation in conjunction with the 

available evidence in the literature suggests that Matrigel 3D culture is likely to be 

responsible for the reduction in apoptosis and necrosis as measured by flow cytometry for 

3D cultures heated at 45°C for 120 minutes, and that inhibition of the integrins αV, β1, 

and β4 sensitizes 2D cultures to thermally induced apoptosis and necrosis at 45°C for 120 

minutes. Yet, the observations that 3D culture may enhance HSP70 expression and that 

“outward-in” signaling of the integrins are the mechanism responsible for the protective 

effect of 3D cultures is more difficult to assert.  Further investigation of the cause of the 

observed HSP70 enhancement in 3D cultures is a logical course of action as it appears 

that this is the most well supported mechanism of the observed reduction in apoptosis and 

necrosis in 3D cultures heated at 45°C for 120 minutes.  

Understanding the mechanism of and effect that 3D environments have on 

thermally induced apoptosis, necrosis and HSP70 expression enables engineers and 

physicians to improve the precision and efficacy of thermal therapies of cancer.  This in 

turn will hopefully reduce associated morbidities and improve quality of life for patients. 
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