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ABSTRACT

Connective tissue progenitors (CTP) can act as a pluripotent source
of reparative cells during injury and therefore have great potential in
regenerative medicine and tissue engineering. However, the response of CTP
to most growth factors and cytokines is unknown. Many envisioned
applications of CTP, such as treating large defects in bone, involve in vivo
implantation of CTP attached to a scaffold, a process that creates an acute
inflammatory environment that may be hostile to CTP survival. This project
entails the design of a two-component polymeric implant system to aid in the
healing process of bony defects by influencing cell behaviors at the implant
site through the covalent modification of the implant surface with selected
ligands. We investigate cellular responses of CTP on a biomaterial surface
covalently modified with epidermal growth factor (EGF) and find that surfacetethered EGF (tEGF) promotes both cell spreading and survival more strongly
than saturating concentrations of soluble EGF. By sustaining MEK-ERK
signaling, tEGF increases the contact of CTP with an otherwise moderately
adhesive synthetic polymer and confers resistance to apoptosis induced by the
proinflammatory cytokine, FasL. We confirm that these signaling, spreading,
and apoptotic responses are conserved across three sources of CTP: an
hTERT-immortalized human mesenchymal stem cell (MSC) line, primary
porcine bone-marrow CTP, and primary human bone-marrow-derived CTP.
We conclude that tEGF may offer a protective advantage to CTP in vivo during
acute inflammatory reactions to tissue engineering scaffolds. The tEGFmodified polymers described here could be used together with structural
materials to construct CTP scaffolds for the treatment of hard-tissue lesions,
such as large bony defects.

ACKNOWLEDGEMENTS

First, I appreciate the opportunity to work in the Griffith Lab.
Members of the Griffith and Lauffenburger Labs have been extremely helpful
and supportive, providing a collegial environment and making this an
invaluable learning experience. I would like to thank Ley Richardson, John
Wright, and Eileen Dimalanta for our collaborations. Thank you Ben
Cosgrove and Lisa Joslin for your help with FACS and the migration
microscopy. And, thanks to Albert Hwa for all the encouragement and
friendship.
I would like to thank Dr. H.Abukawa from the Vacanti Laboratory
(Massachusetts General Hospital, Boston, MA) for harvesting the primary
porcine CTP, Cynthia Boehm from the Muschler Laboratory (Cleveland Clinic,
Cleveland, OH) for supplying the human bone-marrow samples containing
CTP, Dr. Ken Tamama from the Wells Laboratory (University of Pittsburgh,
Pittsburgh, PA) for sending the immortalized human MSC, and Prof. A. Mayes
(Massachusetts Institute of Technology, Cambridge, MA) for guidance on the
polymer chemistry.
Thank you to my advisor Linda Griffith and the thesis committee
Doug Lauffenburger, Alan Wells, and George Muschler for giving directions
and suggestions during the course of this thesis.
To my dearest grandparents, no words would ever be enough to
express my gratitude. Thank you to Mom and Dad.
Finally, a very special thank you to my husband Kevin Janes!

TABLE OF CONTENTS

Chapter 1. Introduction............................................................................................. 5
1.1. Bo ne grafts .............................................................................................
6
1.1.1. Conventional grafts and graft substitutes.......................7
1.1.2. Synthetic implants and graft substitutes........................7
1.1.2.1. Biomaterials for controlling cell interactions...........9
1.1.2.2. Three-dimensional polymeric scaffolds..................10
1.2. Bone biology...........................................................................................
12
1.2.1. Inflammation and wound healing ..................................... 12
1.2.2. Osteoblastic stem cells and progenitors.........................17
1.2.3. Epidermal growth factor....................................................18
1.2.4. Inflammation cytokines .....................................................
21
Chapter 2. Tethered EGF provides a survival advantage to osteogenic cells.....22
2.1. Introd uction ............................................................................................
23
2.2. Material & methods ................................................................................
23
2.2.1. Growth factors, antibodies and signaling reagents........23
2.2.2. Cell culture .........................................................................
24
2.2.3. Human CTP selection........................................................24
2.2.4. Polymeric substrate preparation ...................................... 25
2.2.5. Activation of EGF and EGFR signaling pathways...........26
2.2.6. Cell death quantification assay.........................................27
2.2.7. Cell morphology measurements ...................................... 27
2.2.8. Statistical analyses............................................................27
2.3. Results ....................................................................................................
28
2.3.1. Kinetics of EGFR signaling pathways in MSC
stimulated by soluble and tethered EGF .................................... 28
2.3.2. MSC morphology on polymeric substrates modified
w ith tEG F ......................................................................................
35
2.3.3. Cellular signaling events controlling tEGF-induced
MSC spreading .............................................................................
37
2.3.4. MSC apoptosis induced by TNF-family cytokines ......... 45
2.3.5. hMSC resistance to FasL-induced cell death on
tEGF substrates via ERK .............................................................
50
2.4. Discussion............................................................................................... 53
2.4.1. Unique properties conferred by EGF tethering ............... 53
2.4.2. Biological significance.......................................................54
2.4.3. Tethering of soluble vs. adhesion ligands ....................... 55
2.4.4. Clinical significance............................................................56
Chapter 3.Accurately quantifying cell survival induced by tEGF..........................58
3.1. Introd uction ............................................................................................
59

3.2.
3.3.
3.4.
3.5.

FACS-based detection of cellular fragments.......................................60
Stimulus-specific formation of apoptotic bodies ................................ 61
Apoptosis assay with cytokine stimulation .......................................... 65
Future recommendations for accurately quantifying death ............... 68

Chapter 4. Extended investigation of CTP responses and fibronectin effects
on cell signaling and spreading on tEGF.................................................................73
4.1. Introduction ............................................................................................
74
4.2. Material & methods ................................................................................
75
4.2.1. Growth factors, antibodies and signaling reagents........75
4.2.2. Cell culture .........................................................................
75
4.2.3. Spin-coating thin film protocol ......................................... 76
4.2.4. Polymeric substrate preparation ...................................... 76
4.2.5. Activation of EGFR and Akt signaling pathways.............77
4.2.6. Cell spreading microscopy and videomicroscopy ........ 77
4.3. Results and discussion..........................................................................81
4.3.1. Characterization of pCTP and NR6wt..............................81
4.3.2. EGFR ligands activate ERK, Akt and PLCy in pCTP.......81
4.3.3. Kinetics of EGFR signaling pathways stimulated by
tE GF ..............................................................................................
81
4.3.4. Cell morphology on polymeric substrates modified
w ith tEG F ......................................................................................
89
4.3.5. Behavior variations in pCTP..............................................93
4.3.6. Effects of fibronectin in tEGF-induced signaling in
CTP................................................................................................
97
4.3.7. Effects of fibronectin in tEGF-induced morphology.......100
4.4. Future recommendations......................................................................103
4.4.1. Investigation of cell spreading and apoptosis.................103
4.4.2. Studies of MSC of different origin....................................104
4.4.3. Quantifying apoptosis versus cell death..........................104
4.4.4. Adhesion ligands as candidates for surface
mod ification ..................................................................................
105
A ppend ices ................................................................................................................
108
Appendix I. pCTP isolation ...........................................................................
109
Appendix II.Soluble EGF stimulation on polystyrene ................................ 110
Appendix 111.
Micro BCA protein determination ..........................................
111
Appendix IV.SDS-Page and Western blotting............................................112
Appendix V. Western buffers........................................................................115
Appendix VI. Lysis buffer reagents..............................................................117
Appendix VII. Cell lysis protocol in preparation for Western blots............119
Appendix VIII. Apoptosis assay via FACS...................................................120
Refere nces .................................................................................................................
122

CHAPTER 1. INTRODUCTION

1.1.

BONE GRAFTS

There is a tremendous clinical need for bone grafts in today's market.
Inthe oral cavity alone, the worldwide market for implant-based dental
reconstruction products is estimated to approach $3.5 billion by 2010
(Kalorama Information, 2005). While the average life span inthe United
States has steadily increased during the past two centuries to approximately
77 years, the general population is also keeping their teeth longer because of
increased oral hygiene awareness, routine dental screening, reduced loss of
teeth due to caries, and advances in dentistry. However, periodontal
conditions continue to be major cause of tooth loss. Subsequent to the loss
of functional mechanical stimulation to the bone at the edentulous area, bone
loss frequently becomes inevitable. For example, an implant site in the
maxilla or the mandible is often insufficient in bone volume or quantity to
support the implant. Bone-grafting procedures have become an integral part
of implant reconstruction procedures as they re-establish the lost bone
dimension and increase the implant success rate.
Examples of prevalent intraoral bony defects include vertical and
horizontal bone loss around a periodontally compromised tooth, and furcation
involvement of a multi-rooted tooth (where bone loss has occurred at the root
trunk), to which pathological bone resorption is a probable cause. Such
subgingival defects do not readily heal, even after the existing etiology is
eliminated, because of limited bone regenerative potential at the site. In
addition, fibroblasts that invade the damaged tissue grow faster than boneforming osteoblasts, leading to a sub-optimal healing outcome. Therefore,
interceptive treatments such as localized bone grafting are required to restore
lost bony architecture.

1.1.1. CONVENTIONAL GRAFTS AND GRAFT SUBSTITUTES

The current bone-grafting treatment options include 2:
* Autograft Tissue transplanted from one site to another within the same
individual. These virtually include both bone matrix and osteoblastic cells.
* Alloimplant: A tissue implant from individual(s) of the same specie (i.e.,
cadaver bone). These implants are currently devoid of cells.
* Xenoimplant: A tissue implant from a different specie (e.g., bovine origin),
also devoid of cells.
* Alloimplant: Synthetically derived implant material not from animal or
human tissue origin
The most consistent success rates in bone grafting have been achieved with
autografts, which are considered the gold standard delivery of both bone
matrix and cells. However, patients often suffer from donor-site morbidity, and
the surgery involves more than one surgical site. Inaddition, the quantity of
bone at the donor-site is limited. The alternative options are Alloimplants and
xenoimplants, but these can trigger host immune reactions and cause crosscontamination of donor diseases. Inaddition, current implants lack on
osteogenic cell populations and therefore must rely upon the responses of
local target cells or be used only as a delivery scaffold. The limitations and
shortcomings of existing treatment options have prompted the orthopedic and
the dental communities to search for better synthetic implant materials.
1.1.2. SYNTHETIC IMPLANTS AND GRAFT SUBSTITUTES

An ideal bone-graft substitute is 1) available in unlimited quantities; 2)
immunologically inert to the host; 3) replaceable by host's tissue to achieve
bone regeneration at the defect; 4) competitively priced; 5) able to provide local
chemical and structural environment that promotes migration, adhesion,
differentiation, and survival of osteogenic cells within the implant site. One
solution to the limited quantity of usable autogenous bone is to manufacture

synthetic biocompatible materials. Appropriate synthetic materials need to be
mechanically able to withstand the stress and strain in a given bone site and
biocompatible to host tissues. By definition, osteoconductive materials
promote bone apposition to the surface, serving in part as a scaffold to
facilitate enhanced mineralized tissue formation

3.

An implant material may

provide osteoinductive biologic stimulus. An osteoinductive stimulus induces
local cells to enter a pathway of differentiation leading to new bone formation.
This process was first demonstrated by Urist in animals with demineralized
bone matrix

4,5.

A biomaterial surface that can be modified to induce specific

cellular responses, leading to enhanced new bone formation by either
osteoconduction or osteoinduction. This thesis entails the design of a
biomaterial graft with signals that can influence key steps in the bone wound
healing process.
1.1.2.1.

BIOMATERIALS FOR CONTROLLING CELL INTERACTIONS

One objective of this thesis is to propose the design of a
biocompatible polymeric surface that would enable us to favorably control
cell behavior via cell-material interactions. When such a biomaterial surface
is modified with functional biomolecules such as growth factors and adhesion
ligands, it would be possible to modulate cellular behaviors to achieve
desired functional outcomes. The surface modification would preferably be
via covalent bonding so that ligand attachment and concentration is
controlled both spatially and temporally.
For this purpose, the polymer chemistry involving polyethylene oxide
(PEO) serves as an attractive candidate. PEO has been broadly recognized in
its ability to reduce non-specific protein adsorption and cell adhesion, due to
its hydrophilicity that prevents protein deposition that occurs via hydrophobic
interactions 6-11 In other words, we are able to design the surface

presentation of the desired ligands as exogenous stimuli and induce specific

cell responses while minimizing uncontrolled effects from non-specific protein
adsorption. A comb copolymer system, developed by the Mayes and the
Griffith Laboratories here at MIT

12-14,

is so named because of its short PEO

side chains (usually 5-10 monomers) that extend from a hydrophobic
polymethyl methacrylate (PMMA) backbone (see Fig. 1.3), chosen for its
stability in aqueous solutions similar to the physiological graft-recipient
environment. The ratio of PEO to PMMA can be adjusted to customize the
surface adhesion property. Previous in vitro studies have demonstrated the
comb copolymer of more than 30 wt. % of PEO to be cell-resistant in the
presence of serum ". The PEO side chains may be activated to link small
peptides at the hydroxyl-terminated groups (see Fig. 1.1)15-17, so that a ligand
of choice can be immobilized to a polymer surface via covalent bonds.
Furthermore, the comb copolymer system may be made compatible with
other polymer-processing techniques to create three-dimensional
architectures.
1.1.2.2.

THREE-DIMENSIONAL POLYMERIC SCAFFOLDS

The three-dimensional printing technology (3DP TM), originally
developed for rapid prototyping of ceramic and metal objects, is modified for
building polymeric scaffolds. A 3DP TM machine builds a three-dimensional
construct layer by layer by printing solvent droplets onto the polymer powder
bed; hence, it is possible to fabricate complex features

18,19.

In addition,

soluble particles like salt or sugar can be added in the polymer powder and
leached out later to create pores of certain diameters inthe final construct.
Porous polymeric disks made in this fashion have been examined and found
to have reasonable osteocompatiblity in rats 20,21 The 3DP TM and the ligandcoupling technology would allow us to produce a three-dimensional biointeractive scaffold.
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Figure 1.1. PEO schematic
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Figure 1.2. Peak intensity of cellular events during inflammation. (Kumar
et al, 1997) 22.

1.2.

BONE BIOLOGY

We cannot design a biologically and physiologically relevant implant
without taking into account the cellular activities that are triggered following the
surgical placement of the implant, as well as the cellular events that occur
during bone wound healing.
1.2.1. INFLAMMATION AND WOUND HEALING

The implantation procedure and the presence of an implant device
initiate a continuum of tissue responses beginning with an acute inflammatory
period within the first minutes to days after implantation, followed by a
chronic phase lasting as long as the implant remains. The purpose of
inflammation is to eliminate the potential for infection, to minimize the extent of
the damage to host tissues, to remove dead cells and debris, and to initiate
healing and restore tissue structure. The sequence of events begins with a
clot formation

23.

A provisional matrix, which is formed immediately after the

vascular injury, consists of inflammatory products (including those from
degranulated platelets) and fibrin as the major components.
Most knowledge of the provisional matrix has been derived from in
vitro studies; and little is known about the provisional matrix at the tissueimplant interface in vivo. Cells leave the blood stream and rush into the injury
site (see Figure 1.2 for peak intensity of cellular events). The injury and the
biomaterial implant stimulate cells to produce and release chemicals that
mediate the inflammatory response. Most chemical mediators are short
lasting and thus act locally at the implant site. Neutrophils are the prototypical
cells of acute inflammation, arriving within minutes of injury and persisting for
24-48 hours. Neutrophils phagocytose bacteria and foreign material during
acute inflammation. Inresponse to particulate biomaterial implants,
neutrophils may also undergo frustrated phagocytosis by releasing enzymes in
an attempt to degrade the biomaterial, especially with inert non-degradable

microparticles such as polyethylene and titanium. Monocytes/macrophages
function in both acute and chronic inflammatory reactions 24,25. As the

biomaterial remains, acute inflammation may be followed by chronic
inflammation, which is characterized by mononuclear cell infiltrate (including
macrophages, lymphocytes, and plasma cells), tissue destruction, and repair
involving angiogenesis and fibrosis. This prolonged inflammatory
status-during which active inflammation and tissue injury proceed
simultaneously with healing -may last from weeks to years22.
Inflammatory reactions overlap with the early phase of wound
healing, during which time homeostasis is initiated. The intermediate phase
includes wound debridement, proliferation and migration of stem cells and
progenitor cells, and angiogenesis. During the late phase fibroblasts
synthesize collagen/matrix proteins, creating a cellular, edematous, highly
vascular granulation tissue, which may be seen as early as 3-5 days following
the implantation

22,25.

When granulation tissue formation is accompanied by

the presence of foreign body giant cells (i.e., fused multinucleated
macrophages), this is known as the foreign body reaction, which is
considered a normal wound healing response to implanted biomaterials.
Such reactions may persist at the tissue-implant interface throughout the
lifetime of the implant, for more than twenty years in some cases. Wound
remodeling occurs in the terminal phase of wound healing.
The specific case of bone wound healing at an implant site follows
the general case described above. Because bone development of is possible
through intramembranous formation (i.e., bone replacement of dense
membranous tissue) and endochondral bone formation (i.e., bone
replacement of cartilage) 26-28, the regenerative capacity of different bones may

be different. 28. Long bones of the extremities and the bones of the
craniofacial complex are different not only in shape but also in their
embryonic development 27. The long bones of musculoskeletal system

develop from mesoderm (one of the three embryonic primary germ layers that
give rise to all tissues and organs in the embryo). By the end of 4th week of
embryo development, embryonic ectoderm eventually leads to the separation
of neural crest cells. The neural crest cells will later form the bones and
connective tissue of the craniofacial structures

27.

Long bones are hollow

shafts and capped at either ends by epiphyses. The cross-section through a
long bone consists 1)a periosteal layer, which allows for appositional growth
and remodeling; 2) a compact layer, which provides rigidity of bone; 3) a
cancellous or spongy layer, which contains trabeculated bone for inner
support; and 4) a marrow space, which consists blood cell-forming tissues
and adipose tissues 26. Craniofacial bones may include flat bones of the
cranio-vault, which are two layers of compact bone sandwiching a cancellous
layer. Other craniofacial bones are irregular bones such as the maxilla, which
consists thin compact bone surrounding air-filled sinuses; and the lacrimal
bone, which consists one single compact layer

26.

Because bone is a living

calcified tissue and diffusion of nutrients is impossible, it demands a direct
vascular supply for living cells such as the bone-forming osteoblasts. In
addition, the shape of the bone is under continuous remodeling, which is
achieved by selective appositional growth by osteoblasts and resorption by
osteoclasts.
Figure 1.3 illustrates the typical wound healing process of bone
following a tooth extraction. Osteoblasts are the uninucleated cells that
synthesize both collagenous and noncollagenous bone proteins, which are
responsible for mineralization. Osteoclasts are capable of bone resorption and
also participate during bone remodeling. Inthe trauma site, bone-forming cells
(i.e., osteoblasts) are differentiated from osteoprogenitor cells, which can be
derived from the pool of connective tissue progenitors (CTP) of the following
sources-1) bone marrow, 2) peritrabecular bone or endosteum, 3)
perivascular cells, 4) periosteum, and 5) local soft tissues such as fat and

muscle. To summarize, there is a complex interplay among overlapping
cellular events. Many variables in the cascade can perturb the healing
process. We aim to target the pluripotent cells at the implant site via surface
modifications of selected ligands and achieve desired functional cellular
phenotypes.
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Figure 1.3. Repair response after tooth extraction. A shows the
tooth in situ. After extraction the socket, B, is filled with clot. The
clot resolves. C, by the neutrophil response (1), the macrophage
response (2), and the fibroblast response (3). In addition, the bony
defect becomes colonized by new osteoblasts (4)that remodel the
collagen scar and form bone, D. (Ten Cate, 1994)1

1.2.2. OSTEOBLASTIC STEM CELLS AND PROGENITORS

Bone marrow contains a heterogenous population of stem and
progenitor cells. By definition, progenitor cells have the capability to proliferate
and differentiate. Connective tissue progenitors (CTP) refer to a heterogeneous
mixture of stem cells and progenitors which are resident in native tissue and
have the ability to produce progeny that can differentiate into one or more
connective tissue phenotypes including: fibroblasts, myocytes, blood cells,
adipocytes, chondrocytes, and osteoblasts 29-31 Hence, the CTP population
encompass cells that fully pluripotent and undifferentiated progenitors at
different stages of commitment along the various lineages (Fig. 1.4). CTP are
generally isolated based on their ability to form colonies of cells expressing one
or more connective tissue lineage. These founding colony-forming cells are
counted as colony forming units. The colonies derived from CTP can contain
both osteoblasts and adipocytes, suggesting that one progenitor has the
potential to more than one terminal cell type 32-35. As a progenitor cell commits
to a lineage and matures, its ability to proliferate generally declines 36. This
progression continues with further commitment and differentiation to form preterminal cells. Finally, the terminal cells such as osteoblasts are incapable of
mitotic division. Therefore, a modest increase in the number of progenitors
can lead to a dramatic increase of the final outcome of terminal cells and
improvement of the biological function due to the pluripotency and proliferation
potential of the progenitors. This makes these cells invaluable in tissue
engineering applications.
Colony forming cells expressing a connective tissue phenotype in
vitro were first described 40 years ago as bone-forming progenitors isolated
from marrow 37. It has been shown that CTP are present in bone marrow
aspirates at a concentration of 200-1000 per milliliter 31,38,39. These cells

replicate as pluripotent cells and can differentiate into multiple lineages of
connective tissue (Fig. 1.4). Inadults, CTP play a crucial role as a reservoir for

reparative cells during injury and disease 38,40. Much attention has been

devoted clinically to CTP because of their great potential in regenerative
medicine and tissue engineering, including regeneration of bone 41, cardiac
tissue

42, 43,

and treatment of graft versus host disease 44. CTP harvested from

marrow aspirates can be expanded to select for a homogeneous pluripotent
population of cells fulfilling criteria as mesenchymal stem cells (MSC) and
induced into osteogenic, adipogenic, and chondrogenic lineages in vitro 38,40, 45

However, challenges remain following extensive expansion, such as in
retaining cell morphology, preservation of multipotentiality, and in vivo tissue
formation potential46. Current therapeutic applications include local and
systemic transplantation of 1)freshly processed or isolated CTP populations or
2) culture-expanded and more homogeneous MSC. For bony defects, certain
types of local delivery involve the implantation of a biomaterial scaffold
preloaded with patient-specific osteogenic cells 47-49. Despite recent clinical
and scientific advances in stem-cell research, there is limited understanding of
how MSC respond to the types of biopolymers used for local delivery. Further,
it is unclear how MSC-biomaterial interactions would be influenced by
cytokines upregulated at an injury site.

1.2.3. EPIDERMAL GROWTH FACTOR

The use of pro-growth and pro-survival cytokines as adjuvants for
CTP may improve implant outcomes. One well-characterized cytokine
involved in the growth and repair of various tissues is epidermal growth factor
(EG F).
Upon binding to the EGF receptor (EGFR), EGF activates
intracellular signals via the ERK and Akt pathways, among others so, 1.These
signals promote migration, adhesion, proliferation, and survival in various cell
types 50,52,53. Both EGFR expression and EGF responsiveness have been

reported in marrow-derived cells in vitro

4, 56, 57

Specifically, incorporation

of EGF by tethering it to the biomaterial surface could improve cell behavior in
the vicinity of the implant

58,59

Stimulation of cells with soluble EGF induces

EGFR signaling and promotes proliferation and migration without affecting
pluripotency ". This previous study focused on soluble EGF (sEGF), and it
was not known how CTP's would respond to tethered EGF (tEGF) presented
on a biomaterial surface. The lack of clinical wound healing products based
on EGF underscores the challenges in delivering EGF at physiologically
relevant concentrations and durations locally in a wound site. These
challenges might possibly be overcome by tethering EGF to the scaffold
surface in a manner that allows EGF to stimulate the EGFR but not promote
receptor internalization

58;

i.e., a manner akin to a matrix-embedded EGFR

ligand 60. We hypothesized that CTP could respond differently to tethered
EGF compared to soluble EGF as a result of binding the ligand on a surface
(rather than in solution and) thus preferentially activating surface-associated
signaling pathways.
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1.2.4. INFLAMMATORY CYTOKINES

Inaddition to pro-survival growth factors, multiple apoptotic ligands
are upregulated during inflammation of bone tissue, including Fas ligand
(FasL), tumor necrosis factor (TNF), tumor necrosis (TNF)-related apoptosisinducing ligand (TRAIL), interferon g (IFN-y), and interleukin 1 (IL-1)

60-64.

For

instance, the proinflammatory cytokine FasL is released by activated
lymphocytes

6",

which causes neutrophil infiltration

66

and further

inflammation. Osteoclasts are critical for bone remodeling and express both
Fas and FasL 67, suggesting the relevance of FasL in bone tissue. In many
cell types, FasL induces apoptosis by activation of caspases 68. The
apoptotic and inflammatory responses of CTP to ligands such as FasL,
particularly under conditions that might prevail at an implant site, are as yet
poorly understood. However, since net changes in cell number result from
the balance between proliferation and cell death, it will be critical to favor the
survival of cells at an implant site. EGFR signaling has been shown to
counter the pro-death signaling of various apoptotic cytokines to promote cell
survival in many cell types

69, 70

CHAPTER 2.
TETHERED

EGF

PROVIDES A SURVIVAL ADVANTAGE TO OSTEOGENIC
CELLS

2.1.

INTRODUCTION

Here, we show that surface-tethered EGF improves MSC survival upon
stimulation with a pro-apoptotic stimulus. We used a polymer substrate
developed to present clusters of closely-spaced ligands on short
poly(ethylene oxide (PEO) tethers

12

to covalently tether EGF via the N-

terminus, so that EGF is bioactive but restricted to the material surface.
Surprisingly, we find that tethered EGF exceeds the ability of soluble EGF to
promote cell spreading and survival in the presence of FasL, which we show
to be a potent death factor for MSC. This study suggests that MSC-implant
interactions can be improved by providing local, spatially-controlled growth
factors to the biomaterial surface.
2.2. MATERIAL & METHODS
2.2.1. GROWTH FACTORS, ANTIBODIES AND SIGNALING REAGENTS

Murine EGF and human EGF were purchased from PeproTech Inc., and
porcine EGF from GroPep Biotechnology. EGFR inhibitors AG1478 and
PD153035, and MEK inhibitor U0126 were from Calbiochem. The EGFR
ligand-binding-site blocking antibody C225 was a gift from Dr. H.S. Wiley
(Pacific Northwest National Laboratory, Richland, WA). Rabbit polyclonal antiphospho-p44/42 Map kinase, rabbit polyclonal anti-EGF receptor, rabbit
polyclonal anti-phospho-Akt were purchased from Cell Signaling; rabbit
polyclonal anti-MAP kinase/ERK1/2-CT was from Upstate. Mouse monoclonal
anti-a-tubulin was from Calbiochem. Donkey anti-rabbit and sheep anti-mouse
IgG peroxidase-linked secondary antibodies were from Amersham
Biosciences. Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer Life Sciences) or ECL Advanced Western Blotting Detection Kit
M
T

(Amersham Biosciences) was used to visualize the protein bands with Kodak
ISO1000 Image Station. Densitometry was performed with Kodak software.
2.2.2. CELL CULTURE

Human telomerase reverse transcriptase (hTERT)- immortalized human
MSC (hMSC) were a gift from Dr. Junya Toguchida (Kyoto University, Kyoto,
Japan) 71 and were maintained in a standard media formulation containing
DMEM 10% FBS, 1% pyruvate, 1% L-glutamine, 1% non-essential amino
acids, and 1% penicillin-streptomycin (Invitrogen), at 370C in a humidified
atmosphere of 5% CO2/95% air. Primary porcine MSC, a gift from Dr. J.P.
Vacanti (Massachusetts General Hospital, Boston, MA), were isolated from
fresh marrow aspirates using a percoll gradient centrifugation approach,
seeded at an initial density of 1.6 x 106 cells/cm2 in the culture medium
described above, and split after reaching confluency72. They were used within
5 passages. Human primary connective tissue progenitors (hCTPs) were
obtained as culture-adherent cells from heparinized aspirated human marrow
provided by Dr. G. M. Muschler (Cleveland Clinic Foundation, Cleveland, OH) 73.
Cells were obtained and maintained in an osteogenic medium, MEM-a
buffered with bicarbonate, 10% FBS, 1% penicillin-streptomycin, 10-8 M
dexamethasone (Sigma), and 50 [g/ml ascorbate (Sigma), at 370C in 5%
C02/95% air. Cells were cultured for about 10 days (-85% confluent within the
colonies) before assays.
2.2.3. HCTP SELECTION

Bone marrow aspirates from human subjects were collected at the
Muschler Laboratory 73, heparinized and suspended in the culture medium
described above, and shipped in sealed 50 mL conical tubes according to
IACUC- and IRB-approved protocols at their respective institutions. Upon
arrival, the cells were spun down, resuspended in the culture medium

(described above), plated at 2.5xl 05 nucleated cells/cm2 (i.e., 106 nucleated
cells per well of a 12-well tissue culture plate), and incubated at 370C in 5%
CO2/95% air. This corresponds to 43±t28 alkaline-phosphatase-positive
colonies per 106 nucleated cells ". A medium change was performed on every

third day until the colonies reached sufficient confluency for cytokine
stimulation.
2.2.4. Polymeric substrate preparation
Two different poly(methyl methacrylate)-graft-poly(ethylene oxide),
PMMA-g-PEO, comb polymers differing in the total wt% PEO (and
consequently, the spacing between PEO side chains emanating from the
culture surface) were synthesized using general protocols described previously
12 and were mixed to form the culture substrate. The first polymer was
designed for presentation of tethered EGF in a locally dense concentration
suitable for allowing receptor homodimerization (tEGF-polymer) 56. This tEGFpolymer has a weight-average molecular weight (Mw) and polydispersity index
(PDI) of 96,000 and 3.2, respectively, obtained by gel permeation
chromatography using polystyrene standards. It comprises 33 wt% PEO and
has -20 PEO side chains per chain on average (each side chain of 10 EO
repeating units, spaced less than 2 nm apart along the backbone). For this
PEO content, PMMA-g-PEO is highly resistant to cell adhesion unless
covalently modified with cell adhesion ligands 35. To create cell-adhesive

regions on the surface, the tEGF-polymer was diluted with a second PMMA-gPEO comb polymer (Mw= 45,000 and PDI = 1.8) comprising only 20 wt% PEO,
a composition known to be cell-adhesive in the presence of serum or cellsecreted ECM.
Specifically, glass coverslips (10mm in diameter) were silanized with
methacryloxypropyltrimethoxysilane prior to polymer thin film preparation by
spincoating. The tEGF-polymer was activated on the hydroxyl chain ends with
4-nitrophenyl chloroformate, mixed with diluent polymer (40:60 tEGF-

polymer:diluent), and spin-coated to form a -100 nm thin transparent film on
the substrate (Will Kuhlman, personal communication). Murine EGF was
surface-coupled to the activated side chains of the spincoated polymer by
incubation in 5 [g/ml EGF in phosphate buffer (PBS, 100 mM, pH 9) at 40C for
3 hours followed by PBS washes. The remaining active groups were blocked
in 100 mM tris buffer (pH 9) at room temperature for 1 hour, followed by PBS
washes to achieve a surface density of approximately 4000 tethered EGF/ im2.
Substrates were stored in PBS at 4°C until use. For in vitro experiments, each
substrate was placed in individual wells of a 24-well plate and secured with a
section of silicone rubber tubing, providing 0.64 cm 2 of available surface area.
2.2.5. Activation of EGF and EGFR signaling pathways
Prior to growth factor stimulation, the cells were serum-starved in a
serum-free medium [Advanced DMEM (Invitrogen), supplemented with 1%
pyruvate, 1%L-glutamine, 1% non-essential amino acids, and 1% penicillinstreptomycin] for 14-16 hours. The cells were detached with Versene
(Invitrogen) and plated in the serum-free medium with the appropriate stimuli at
a density of 25x1 03 cel ls/cm 2 on the polymeric substrates and incubated at
37°C. The cells were pretreated for an hour with inhibitors when needed. At
the indicated time points after plating, all adherent and non-adherent cells were
pooled from two coverslips and incubated on ice for at least 15 minutes in 20
RL of lysis buffer (50 mM 13-glycerophosphate at pH 7.3, 10 mM Napyrophosphate, 30 mM NaF, 50 mM Tris base at pH 7.5, 1% Triton X-100, 150
mM NaCI, 1 mM benazmidine, and 2 mM EGTA, 100 [M Na3VO4, 1 mM DTT,
10 Rg/mL aprotinin, 10 [g/mL leupeptin, 1 [g/mL pepstatin, 1 Rg/mL
microcystin-LR, and 1 mM phenyl methylsulphonyl fluroride). The supernatants
were collected following 15 minutes of centrifugation at 16,000 g and stored at
-80oC. For the 0-hour time point, the cell mixtures were spun down at 450 g
for 10 minutes at 40C. Medium was aspirated and the cell pellet was lysed.

The protein content of the cell lysates was determined using the Micro BCA
protein assay (Pierce). The supernatants were collected and stored at -80oC.
2.2.6. Cell death quantification assay
Serum-starved cells were plated at 25xl 03 cells/cm2 and stimulated
with apoptotic stimuli. Human recombinant superFasL and TRAIL were from
Alexis. All adherent and non-adherent cells, detached with trypsin and
collected from two coverslips, were spun down at 450 g and stained in 10
[g/ml propidium iodide (Molecular Probes) for 15 minutes. The positive
staining population was quantified by direct fluorescence using a
FACSCalibur flow cytometer.
2.2.7. Cell morphology measurements
Static images of cells were captured under DIC optics with a 10Ox or 20x
lens after at least 4 hours of incubation on at least 3 independent samples to
represent the average cell morphology. The acquired cell images were
imported to ImageJ (Version 1.36b) to quantify the spread area per cell on the
polymeric substrates. At least 20 cells per field were traced to calculate the
average area per cell.
2.2.8. Statistical analyses
Western blot densitometry data and Pl+ staining population data were
analyzed with ANOVA and t tests. Cell spread area data were analyzed with
Randsum and Kruskal-Wallis tests. Significance was set at p<0.05 unless
otherwise noted.

2.3. RESULTS

2.3.1. KINETICS OF EGFR SIGNALING PATHWAYS IN MSC STIMULATED BY SOLUBLE
AND TETHERED EGF

Tethered EGF substrates were prepared with murine EGF, which has a
single primary amine at the N-terminus. This allows it to be precisely linked to
the surface via amine-targeting chemistry, tethering the EGF molecules in a
configuration competent to bind and activate EGFR ". To examine the

response of MSC, we utilized an immortalized human MSC (hMSC) line

3,that

expresses approximately 7300 EGF receptors 53
We first investigated the kinetics of hMSC extracellular-regulated
kinase (ERK) and Akt/PKB

48,49

responses to the human and murine EGF (the

latter species had not been used to-date). When hMSC were stimulated with
soluble EGF of either human or murine origin, we found that the
phosphorylation of ERK and Akt peaked at 5 minutes and declined to the
background level by 120 minutes; the extent and time course of activation
was similar by both ligands (Fig. 2.1.1). There was basal Akt activity in these
MSC, possibly due to factors including insulin in the culture medium (see
Materials and Methods)74. Therefore, murine EGF is comparable to human
EGF for hMSC, similar to other cells types responding to EGFR ligands from
other mammalian species. Murine EGF was used for all subsequent
experiments as its single primary amine allows for more specific covalent
coupling to the substratum.
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Figure 2.1.1. Soluble EGF transiently activates EGFR signaling pathways
in immortalized human MSC line. MSC were plated on tissue culture grade

polystyrene to sub-confluence, serum-starved for 14-16 hours, and then
stimulated with 100 ng/mL soluble EGF. hMSC cell lysates at the indicated
times were analyzed for ERK (A) and Akt (B) phosphorylation by Western
blotting and quantified by densitometry. Data indicate the ratio of
phosphorylated ERK to total ERK and the ratio of phosphorylated Akt to
tubulin upon the stimulation of soluble human EGF and murine EGF,
respectively. Abbreviations: sEGF = soluble epidermal growth factor; pERK
= phospho-ERK; pAkt = phospho-Akt. Shown are the average + s.e.m. of

three independent replicates for each comparison; there are no significant
differences between the ligand or MSC species.
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Figure 2.1.2. Soluble EGF transiently activates EGFR signaling pathways
in primary pCTP. Data indicate the ratio of phosphorylated ERK to total ERK
for pCTP by soluble porcine EGF and murine EGF, respectively. Shown are the
average + s.e.m. of three independent replicates. Abbreviations: sEGF =
soluble epidermal growth factor; pERK = phospho-ERK;

To exclude the possibility that the EGF response of hMSC was an
artifact of the hTERT immortalization procedure, we also investigated primary
porcine CTP (pCTP), as they are readily obtainable and have metabolic rates
comparable to human MSC 7. These pCTP express -11,000 EGFR per cell
and respond to a 10 minute stimulation of soluble EGF with an increase in
phosphorylation of EGFR, ERK, and Akt that is inhibited by the EGFR tyrosine
kinase inhibitor PD153035

53.

In response to either porcine or murine soluble

EGF stimulation, ERK phosphorylation in pCTP peaked at 5 minutes and
gradually diminished (Fig. 2.1.2). Together, this indicated that both
immortalized hMSC and primary pCTP were responsive to murine soluble
EGF.
As the hMSC were similar to the porcine ones (Fig. 2.1.1 and ref. 76),
we chose the immortalized human cell line to conduct most of the remaining
experiments because these cells were easier to maintain and their behavior
was more consistent compared with primary pCTP. To investigate hMSC
responses to tethered EGF, we defined three experimental conditions. The
first condition ("control") was the unmodified comb copolymer surface, which
served as a control substrate to study MSC behavior on the inert biomaterial
(i.e., signals generated by adhesion) under EGF-free conditions. Second
("tEGF") was the tethered EGF substrate, obtained by covalently attaching
murine EGF to the control substrate to the free ends of PEO side chains. The
tethering chemistry yields an average surface ligand density of -4,000 EGF
molecules/im

2, theoretically

sufficient to saturate endogenous EGF receptors

(estimated to be fewer than 100 EGFR/im 2 cell surface area for cells
expressing EGFR at -~10,000 EGFR per cell 53) and provides an average

interligand spacing that should allow homodimerization. Last, to distinguish
cellular responses specifically conferred by the tEGF substrate from those
induced by EGF generally, we plated hMSC on the control substrate inthe
presence of saturating murine soluble EGF (100 ng/ml, "sEGF"). The sEGF

condition thus acted as a more stringent comparison for characterizing MSC
behavior unique to tEGF substrates.
The tEGF is covalently linked to the substratum; this is postulated to
not only prevent ligand-receptor internalization but also to compartmentalize
EGFR signaling to the cell surface5 8.As survival and proliferation signals
come from both surface and internalized EGFR-induced cascades, it was
unclear how tEGF would modify these cascades. To examine the bioactivity
of tEGF, we investigated ERK phosphorylation as a recognized intracellular
signal downstream of EGFR that also effects transcriptional changes. At 8
hours, ERK phosphorylation inthe sEGF group was only slightly elevated
compared to the control group, consistent with the rapid adaptation of ERK
signaling observed previously in hMSC treated with EGF on culture-grade
polystyrene (Fig. 2.1.1A). sEGF-induced ERK phosphorylation continued to
decline such that it was indistinguishable from the control by 24 hours (p <
0.05, Fig. 2.2.1). Strikingly, ERK phosphorylation in the tEGF group was 2fold higher than either the control or sEGF group and this elevated signaling
was sustained for at least 24 hours (p < 0.05, Fig. 2.2.1). Thus, the tEGF
signaled in a more persistent manner.
Interestingly, the activation of EGF signaling on tEGF substrate
appeared to be pathway specific, since Akt phosphorylation was similar
across the three experimental groups (Fig. 2.2.2). Significant Akt
phosphorylation in the control group indicated that the Akt signaling in hMSC
might be a nonspecific response to plating and binding through adhesion
receptors. Alternatively, Akt could be downregulated by mechanisms distinct
from that of ERK

77.

Nevertheless, the clear and persistent ERK activation

indicates that tEGF is functional as a bioactive ligand for hMSC.
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Figure 2.2.1. ERK phosphorylation in hMSC is stronger and more
sustained with tEGF compared to sEGF. Serum-starved hMSC were plated
at a density of 25xl 03 cells/cm2 on the control substrates with or without sEGF
(100 ng/mL) and the tEGF substrates, and cells were lysed at the indicated
times. pERK was normalized by densitometry relative to total ERK. Error bars
represent s.e.m. of quadruplet independent lysates. * p < 0.05 in comparison
to the respective control group and sEGF group. Results are representative of
three biological replicates. Abbreviations: sEGF = soluble epidermal growth
factor; tEGF = tethered epidermal growth factor; pERK = phospho-ERK
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Figure 2.2.2. Akt phosphorylation in hMSC. Serum-starved hMSC were

plated at a density of 25x1 03 cells/cm 2 on the control substrates with or without
sEGF (100 ng/mL) and the tEGF substrates, and cells were lysed at the
indicated times. pAkt was normalized by densitometry relative to total tubulin.
Error bars represent s.e.m. of quadruplet independent lysates. Results are
representative of three biological replicates. Abbreviations: sEGF = soluble
epidermal growth factor; tEGF = tethered epidermal growth factor; pAkt =
phospho-Akt

2.3.2. MSC MORPHOLOGY ON POLYMERIC SUBSTRATES MODIFIED WITH TEGF

Tethering EGF to the substratum should enhance plasma membrane
EGF signaling, with pronounced effects on cell attachment and spreading, as
this cellular process proceeds mainly from peri-plasma membrane epigenetic
events. When hMSC were plated under control, tEGF, and sEGF conditions,
we observed morphological differences among the groups, starting as early
as 8 hours after plating and persisting for at least 24-48 hours. On the
control substrate, hMSC attached but remained rounded with little spreading
after 24 hours of incubation (Fig. 2.3A). By contrast, hMSC on tEGF substrate
exhibited a clear adhesive phenotype, evidenced by the presence of
lamellipodia and increased cell area (Fig. 2.3C). Importantly, addition of sEGF
to control substrates could not produce the same spreading observed on the
tEGF substrate (Fig. 2.3B). When the average cell area was quantified for the
three conditions, we found that the tEGF condition caused a 3- to 4-fold
increase in spreading compared to either the control or sEGF groups (p <
0.05, Fig. 2.3D). Thus, EGF causes increased cell spreading of hMSC when
covalently tethered to the substrate to restrict signaling to the cell surface.
Therefore, in parallel with the increased ERK signaling, tEGF specifically
potentiates MSC adhesion.
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Figure 2.3. tEGF causes spreading of human MSC on polymeric
substrates. Light microscopy images of cells in the serum-free medium were
taken at 10Ox magnification at 24 hours on control substrates (A. without sEGF
and B. with sEGF) and tethered EGF substrates (C). The scale bar = 100 RM.
D. Average cell spreading area was obtained by tracing individual cell areas
on triplicate substrates. Error bars indicate s.e.m. of 60 individual cells. * p <
0.05 in comparison to the control and sEGF groups. Results are
representative of three biological replicates. Abbreviations: sEGF = soluble
epidermal growth factor; tEGF = tethered epidermal growth factor.

2.3.3. CELLULAR SIGNALING EVENTS CONTROLLING TEGF-INDUCED MSC
SPREADING

Although both cell spreading and sustained ERK phosphorylation were
apparent on tEGF substrates, it was possible that ERK phosphorylation was
not directly induced by tEGF binding to EGFR. Further, it was unclear if
EGFR and ERK signaling were required for the observed differences in
morphology. To determine if ERK activation was directly induced by tEGF
and involved in cell spreading, we used various EGF pathway inhibitors to
probe the upstream signaling requirements for ERK phosphorylation (Fig.
2.4). Specifically, we selected an EGF blocking antibody C225

78

to inhibit the

binding of EGF to EGFR; the EGFR tyrosine kinase inhibitors AG1478 79 and
PD153035 80 to suppress the activation of EGFR; and the MEK1/2 inhibitor
U0126 81 to specifically inhibit the MEK-ERK signaling pathway. Through
these inhibitors, we were able to examine the dependence of tEGF-induced
morphology on EGF binding, EGFR tyrosine-kinase activity, and MEK-ERK
signaling.
Phase-contrast images of serum-starved hMSC on tEGF substrates 8
hours after plating showed early increases in spreading, with noticeably more
prominent and extended lamellapodia compared to the control group (Fig.
2.4A, B). hMSC on tEGF substrates showed no reduction of cell spreading
when a fixed amount of 0.1% v/v DMSO was added to the medium to
account for any possible effects of the inhibitor diluent (Fig. 2.4C). The
quantified average cell spreading area was approximately 2-fold increased on
tEGF (with or without DMSO) compared to the control (p < 0.01, Fig. 2.41). By
contrast, cell spreading was reverted by all of the EGFR-pathway inhibitors at
8 hours (Fig. 2.4D-G). As expected, the upstream inhibitors (i.e., PD153035
and C225) were more effective at blocking cell spreading. C225 and
PD153035 reduced spreading by more than 2-fold compared to the
corresponding tEGF group (p < 0.01, Fig 2.41); and the same rounded
morphology persisted for at least 24 hours. AG1478 and U0126 also

significantly reduced spreading. Furthermore, the effects of the inhibitors on
cell spreading continued at least up to 24 hours (Fig 2.4.1A-H). There
appeared to be some recovery by 24 hours as the effects of the inhibitors
declined. On the other hand, the PI3-kinase inhibitor (LY294002), involved in
the Akt-pathway, did not reduce cell spreading at 8 hours or 24 hours (Fig
2.4H, 2.4.1H, respectively). This demonstrated that EGFR binding and
tyrosine-kinase signaling were required for tEGF-induced cell spreading.
The effectiveness of the MEK inhibitor U0126 in blocking the hMSC
morphology raised the possibility that all of the inhibitors were perturbing
MEK-ERK as a common mediator of tEGF-induced cell spreading. To
examine this, we prepared lysates from each of the conditions in Fig. 2.4A-G
and measured ERK phosphorylation by Western blotting. At 8 hours, ERK
phosphorylation from the tEGF groups (with and without carrier control) was
elevated in comparison to the control (Fig. 2.4J). The EGFR blocking
antibody (C225) effectively suppressed downstream ERK activation in the
hMSC, indicating that ERK phosphorylation in the tEGF group was initiated
by EGF receptor binding. The EGF receptor kinase inhibitors (PD153035 and
AG1478) and the MEK inhibitor (U0216) also blocked ERK activation at 8
hours to a similar extent. Since perturbation of either the initial tEGF-EGFR
binding event or the MEK relay point was sufficient to block ERK activation
(Fig. 2.41) as well as cell spreading (Fig. 2.4A-G), we conclude that sustained
signaling via ERK (Fig. 2.2.1) is responsible for tEGF-induced spreading.

tEG F

G

Figure 2.4. MSC cell spreading on tethered EGF isblocked by inhibitors of
EGFR signaling at 8 hours. Serum-starved hMSC were plated on control and
tEGF substrates at a density of 25x103 cel ls/cm 2 (light microscopy images of
10x magnification taken at 8 hours, A and B). Inhibitors include an anti-EGF
blocking antibody (C225, 10 [tg/mL); EGFR tyrosine kinase inhibitors (AG1478,
1 rM; PD153035, 1 rM); a MEK inhibitor (U0126, 10 [M); and a P13-kinase
inhibitor (LY294002, 20 rM) (D, E, F, G, H respectively). DMSO was included
as a carrier control (C) for AG1478, PD153035, U0126, and LY294002. H,
Average cell spreading quantified from panels A-G. Error bars indicate s.e.m.
of 80 individual cells. * p< 0.01 in comparison to the control group as well as
the inhibitor groups. Results are representative of three biological replicates. I.
Western blot for pERK and total ERK confirming efficacy of the inhibitors used.
Abbreviations: tEGF = tethered epidermal growth factor; AG = AG1478; PD15
= PD153035; LY = LY294002; pERK = phospho-ERK
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Figure 2.4. (Continued)
I,Average cell spreading quantified from panels A-G. Error bars indicate s.e.m.
of 80 individual cells. * p< 0.01 in comparison to the control group as well as
the inhibitor groups. Results are representative of three biological replicates. J.
Western blot for pERK and total ERK confirming efficacy of the inhibitors used.
Abbreviations: tEGF = tethered epidermal growth factor; AG = AG1478; PD15
= PD153035; pERK = phospho-ERK
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Figure 2.4.1. MSC cell spreading on tethered EGF is blocked by inhibitors
were plated on control
of EGFR signaling at 24 hours. Serum-starved hMSC
2 (light microscopy images
and tEGF substrates at a density of 25x103 cells/cm
of 10Ox magnification taken at 8 hours, A and B). Inhibitors include an anti-EGF
blocking antibody (C225, 10 [tg/mL); EGFR tyrosine kinase inhibitors (AG1478,
1 [M; PD153035, 1 [M); a MEK inhibitor (U0126, 10 riM); and a PI3-kinase
inhibitor (LY294002, 20 [M) (D,E, F, G, H respectively). DMSO was included
as a carrier control (C) for AG1478, PD153035, U0126, and LY294002. I.
Western blot for pERK and total ERK confirming efficacy of the inhibitors used.
Abbreviations: tEGF = tethered epidermal growth factor; AG = AG1478; PD15
= PD153035; LY = LY294002; pERK = phospho-ERK

It was more difficult to assign a clear role to the PI3K-Akt pathway in
hMSC spreading. Although the pretreatment with the PI3-kinase inhibitor
(LY294002) did not affect spreading (Fig. 2.4 and 2.4.1), Akt phosphorylation
was not inhibited at 8 or 24 hours (Fig. 2.4.2). The concentration of LY294002
used is sufficient to inhibit acute Akt signaling in most cell types (data not
shown), so there are three possible explanations for the observed inefficacy.
First, it is possible that the inhibitory effect of LY294002 does not persist long
enough to be confirmed via Western Blotting at 8 hours. In this scenario, Akt
could be inhibited at very early times after interacting with the tEGF substrate,
but the inhibitor would become degraded by 8 hours. Inthe current
experimental setup, it is technically impractical to measure immediate-early
signaling from tEGF.
The second possibility is that Akt is not activated by tEGF and thus
is unaffected by LY294002. At 8 and 24 hours, we did not detect a significant
increase in phosphorylation on tEGF sufaces compared to control surfaces
(Fig. 2.2.2). In response to saturating sEGF, Akt phosphorylation increases
only 2.5-fold and returns to baseline by 30 min (Fig. 2.1.1). By contrast, ERK
phosphorylation insEGF-treated MSC increases over 20-fold and persists for
60 min. Thus, EGF appears to be a much stronger activator of the ERK
pathway compared to the Akt pathway. Furthermore, the background level of
Akt signal is indistinguishable from the level of Akt phosphorylation upon the
stimulation of either sEGF or tEGF. Akt phosphorylation is nearly constant on
tEGF and control substrates at 8 and 24 hours (Fig. 2.4.2), raising the
possibility that the observed Akt activity is constitutive in MSC. If constitutive
Akt phosphorylation is due to reduced activity of Akt phosphatases, then
treatment of MSC with LY294002 would not reduce Akt phosphorylation, since
this inhibitor works by inhibiting the upstream PI 3-kinase.
Last, the constant phospho-Akt background signal from MSC may
suggest that the phospho-specific antibody used for Western Blotting is
partially cross-reactive with nonphosphorylated Akt. Inthis case, no effect of

LY294002 would be observed, since this inhibitor does not affect the total
levels of Akt (Fig. 2.4.2.). Other phospho-Akt antibodies are commercially
available, but we have found that many of these are far less sensitive than the
current antibody (data not shown), which would preclude their use inthe
current experimental setup. Although we cannot assign a positive or negative
role of the Akt pathway, our results clearly implicate an ERK-dependent
pathway intEGF-induced MSC spreading.
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Figure 2.4.2. Western blot for pAkt and tubulin in MSC plated on tEGF with
and without inhibitors at 8 and 24 hours (A and B, respectively). Abbreviations:
tEGF = tethered epidermal growth factor; AG = AG1478; PD15 = PD153035;
LY = LY294002; pAkt = phospho-Akt

2.3.4. MSC APOPTOSIS INDUCED BY TNF-FAMILY CYTOKINES

The differential cell spreading on the tEGF substrates provided the
first evidence that new MSC responses could be achieved by tethering EGF to
the culture substrate. Although cell morphology itself does not directly
translate to improved cellular function in vivo for scaffolds bearing tEGF, we
reasoned that the increased cell spreading might indicate the existence of
other tEGF-induced phenotypes that are relevant for in vivo performance of
tissue engineering scaffolds such as those used for bone grafts. Such a cell
response would be important during wound healing when pro-inflammatory
cytokines are prevalent during the acute inflammatory phase when healing
initiates 82. These cytokines activate immune cells to help clear dying and
infected tissue, but they can also cause collateral damage to reparative cells at
the implant site. We therefore asked whether such cytokines could stimulate
apoptosis in hMSC. If so, then tEGF on the surface of a bone graft scaffold
might help these progenitors resist apoptosis and thus promote tissue
regeneration.
We screened FasL 60, TRAIL 61, TNF

62,

IFN-y

63,

and IL-1 64 as

recognized proinflammatory cytokines that can induce cell death. FasL and
TRAIL produced the most apparent apoptotic morphology in hMSC on tissueculture polystyrene, as observed by increased cell detachment and the
formation of apoptotic bodies (Fig. 2.5.1). We thus focused on FasL and
TRAIL, and also included another member of the TNF superfamily, RankL,
which has been implicated in bone remodeling but is not generally regarded as
a prodeath ligand

838".

When hMSC death was quantified by positive staining

with propidium iodide (PI), we found that both FasL and TRAIL induced cell
death significantly, in the presence of the protein synthesis inhibitor and cell
stressor cycloheximide (CHX) (p < 0.05, Fig. 2.5.2A). FasL was approximately
twice as potent as TRAIL. For many TNF-family members, transcriptional
pathways are activated to synthesize pro-survival proteins, which resist
apoptosis in cells 86,87; accordingly, FasL- and TRAIL- induced cell death was

dramatically reduced without CHX. RankL, with or without CHX, did not
significantly influence cell death, as expected. These results implicated FasL
and TRAIL as relevant prodeath ligands for hMSC.
To determine if the sensitivity to FasL and TRAIL could be extended
beyond the immortalized hMSC line, we replicated the experiment in a primary
hCTP population (see Methods). As with the hMSC, both FasL and TRAIL, but
not RankL, induced cell death significantly above the control level in hCTP (p <
0.05, Fig. 2.5.2B). Furthermore, with hCTP it was not necessary to suppress
protein synthesis to observe the cytokine-stimulated cell death, although the
levels of cell death increased when CHX was added (p < 0.05, Fig. 2.5.3). We
conclude that the two TNF-family cytokines, FasL and TRAIL, induce cell death
in human bone progenitor cells, particularly for hMSC when protein synthesis is
suppressed, and that FasL is a more potent death stimulus than TRAIL (Fig.
2.5.2C).
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Fig. 2.5.1. Proinflammatory cytokine-induced cell death. Serum-starved
hMSC on tissue culture grade polystyrene at sub-confluence were stimulated
with various TNF-family cytokines. Cells were assessed visually in terms of the
percentage of cell death (i.e., apoptotic body formation).
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Figure 2.5.2. FasL and TRAIL induce cell death in hMSC and hCTP.
A. PI+ stained population percentage quantified in hMSC. Serum-starved
hMSC on tissue culture grade polystyrene at sub-confluence were stimulated
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synthesis inhibitor, CHX. Cells were stained with PI at 24 hours and analyzed
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represent s.e.m. of triplicate independent cell samples. * p<0.05 in comparison
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percentage quantified in hCTP. Serum-starved cells on tissue culture grade
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CHX = cycloheximide

2.3.5. hMSC RESISTANCE TO FASL-INDUCED CELL DEATH ON tEGF SUBSTRATES VIA

ERK

Having found that TNF-family cytokines can drive hMSC apoptosis, we
next investigated whether tEGF provided any protection. To be in line with the
duration of acute inflammation, we extended the hMSC apoptosis experiment
to 48 hours after plating on the polymeric substrates. Inthe absence of
cytokines, we observed a subtle decrease in cell death in the tEGF group
compared to both the control and sEGF groups (p < 0.05; Fig. 2.6A, Left).
When challenged with FasL 8 hours after plating, cell death in both the control
and sEGF groups increased substantially but the tEGF group remained 2- to 3fold lower (p < 0.05). The observation of significant cell death in the absence of
CHX likely arises from the difference in signals arising from adhesion to comb
copolymers (Fig. 2.6) compared to tissue culture polystyrene (Fig. 2.5.2).
Importantly, the tEGF group had a significantly lower Pl+ population than the
sEGF group (p < 0.05; Fig. 2.6A, Center), indicating that tEGF bears a unique
protective function to hMSC that could not be recapitulated by sEGF. When
the less potent apoptotic stimulus TRAIL was used (Fig. 2.5.2A), hMSC
apoptosis was lower overall and no significant difference was seen among the
groups (Fig. 2.6A, Right). These results indicate a protective function of tEGF
on hMSC when challenged with the apoptosis stimulus FasL.
It was likely that the tEGF-mediated protection to FasL-induced cell
death was occurring via differential signaling from the tethered EGF ligand (Fig.
2.2.1). To probe the intracellular basis of the anti-apoptotic function provided
by tEGF, we again used the MEK inhibitor U0126, since this small molecule
suppressed both ERK activation and tEGF-induced cell spreading (Fig. 2.4G-I).
When U0126 was added to hMSC, we found that the Pl+ population on tEGF
substrates was raised by 3-fold to a level comparable to the control and sEGF
groups, indicating that the suppression of ERK activation was sufficient to
abolish the anti-apoptotic function by tEGF (Fig. 2.6B). Taken together, we

conclude that both spreading and anti-apoptotic responses mediated by tEGF
occur predominantly via potentiated ERK signaling in hMSC (Fig. 2.6C).
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Figure 2.6. tEGF confers resistance to FasL-induced death via ERK in
hMSC. A. Serum-starved hMSC were plated on control substrates, with and
without sEGF, and tEGF substrates. Apoptotic stimuli were added at 8 hours.
Cells were stained with PI at 24 hours and analyzed via FACS. Error bars
represent s.e.m. of triplicate independent cell samples. B. MEK inhibitor
U0126 (1 [rM) was added at 7 hours and allowed one hour of incubation before
FasL was added at 8 hours. Cells were stained with PI at 24 hours and
analyzed via FACS. Error bars represent s.e.m. of quadruplet sets of triplicate
independent cells samples. * p<0.05 in comparison to the control. C.
Summary of spreading and anti-apoptotic responses mediated by tEGF via
increased ERK signaling. Abbreviations: hMSC = human mesenchymal stem
cell; PI = propidium iodide; sEGF = soluble epidermal growth factor; tEGF =

tethered epidermal growth factor

2.4. DISCUSSION

2.4.1. UNIQUE PROPERTIES CONFERRED BY EGF TETHERING

Inthis study, we find that tEGF induces elevated ERK signaling in MSC
to cause increased cell spreading and increased resistance to FasL-mediated
cell death. Importantly, these responses are unique to tEGF, because
saturating concentrations of sEGF cannot reproduce the same morphological
or functional phenotypes. Our group has reported elsewhere that tEGF
inhibits both EGFR internalization and degradation compared to sEGF. EGF
tethering thus prevents two recognized mechanisms for downregulating
EGFR signaling 88, 89. Together with the high growth factor concentrations

enforced locally by tEGF 90, these mechanisms allow for potentiated and
sustained EGFR signaling via ERK, at least in MSC.
ERK is activated by growth factors to impact a diverse array of cellular
events including cell proliferation, migration, and survival 48. Recent evidence
suggests that EGF-stimulated ERK directly phosphorylates the focal adhesion
protein vinexin to regulate cell spreading 91 and EGF covalently linked to
beads stimulates actin polymerization at the point of bead application

92

Further, ERK signaling can antagonize several death regulators, including
caspase-9

68,

Bad 93, and Bim 94. Therefore, the implication of ERK in

spreading and survival of tEGF-stimulated hMSC is consistent with published
mechanisms.
It is interesting to consider whether the tethering of other EGFR ligands
would induce cellular responses similar to tEGF. There are several EGFfamily growth factors that bind to EGFR, including transforming growth
factor-a (TGF-a), amphiregulin, betacellulin, epiregulin, and heparin-binding
EGF-like growth factor 9. Of interest, many of these ligands can induce
signaling through EGFR when presented in juxtacrine mode (though this may
require partial proteolytic processing of the pro-forms). Each of these ligands
have different binding affinities, receptor-dimerization partners, and trafficking

patterns, which diversify intracellular signaling responses and cellular
phenotypes

50, 96-98

For EGF-family ligands such as TGF-ca, we expect that

tethering would elicit responses that are more similar to EGF, because cells
would be unable to distinguish these ligands based on their trafficking '0,
By contrast, tethering a ligand such as heregulin might magnify its differences
compared to EGF because of sustained signaling from distinct ErbB
heterodimers

98.

Tethering of other EGF-family or growth-factor ligands may

promote healing and tissue regeneration for other therapeutic applications.
2.4.2. BIOLOGICAL SIGNIFICANCE

EGF-like repeats are contained in various extracellular matrix (ECM)
molecules, including tenascin, laminin, thrombospodin, and versican

99,100

Several of these insoluble ECM ligands induce EGFR-dependent cell
adhesion and signaling in vitro 18. The specific responsiveness of hMSC to
tEGF that is described here suggests that constituent EGF-like repeats may
act as endogenous tethered ligands for MSC. Indeed, one such EGF-like
repeat-containing protein, laminin-5, was recently identified in bone, found to
be expressed by human MSC, and to stimulate their osteogenic
differentiation through activation of ERK 1°1. While these results have been
attributed to the integrin-binding motifs of laminin 5 (rather than the EGF
repeats), taken together with the results reported here, they suggest that the
observed difference between soluble EGF and tethered EGF may reflect the
ability of MSC to discriminate between naturally occurring molecules.
We further explored MSC physiology by perturbing these cells with
cytokines relevant to inflammation as these might lead to MSC death during
the initial phases of wound repair 60,61. FasL, in particular, is expressed both

by osteoclasts 67, which participate in bone remodeling, and by activated
lymphocytes

102,103,

which are recruited during inflammation. FasL is also

expressed by CD34+ bone marrow cells 104 and thus may be present when

marrow is included in bone grafts 33,46. Our results in both immortalized and

primary human cells indicate that FasL is a potent prodeath factor for MSC
and are consistent with a previous report that anti-Fas antibodies induce
apoptosis in human osteoblasts

10.

Cell adhesion is generally recognized to

inhibit apoptosis 106 as underscored by the greater sensitivity of the
immortalized hMSC to apoptotic stimuli on the moderately adhesive comb
polymer substrates compared to highly adhesive tissue culture plastic. On
highly adhesive substrates, primary CTP were more sensitive than
immortalized cells to FasL-induced apoptosis, as apoptosis was induced in
the absence of CHX co-treatment in primary cells. The greater resistance of
hTERT-immortalized MSC compared to primary cells is consistent with
emerging data that hTERT protects against apoptosis

107-109

Importantly, FasL-induced apoptosis can be significantly reduced by
adhesion to tEGF surfaces. Specifically, we show that tEGF-induced
sustained ERK phosphorylation provides a critical antiapoptotic signal to
MSC stimulated with FasL. These data agree with various studies implicating
ERK in survival

1"0,

as well as specific reports showing that ERK can block

FasL-mediated apoptosis "'. These data are also in agreement with a
previous report that primary murine MSC transfected with EGFR show
enhanced resistance to FasL-mediated apoptosis 112. The involvement of
FasL in MSC biology is likely to be physiologically important, as is the
possible antagonism between FasL and EGF-like repeat-containing ECM
proteins in the wound-healing milieu.
2.4.3. TETHERING OF SOLUBLE VS. ADHESION LIGANDS

Most tissue-engineering efforts to date have focused on modifying
polymer surfaces with adhesion ligands or fragments (e.g., fibronectin, RGD,
laminin)

113, 114

and delivering growth factors through slow release of soluble,

diffusible molecules "'. The potential for improving efficacy and enhancing
biological function of growth factors by delivering them in a form tethered to
the scaffold or matrix is now emerging as a new paradigm based on

promising data from several systems
mitogen

119"'
but

56,116-118.

EGF is a recognized soluble

has only limited effects on hMSC that are plated on polymer

surfaces. By tethering EGF, we increase and sustain ERK activation to
promote hMSC spreading and survival.
2.4.4. CLINICAL SIGNIFICANCE

The introduction of an implant device initiates an array of tissue
responses beginning with an acute inflammatory phase within minutes to
days after implantation, followed by a chronic inflammatory phase.
Inflammation serves to eliminate any infectious causes of injury, to remove
dead cells and debris, and to initiate healing that would restore tissue
structure. For an implant, however, many inflammatory functions are
deleterious, causing foreign-body reactions and premature implant failure. In
particular, inflammation may damage progenitor cells while repopulating an
implant surface 120. A crucial challenge for inductive biomaterials is therefore
to promote the regenerative functions of progenitors such as MSC despite
inflammation.
The tEGF surface modification we describe provides two key features
favoring MSC repopulation. First, the tethering of EGF promotes hMSC
spreading. Progenitors such as MSC are found locally in the marrow,
periosteum, and surrounding tissues. The value of tEGF modification would
thus be to retain the MSC that interact with the implant surface. Second,
tEGF provides a clear prosurvival stimulus to hMSC. Inthe current study, we
found that tEGF protects MSC for at least 40 hours from the types of
apoptotic stimuli that are present during inflammation. This suggests that
MSC retained on an implant surface will be more likely to survive against an
inflammatory insult.
Although not investigated explicitly here, we speculate that tEGF
should augment other MSC functions that are important for bone healing.
Previously, we demonstrated that EGF promotes MSC proliferation while

preserving pluripotency

3.

EGF can also collaborate with other factors to

promote osteogenic differentiation of hMSC

54.

All of these reports involved

sEGF, so it remains unclear whether tEGF would act as an equivalent or
more-potent stimulus for proliferation or differentiation, or both. However,
both proliferation

121

and osteogenic differentiation 101 depend on ERK

signaling, which is stronger and more sustained following tEGF stimulation.
Our studies have focused on the modification of polymers spun on
glass coverslips. This was essential for the basic characterization of how
MSC respond to EGF tethering. Clearly, the next step toward actual implants
would involve tEGF modifications to more realistic polymer structures, such
as three-dimensional scaffolds

122,

and we are currently adapting our

protocols to such formats. Nevertheless, the success of bioglasses
(BioGran® 123 and PerioGlas® 124) to treat small- to medium-sized bony
defects such as periodontal lesions suggests a more-immediate clinical
application. The tEGF surface-modification protocol could easily be adapted
for bioglass to improve cell survival of progenitors in the grafted
surroundings. Overall, we expect that the presentation of inductive MSC
ligands through tethering will synergize with advances in materials to provide
viable therapies for large bony defects.

CHAPTER 3.
ACCURATELY QUANTIFYING CELL SURVIVAL INDUCED BY TEGF

3.1. INTRODUCTION

Cell death may occur in three ways-necrosis, apoptosis, and
autophagy. Apoptosis was first used by Kerr et al in 1972 to distinguish a
particular type of cell death characterized by a change in cell morphology that
includes nuclear chromatin condensation, cytoplasmic shrinking, dilated
endoplasmic reticulum, and membrane blebbing

125.

Some of these

morphological features are measured directly in assays for apoptosis. For
instance, cytoplasmic shrinking results from membrane permeabilization. By
staining cells with propidium iodide (PI), which is normally excluded from viable
cells, it is possible to quantify the apoptotic population by using flow cytometry
to count the percentage of cells that have permeable membranes and are PI
positive.
By contrast, other morphological features of apoptosis are
problematic for experiments. Inparticular, as a cell undergoes apoptosis, it
disintegrates into multiple fragments known as apoptotic bodies. These
apoptotic bodies can distort flow-cytometry measurements that count total
particles, because the total particle number in a given sample is increased
when one apoptotic cell breaks up into multiple pieces. Size gates can be set
to exclude the cell fragments and debris to quantify the Pl+ staining only in the
whole-cell population. Size gating was therefore performed on all the
experiment presented in Chapter 2. However, because the particle-number
increase associated with apoptotic bodies is substantial for some samples,
size exclusion can possibly bias apoptosis measurements. This chapter is
devoted to the nuances inthe analysis of PI staining FACS data, specifically
pertaining to the implications from the apoptotic cellular fragments.

3.2. FACS-BASED DETECTION OF CELLULAR FRAGMENTS

As described previously, we used PI to stain cells with compromised
membranes to investigate the cell survival and death response. Inthe
histogram of PI, the death population is indicated by the peaks with high PI
fluorescence. For example, the larger peaks observed at low PI intensity
represents the live cell population, which is protected by the intact cell
membrane and does not readily take up PI; whereas the smaller peaks at high
PI intensity represents the death population (Figure 3.1). Inaddition, there are
two small peaks within the high PI intensity population (Figure 3.1), reflecting
the sub-populations that are at different stages of the cell cycle-e.g., Gap 1
stage or G1, Synthesis stage when DNA replication occurs, Gap 2 stage of G2,
and Mitosis stage when chromosomes separate and cytokinesis occur. The
sub-peak of a higher PI intensity represents the cell sub-population that
contains replicate copies of the DNA material.
Inaccordance with standard protocols, the FACSCalibur flow
cytometer was set to count 10,000 events per sample. In this case, the
coefficient of variance, which is the inverse square root of the number of
events, equals to 1%. By counting a large number of events, we can minimize
the percentage of error incurred from the methodology alone. Aside from the
fluorescence channels (such as the PI channel), every flow-cytometry
measurement accumulates two other readings depending on the direction of
the scattered light in relationship to the direction of the laser. First, low-angle
forward scatter or "forward scatter" is detected when the scattered light is on
the same axis as the laser and is used to roughly estimate the diameter of the
cell. A second light reading taken at 90' from the axis of the laser (or "side
scatter") is proportional to the cellular granularity or internal complexity. For
example, neutrophil granulocytes have higher side scatter than lymphocytes,
which are agranular. Based on the forward scatter (FSC) and side scatter
(SSC) plot (Figure 3.3), it is possible to distinguish whole cells and debris as

two separate populations. As shown in Figure 3.3, the whole cell population
scores higher on both the FSC and SSC axes in comparison to the debris
population. Typically, only intact cells (i.e., whole cells) within the gate are
used for quantification because "cell debris" consists cellular fragments (due to
mechanical damage and apoptotic responses), which cannot be easily
correlated to a number of whole cells.
The reason that cellular fragment are commonly excluded isthat one
apoptotic cell is thought to disintegrate into many apoptotic bodies. Here, it
may be of interest to consider the following geometric argument. By definition,
the formation of apoptotic bodies contained inthe cell debris region occurs
when cells break into small, membrane-wrapped fragments. Since any
formation of debris must conserve membrane area, the conservation of surface
area may be assumed. The flow cytometry data indicate that there is an
average of five-fold difference in forward scatter (FSC) between the debris and
the intact cells. FSC is roughly proportion to the cell diameter. Furthermore,
the average MSC size is approximatelyl2-13 imaccording to the Coulter
Counter measurement, whereas the debris is mostly below 2.5 [tm. This
indicates that most of the debris is 5 times smaller in diameter compared to an
intact cell. This five-fold reduction in diameter corresponds to a 25-fold
reduction in surface area, suggesting that on average one cell must break up
into about 25 bits upon disintegration.
3.3. STIMULUS-SPECIFIC FORMATION OF APOPTOTIC BODIES

When the hMSC's were plated on the polymeric substrates (with and
without EGF) and analyzed via FACS for Pl+ staining, we found a small
percentage of the entire cell sample that was apoptotic (Figure 3.1). When the
Pl+ staining population was quantified (Figure 3.2, left panel), there is a
statistically significant decrease in the tEGF group compared to control surface
with and without soluble EGF. However, the clinical significance of the
reduction in cell death on the tEGF substrates was questionable because the

overall death was low (<5%).
The polymer chemistry of the comb copolymer system controls the
degree of the surface resistance of non-specific protein adsorption by varying
the total wt% PEO and thus the spacing between PEO side chains at the
polymer surface (See Section 2.2.4). On the control substrates (with or without
soluble EGF), the cells remained largely rounded in shape with few
lamellapodia. By definition, inadequate cell-matrix interactions can induce
apoptosis known as anoikis

126,127.

Therefore, it was surprising to see such

small apoptosis values for all groups, because hMSC did not appear to be
interacting positively with the control surface (Fig. 2.3).
To examine the cellular differences between the groups more
closely, we next examined the percentage of cell debris, which was indicative
of apoptosis but excluded from the PI staining quantification. Cell debris
contributed less than 25% of the 10,000 scanned events for all groups (Figure
3.2, right panel). Inaddition, the percentage of cell debris for these different
treatment groups was roughly proportional to measured apoptosis that
counted whole cells only.
We found that the tEGF group produced the lowest cell death and
cell debris, with significantly more cell debris (including cell fragments and
apoptotic bodies) in the control and sEGF groups (Fig. 3.3). This raised the
possibility that the loss of cells as apoptotic bodies might quantitatively
underestimate the extent of cell death that was occurring on the control
surfaces. We therefore examined the contribution of cell debris to all of the
experiments presented in Chapter 2.
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Figure 3.1. PI histogram. Serum-starved hMSC's were plated at a density of
25x103 cells/cm2 on tissue culture polystyrene, control substrates (with and
without 100Ong/mL sEGF), and tEGF substrates. The cells were stained with
PI at 24 hours and analyzed via FACS.
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Figure 3.2. PI+ stained population percentage and cell debris percentage
quantified in hMSC's. Serum-starved hMSC's were plated at a density of
25x10 3 cells/cm 2 on control substrates (with and without 100ng/mL sEGF),
and tEGF substrates. The cells were stained with PI at 24 hours and
analyzed via FACS. Error bars represent s.e.m. of triplicate independent
cell samples. * p<0.05 in comparison to the control substrates.
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Figure 3.3. FACS side scatter and
forward scatter plots showing the
whole cell population and debris.
were
hMSC's
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plated at a density of 25x103
cells/cm2 on tissue culture
polystyrene, control substrates
(with and without 100 ng/mL
sEGF), and tEGF substrates. The
cells were stained with PI at 24
hours and analyzed via FACS.

3.4. APOPTOSIS ASSAY WITH CYTOKINE STIMULATION
Since the overall death population was small on the polymeric
substrates, it was unclear whether the surface modification of tEGF provided a
clinically significant advantage to hMSC's in terms of cell survival. In
consideration of the inflammatory environment surrounding a bone implant, we
demonstrated the responsiveness of hMSC's to FasL by stimulating hMSC's
plated on tissue culture polystyrene (i.e., "control" in Figure 3.4) with FasL (with
and without the protein synthesis inhibitor CHX). A representative PI staining
histogram illustrates a dramatic increase in PI intensity as the cells undergo
FasL-induced apoptosis when protein synthesis is inhibited by CHX (Figure
3.4, left panel). When PI+ staining was quantified, we found that the
percentage of Pl+ is much greater with the stimulation of FasL and CHX (Figure
3.4, right panel).
To demonstrate the potential effects of debris in the above FACS
analysis, we compared the FasL+CHX group to the control group since the
greatest difference in death population exists between these two conditions.
As shown in Figure 3.5, there is a dramatic increase in the percentage of cell
debris when apoptosis was induced with FasL+CHX, suggesting the
susceptibility of hMSC to FasL-induced apoptosis when anti-apoptosis protein
synthesis is inhibited by CHX. The distribution of the whole cell population and
debris population clearly shows a shift of the population into the debris zone
upon FasL-induced apoptosis. Therefore, we concluded that cell death occurs
due to the stimulation of FasL and the apoptotic body formation follows,
leading to a relative increase inthe percentage of cell debris and a relative
decrease in the percentage of whole cell population.
Because cell debris are excluded in the FACS quantification protocol
for PI staining, the final Pl+ cell population percentage is an under-estimation
of the actual death population. This is particularly true for hMSC, which quickly
disintegrate once apoptosis is initiated (data not shown). This under-

estimation may explain why the Pl+ percentage is 50~60% (Fig. 3.4) even
though the potency of apoptotic stimulation of FasL+CHX appeared to kill 90%
hMSC upon visual assessment. We made a similar comparison between cell
debris and PI staining in FasL-treated cells plated on polymer surfaces. As
mentioned earlier, without FasL stimulation, there was a small decrease in the
percentage of cell debris (p < 0.05; Fig. 3.6A, top). When FasL was added, cell
debris percentage increased in all groups and was significantly lower in the
tEGF group (p < 0.05; Fig. 3.6A, middle). The PI+ staining (Fig. 2.6) and cell
debris percentage evaluated by particle size (Fig. 3.6) showed a similar trend
among the three experimental groups (i.e., control, sEGF, and tEGF).
Specifically, low cell death on tEGF substrates that was attributed to tEGFconferred protection is observed with no cytokine treatment and is clearly
demonstrated with FasL stimulation (Fig. 2.6). A similar pattern is found inthe
cell debris data (Fig. 3.6); namely, as cell death increases, the percentage of
cell debris also increases.
Taken together, we conclude that excluding cell debris does not
qualitatively alter the trends in the data reported inthis thesis. However, we
cannot exclude the possibility of a quantitative effect of excluding cell debris
on the measured percentage of apoptosis-i.e., visual observation of cells
indicate that absolute values of cell death are likely different than those
measured via FACS by the current protocol. Unfortunately, the debris
subpopulation from these measurements cannot be accurately converted to
the number of apoptotic cells to correct for loss of fragmented cells. However,
it may be possible to modify the experimental setup, such that apoptotic cells
(and those lost as debris) can be accurately quantified by flow cytometry.
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Figure 3.4. FasL (with CHX) induces apoptosis in hMSC's. hMSC were plated at a density
of 25x103 cells/cm 2 on tissue culture polystyrene, serum-starved, and stimulated with Fas
+ CHX. The cells were stained with PI at 24 hours and analyzed via FACS. The figures
are representative of three biological replicates. Left: Pl+ histogram.
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Figure 3.6. hMSC cell debris trend is similar to cell death population trend.

A. Serum-starved hMSC were plated on control substrates, with and without
sEGF, and tEGF substrates. Apoptotic stimuli were added at 8 hours. Cell
debris were assessed according particle size at 24 hours and analyzed via
FAGS. Error bars represent s.e.m. of triplicate independent cell samples. B.
MEK inhibitor U0126 (1 [M) was added at 7 hours and allowed one hour of
incubation before FasL was added at 8 hours. Cell debris were analyzed via
FACSat 24 hours. Error bars represent s.e.m. of quadruplet sets of triplicate
independent cells samples. * p<0.05 in comparison to the control.
Abbreviations: hMSC = human mesenchymal stem cell; PI = propidium iodide;
sEGF = soluble epidermal growth factor; tEGF = tethered epidermal growth
factor

3.5.

FUTURE RECOMMENDATIONS FOR ACCURATELY QUANTIFYING DEATH

The current apoptosis assay via FACS underestimates total cell
death in hMSC because the apoptotic bodies are smaller than the size of a
whole cell and are excluded from the final quantification. Additionally, some
apoptotic bodies may be smaller than the minimum particle-size requirement
by the FACS cytometer and do not generate a signal. Therefore, the
underestimation results from excluding some apoptotic cells that have
disintegrated into apoptotic bodies.
At first, it may seem possible to correct the final cell death reading in
a way that takes into account cell loss. However, the difficulty is that one
apoptotic cell disintegrates into an unknown number of apoptotic bodies.
Thus, the counted number of cell fragments cannot accurately be converted to
an equivalent number of dead cells. To avoid biasing our measurements with
an improper correction for cell fragments, cells that disintegrated were not
included in the final quantification of the cell death presented in Chapter 2. A
further complication was that the flowcytometer detects a fixed number of
events (for our studies, 10,000 events), which include a variable number of
apoptotic bodies. Consequently, the volume containing the 10,000 events that
went through the cytometer was unknown and sample dependent, making it
impossible to calculate the number of disintegrated cells from our existing
dataset.
Although a typical PI-staining experiment cannot account for lost
cells, it may be possible to modify the current protocol to allow better
assessment of the amount of apoptotic bodies. One approach is to spike each
sample with a known number of fluorescent beads of a particular wavelength
(e.g., Flow Cytometery Absolute Count Standard from Bangs Laboratories,
Inc.) 128. By counting the number of beads detected (within the fluorescent
channel and size gate) and knowing the concentration of the beads inthe
sample, it is possible to calculate the exact fraction of the sample volume used

during the counting of a fixed number of events. Given the number of whole
cells counted by the flowcytometer, we now then calculate the total whole cells
and total debris in the sample.
Since we perform our experiments for 48 hours to investigate the
effect of tEGF in hMSC when inflammation occurs following implant placement,
the cells may proliferate during the experiment. Some cells will undergo
apoptosis while others will survive as time progresses. Among those cells that
survived, some may proliferate and give rise to daughter cells, which may
survive or die. To fully understand the final cell survival response to tEGF, we
must evaluate cell death in the context of cell proliferation.
BrdU can be used to detect proliferating cells by substituting
thymidine during DNA replication and incorporating into the DNA strands of the
daughter cells. Fluorescent anti-BrdU antibodies then can allow us to detect
the proliferating cells in the corresponding fluorescence channel. The current
experimental protocol could be adapted to include BrdU staining. The PI stain,
fluorescence beads, and BrdU need to be distinguishable on separate
fluorescence channels inthe flow cytometer. Since both daughter cells are
BrdU+, half of the number of BrdU+ cells equals the increase in cell number as
a result of proliferation. Subtracting these cells from the live cells (i.e., PI- cells),
we have the number of initial cells that survived. Inaddition, the ratio of the
total amount of fluorescent beads to the number of beads read by the
flowcytometer will allow us to determine the fraction of sample volume read
and thus normalize the cell count from different samples. Together, we reach
the following equation for quantifying the percentage of cells from the initial
population that underwent apoptosis during the experiment:
(P apoptosis = 1B
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Note that the above equation does not use the Pl+ population (including PI+
debris) to calculate cell death. Rather, we infer the extent of cell death by the
loss of viable cells during the experiment after correcting for increases in cell
number as a result of proliferation.
The fidelity of this approach can be checked by comparing the
estimated number of apoptotic cells to the total number of Pl+ cells and debris.
For example, the ratio of cell debris to the estimated apoptotic cells that have
disintegrated into apoptotic bodies (see formula below) should be a relative
large number, to be consistent with our assumption that one apoptotic cell
would result multiple cell debris pieces.
Debris
+
Estimate - PI~wholecells

where Estimate denotes the number of apoptotic cells obtained from the
percentage of apoptosis formula described in the previous paragraph. This
quick check would also provide an understanding of the relationship (on the
order of magnitude) between apoptotic cells and debris development.

CHAPTER 4.
EXTENDED INVESTIGATION OF CTP RESPONSES AND FIBRONECTIN
EFFECTS ON CELL SIGNALING AND SPREADING ON TEGF

4.1. INTRODUCTION

Inthe previous chapters we mainly focused on our research effort in
hMSC, along with validation of simple apoptotic responses in hCTP. Because
hMSC is an hTERT immortalized cell line, it offers great flexibility in its
availability, quantity, and in vitro maintenance. However, there are questions
about its biological and physiological validity as an experimental model. Here,
we extend the investigation of cell behaviors by tEGF to additional cell types,
namely primary porcine bone-marrow-derived CTP (pCTP) and murine
fibroblast line (NR6wt). pCTP are obtained from bone marrow harvested from
Yugatan minipigs via standard protocols 72 and have not undergone extensive
in vitro manipulations as they are only maintained for limited passages. NR6wt
is a cell line that has been well characterized in our laboratories and therefore
serves a good reference for cell behaviors. Using pCTP and NR6wt, we
examine the previously described signaling and morphological changes on
tEGF substrates that were initially tested in hMSC.
Growth factors are commonly presented in combination with
adhesion proteins. To begin to investigate the interaction between tEGF and
adhesion signaling, we used fibronectin (Fn) as an adhesion ligand via surface
adsorption. We have previously shown that tEGF confers advantages in cell
survival through increased cell spreading and ERK activation. Here, we
investigate the role of Fn in modulating tEGF-induced responses. We further
evaluate whether Fn-coating on polymeric substrates is a plausible procedure
to include in the experimental design of implant materials.

4.2. MATERIAL & METHODS
4.2.1. GROWTH FACTORS, ANTIBODIES AND SIGNALING REAGENTS

Murine EGF was purchased from PeproTech Inc., and porcine EGF from
GroPep Biotechnology. EGFR inhibitors PD153035 was from Calbiochem.
Rabbit polyclonal anti-phospho-p44/42 Map kinase, rabbit polyclonal anti-EGF
receptor, rabbit polyclonal anti-phospho-Akt were purchased from Cell
Signaling; rabbit polyclonal anti-MAP kinase/ERK1/2-CT was from Upstate.
Mouse monoclonal anti-at-tubulin was from Calbiochem. Donkey anti-rabbit
and sheep anti-mouse IgG peroxidase-linked secondary antibodies were from
Amersham Biosciences. Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer Life Sciences) or ECL Advanced Western Blotting Detection Kit
M
T

(Amersham Biosciences) was used to visualize the protein bands with Kodak
ISO1000 Image Station. Densitometry was performed with Kodak software.
4.2.2. CELL CULTURE

Primary porcine CTP, a gift from Dr. J.P. Vacanti (Massachusetts
General Hospital, Boston, MA), were isolated from fresh marrow aspirates
using a percoll gradient centrifugation approach, seeded at an initial density of
1.6 x 106 cells/cm 2, and split after reaching confluency 72. The media
formulation contained DMEM 10% FBS, 1% pyruvate, 1% L-glutamine, 1%
non-essential amino acids, and 1% penicillin-streptomycin (Invitrogen), at 37°C
in a humidified atmosphere of 5% CO2/95% air. The cells were used within 5
passages.
NR6wt cell line was derived from mouse fibroblast NIH 3T3 cells
(originally obtained from Alan Wells' laboratory at the University of Pittsburgh).
These cells lacked endogenous epidermal growth factor receptor and were
transfected to express human EGFR
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NR6wt cells were obtained within the

LGG lab and were grown in Minimum Essential Medium alpha (MEMa),

supplemented with 7.5% fetal bovine serum, 1% L-Glutamine, 1% penicillinstreptomycin, 1% sodium pyruvate, 1% non-essential amino acids, and 1%
Geneticin Tm G418 sulfate. NR6wt cells were detached by trypsin during a
passage. Cells were grown in 100mm polystyrene tissue culture plates
(Falcon®) to near confluence prior to experimentation. All chemicals were from
GibcoBRL® unless otherwise noted.
4.2.3. SPIN-COATING THIN FILM PROTOCOL
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Coverslips were sonicated in ethanol for 30 minutes at room
temperature. After decanting the ethanol, the coverslips were placed in a small
crystallization dish. Ina 50 mL glass graduated cylinder, mix 49 mL of ethanol
solution (95% v/v inwater, adjusted to pH 4.5 - 5.5 with glacial acetic acid)
and 1 mL methacrylpropyltriethoxysilane (MPTS) to make a 2% MPTS solution,
which was then added to small crystallization dish containing the coverslips
and agitated continuously for 5 minutes. The solution was discarded into a
hazardous waste container for disposal. The coverslips were rinsed in pure
ethanol to remove any excess MPTS and separated quickly to air dry. The
coverslips were allowed to cure for 24 hours at room temperature (or 10
minutes at 110OC if desired) and stored away from dust at room temperature.
A comb polymer solution of 20 mg polymer per 1 mL DMF was
prepared. A drop of approximately 20 mL was deposited onto a 12 mm
coverslip (or 14 mL to a 10 mm coverslip) and let sit for 20 seconds before
starting the spinner at 2000 RPM for 30 seconds. Finally, the coverslips were
stored at minimum overnight under vacuum.
4.2.4. Polymeric substrate preparation
Please refer to Section 2.2.4 for details.

4.2.5. Activation of EGFR and Akt signaling pathways
Prior to growth factor stimulation, the cells were serum-starved in a
serum-free basic medium (as described previously), supplemented with 1%
pyruvate, 1%L-glutamine, 1% non-essential amino acids, and 1% penicillinstreptomycin] for 14-16 hours. The cells were detached with Versene
(Invitrogen) and plated in the serum-free medium with the appropriate stimuli at
a density of 25x1 03 cells/cm2 on the polymeric substrates and incubated at
370C. The cells were pretreated for an hour with inhibitors when needed. At
the indicated time points after plating, all adherent and non-adherent cells were
pooled from two coverslips and incubated on ice for at least 15 minutes in20
[L of lysis buffer (50 mM 3-glycerophosphate at pH 7.3, 10 mM Napyrophosphate, 30 mM NaF, 50 mM Tris base at pH 7.5, 1% Triton X-100, 150
mM NaCI, 1 mM benazmidine, and 2 mM EGTA, 100 [tM Na3VO4, 1 mM DTT,
10 p[g/mL aprotinin, 10 [g/mL leupeptin, 1 tg/mL pepstatin, 1 [g/mL
microcystin-LR, and 1 mM phenyl methylsulphonyl fluroride). The supernatants
were collected following 15 minutes of centrifugation at 16,000 g and stored at
-80oC. For the 0-hour time point, the cell mixtures were spun down at 450 g
for 10 minutes at 40C. Medium was aspirated and the cell pellet was lysed.
The protein content of the cell lysates was determined using the Micro BCA
protein assay (Pierce). The supernatants were collected and stored at -800C.
4.2.6. CELL SPREADING MICROSCOPY AND VIDEOMICROSCOPY

Static images of cells were taken under DIC optics with a 10Ox or 20x
lens after at least 4 hours of incubation on polymeric surfaces to allow cell
adhesion. Typically, at least 3 random microscopic fields were captured to
represent the average cell morphology on each surface. Second, pictures
taken of pre-defined fields at an hourly increment were assembled into a movie
to approximate cell spreading over a 24-hour period. For this purpose, serumstarved cells were seeded at a density of 10x103 cells/cm2 on the polymeric

surface within a sealed chamber that was mounted to the Carl Zeiss Axoivet 35
microscope.
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Figure 4.1.1. Verification of Western blot linearity for ERK (A) and Akt (B)
in pCTP. Cells were plated on tissue culture grade polystyrene to subconfluence, serum-starved for 14-16 hours, and then stimulated with 100
ng/mL sEGF. Cell lysates were collected at 10 minutes, analyzed for ERK (A)
and Akt (B) phosphorylation at the indicated protein levels by Western blotting,
and quantified by densitometry. Abbreviations: sEGF = soluble epidermal
growth factor; pERK = phospho-ERK; pAkt = phospho-Akt.
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Figure 4.1.2. Verification of Western blot linearity for Akt in murine NT6wt

fibroblasts. Cells were plated on tissue culture grade polystyrene to subconfluence, serum-starved for 14-16 hours, and then stimulated with 100
ng/mL sEGF. Cell lysates were collected at 10 minutes, analyzed for ERK (A)
and Akt (B)phosphorylation at the indicated protein levels by Western blotting,
and quantified by densitometry. Abbreviations: sEGF = soluble epidermal
growth factor; pERK = phospho-ERK; pAkt = phospho-Akt.

4.3. RESULTS AND DISCUSSION

4.3.1. CHARACTERIZATION OF PCTP AND NR6wT

To quantify ERK and Akt intracellular signaling responses, we first

verified the linearity of Western blotting within the relevant protein loading
levels (Fig 4.1.1 and 4.1.2, ERK linearity data for NR6wt not shown). Based on
this finding, we determined the protein loading for Western blots to be 10g,
which is within the linear range for ERK and Akt in both cell types. This amount
of lysate is compatible with the experimental protocol for plating cells on tEGF
surfaces and quantifying signaling proteins (Chapter 2).
4.3.2. EGFR LIGANDS ACTIVATE ERK, AKT AND PLCy INPCTP

Several important intracellular signals have been identified for EGFRmediated pathways, whose activation can be detected by their
phosphorylation state. Phospho-PLCy supports motility, phospho-ERK
contributes to both motility and proliferation ", and phospho-Akt is involved in
cell survival. We plated pCTP on culture grade polystyrene, serum-starved the
cells with the basic medium formulation that contained Advanced DMEM
(Gibco) and 0% FBS, and stimulated the cells with EGF and PDGF
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We

found that EGFR phosphorylation was detectable in pCTP stimulated with
sEGF and could be suppressed by the EGFR kinase inhibitor PD153035.
EGFR phosphorylation was accompanied by a slight downregulation of the
EGFR, consistent with the ubiquitination and degradation of activated
receptors (Fig 4.2) "88,9 sEGF caused a robust activation of ERK and a slight

activation of Akt, both of which were suppressed by PD153035 and were
similar to the pattern seen in hMSC. Conversely, PDGF weakly activated ERK
and strongly activated Akt, and PDGF signaling was not suppressed by
PD153035. Furthermore, a qualitative difference between EGF and PDGF
signaling was noted along the PLCy pathway. PDGF induced a substantial

activation of PLCy that was not suppressed by the EGFR inhibitor PD153035,
whereas sEGF did not stimulate any detectable PLCy activation (Fig. 4.2). We
conclude that sEGF-induced signaling along the ERK and Akt pathways in
pCTP is similar to that observed in hMSC. Importantly, this pattern of MSC
signaling is not generic to all growth factors, since PDGF signaling is clearly
different (Fig. 4.2). Because of the apparent commonality between primary
MSC and an MSC line, we considered it reasonable to pursue most of our indepth studies in hMSC (Chapter 2).

pAKT

pERK
pPLCy

pE(GR
EG FR

P-Actin

Figure 4.2. EGFR signal transduction in pCTP. Cells cultured on polystyrene
were serum-starved and treated for 10 minutes with EGF or PDGF with and
without the EGFR inhibitor PD153035. Phosphorylation status of key signaling
intermediaries were determined via Western blotting. Data are representative of
three independent replicates. Abbreviations: EGF = epidermal growth factor;
EGFR = EGF receptor; pEGFR = phospho EGFR; AKT = protein kinase B / akt;
pAKT = phospho AKT; PDGF = platelet derived growth factor; PLCg =
phospholipase C-g; pPLCg = phospho PLCg; ERK = extracellular signal-

regulated protein kinase; pERK = phospho ERK

4.3.3. KINETICS OF EGFR SIGNALING PATHWAYS STIMULATED BY TEGF
We have previously shown that immortalized hMSC respond to tEGF
by increased cell spreading (Fig. 2.3) and increased ERK phosphorylation (Fig.

2.2.1). To prove that these findings are not only limited to this particular cell
line, it was important to confirm similar cellular properties induced by tEGF in a
primary MSC. To extend our studies to nonimmortalized cells, primary MSC
were isolated from freshly harvested bone marrow from the iliac crest region
and maintained in vitro for a limited number of passages (Section 4.2.2).
When pCTP were cultured on control and tEGF-modified polymeric
substrates, we found that tEGF induced elevated ERK phosphorylation as
early as 2 hours compared to the control (Fig. 4.3.1.A). ERK phosphorylation
on tEGF substrates continued to increase at 4 and 8 hours, whereas ERK
phosphorylation on the control substrates showed a slight increase at 4 hours
and returned to the background level by 8 hours (Fig. 4.3.1.A). ERK
phosphorylation in the tEGF group was at least 4-fold higher than the control
group at 8 hours, and elevated ERK signaling was sustained for 24 hours (Fig.
4.3.1.A). We repeated the experiment and confirmed that the elevated ERK
phosphorylation at both 8 and 24 hours (Fig. 4.3.1 .B). This observation was
consistent with the elevated level of ERK phosphorylation in hMSC cultured
on tEGF substrates at 8 and 24 hours (Fig. 2.2.1). When the experiment was
extended to 48 hours, tEGF-induced ERK activation started to reduce to the
control level. Since ERK deactivation appeared to occur before and after 48
hours, there was a great fluctuation around the plotted average value (Fig.
4.3.1 .B). Therefore, we no longer observed a clear phospho-ERK elevation
on tEGF substrates compared to the control. Here, we conclude that pCTP
respond to tEGF and produce sustainable phospho-ERK elevation for up to
24 hours, similar to what is observed in hMSC.
We also examined the signaling responses to tEGF in a murine
fibroblast line, NR6wt (see Section 4.2.2). This cell line has been investigated

in multiple projects in the Griffith and Lauffenburger Laboratories and serves
as a good reference for MSC properties. As shown in Fig. 4.3.2, ERK
phosphorylation in NR6wt cells remained largely unchanged at the
background level from 4 to 24 hours, whereas ERK phosphorylation was
slightly elevated at 4 hours compared to the control (with and without sEGF).
However, ERK phosphorylation in the tEGF group quickly declined and
became indistinguishable to that in the sEGF group by 8 hours. This finding
was in contrast to the persistent ERK activation seen in both pCTP and
hMSC at 8 and 24 hours (Fig. 4.3.1 and 2.2.1, respectively). The discrepancy
in ERK signaling suggests that the sustained tEGF-induced ERK activation is
a unique property of MSC and may not be generalizable to all cell types. The
NR6wt cell line contains over-expressed human EGFR at the cell membrane,
so it is unclear how physiologically relevant their cell response might be
compared to endogenous EGFR on MSC. For instance, NR6wt may have
different kinetics of EGFR signal downregulation compared to MSC, leading
to the shorter duration of the elevated ERK phosphorylation downstream of
EGF-EGFR binding. Among MSC types, however, our results clearly show
that tEGF promotes sustained ERK signaling.
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Figure 4.3.1. tEGF induces ERK phosphorylation in pCTP. Serum-starved
pCTP were plated at a density of 25xl 03 cells/cm 2 on the control substrates
and the tEGF substrates, and cells were lysed at the indicated times. pERK
was normalized by densitometry relative to total ERK. A. Experimental result,
n=1. B. Error bars represent s.e.m. of triplicate independent lysates. Each
experiment is normalized to the respective maximum. Abbreviations: sEGF =
soluble epidermal growth factor; tEGF = tethered epidermal growth factor;
pERK = phospho-ERK
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Figure 4.3.2. Effect of tEGF on ERK phosphorylation in NR6wt. Serumstarved cells were plated at a density of 25x1 03 cells/cm 2 on the control
substrates with and without sEGF (100 ng/ml) and the tEGF substrates, and
cells were lysed at the indicated times. pERK was normalized by densitometry
relative to total ERK. Abbreviations: sEGF = soluble epidermal growth factor;
tEGF = tethered epidermal growth factor; pERK = phospho-ERK
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FIGURE 4.4. Effect of tEGF on Akt signaling in pCTP (A) and NR6wt (B).
Serum-starved cells were plated at a density of 25x103 cells/cm2 on control
and tEGF substrates, and cells were lysed at the indicated times. pAkt was
normalized by densitometry relative to tubulin. Error bars represent s.e.m. of
triplicate independent lysates. Abbreviations: sEGF = soluble epidermal
growth factor; tEGF = tethered epidermal growth factor; pAkt = phospho-Akt

When Akt signaling was examined in pCTP and NR6wt, we found
that Akt phosphorylation was not significantly different on tEGF substrates
compared to the control substrates at 8 and 24 hours (Fig. 4.4). The lack of
differential Akt phosphorylation was also observed in hMSC (Fig. 2.2.2). We
found significant Akt phosphorylation in the control groups in all three tested
cell types, indicating that there may be a nonspecific Akt response to the
mechanical stimulation or surface receptor interactions. Overall, both pCTP
and hMSC showed no significant Akt signaling difference on tEGF substrates
compared to the control. Thus, these two types of CTP share a similar
signaling pattern induced by tEGF: sustained ERK signaling and minimal
specific activation of the Akt pathway.
4.3.4. CELL MORPHOLOGY ON POLYMERIC SUBSTRATES MODIFIED WITH TEGF

Having observed similar cell signaling patterns in pCTP compared to
hMSC when cultured on tEGF substrates, we were interested to find out
whether cell spreading was also comparable in these MSC types. When plated
on the control polymeric substrates, pCTP largely remained rounded in shape
with little spreading (Fig. 4.5.A). Incontrast, pCTP on the tEGF substrate had
flattened morphology and showed dramatic spreading by 24 hours (Fig. 4.5.B).
Furthermore, we setup a time-lapse videomicroscopy during the 24-hour
period to take snapshots of chosen locations on the substrates every hour so
that we could evaluate the cell-spreading pattern over time. We found that
pCTP on the control substrate mostly remained where they initially adhered
and had little movement. On the tEGF substrate, cell spreading occurred as
early as 1 hour post-plating and was reflected in the increase inthe area
occupied by each cell. The extension of the lamellapodia inthe direction of the
cell movement was readily observable. In addition, we noticed substantial cell
movement on the tEGF substrate compared to the control substrate during the
24-hour period.

The differential morphological change on tEGF substrates in primary
pCTP provided supporting evidence for our hypothesis that tEGF favorably
influences cell behavior. It again confirmed our finding that tEGF-induced cell
spreading was not only limited to the immortalized hMSC line (Fig. 2.3.C) since
a similar increased spreading was seen in pCTP, which was isolated from fresh
harvested bone marrow. The comparable signaling and spreading responses
led us to pursue more challenging and in-depth experiments using hMSC,
because hMSC could be easily managed and were available in larger
quantities.
Interestingly, a different picture emerged when NR6wt cells were
cultured on tEGF substrates. For the same experimental conditions as MSC,
we observed negligible differences in spreading on tEGF compared to control
surfaces for murine NR6wt cells. Instead, the cells appeared to interact
positively with both surfaces, showing increased cell area and the formation of
lamellapodia. Inagreement with previous results, tEGF surfaces appeared to
promote proliferation of NR6wt cells, as seen by an increase in cell number
(Fig. 4.5.C and D). Thus, tEGF did provide a unique biological responsiveness
to the NR6wt line by promoting proliferation, but this activity was distinct from
that seen in MSC (where spreading was promoted).
Our findings again suggested that tEGF-induced spreading might be
a property that is unique to MSC and not expressed in all cell types.
Additionally, the lack of differential cell spreading on tEGF substrates in NR6wt
might be linked to the lack of sustained phospho-ERK elevation at 8 to 24
hours in NR6wt (Fig. 4.3.2) compared to MSC (Fig. 4.3.1 and Fig. 2.2.2). We
have showed previously that tEGF confers increased cell spreading via ERK
activation in hMSC (Chapter 2). If the same causative relationship applies to
NR6wt, the lack of tEGF-specific cell spreading in NR6wt could be due to the
phospho-ERK decline at 8 hours. Alternatively, there may be intrinsic
differences in cell-matrix interaction among these cell types. NR6wt is

presumably a cell line that is adheres well to culture surfaces. It is likely that
NR6wt are more proficient at producing and distributing their own extracellular
matrices to aid in adhesion. In both hMSC and pCTP, we found little spreading
on the control substrates that was not modified with tEGF. It may be possible
for NR6wt to overcome such an adhesion-unfriendly surface, because NR6wt
cells may have the general ability to initiate adhesion more easily than CTP.
Therefore, the potential spreading difference conferred by the polymeric
substrates would not be observed since NR6wt cells readily adhere and spread
on both the control and tEGF substrates. Despite the apparent CTP specificity
of the spreading phenotype induced by tEGF, our results show that CTP
spreading is evident in both the immortalized MSC line and primary CTP.

Figure 4.5. tEGF causes spreading of pCTP (A,B)but not in murine NR6wt
fibroblasts (C,D) on polymeric substrates. Light microscopy images of cells
in the serum-free medium were taken at 10Ox (A,B) and 5x (C,D) magnification at
24 hours on control (A,C) and tEGF substrates (B,D). Results are representative
of three biological replicates. Abbreviations: tEGF = tethered epidermal growth
factor.
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4.3.5. BEHAVIOR VARIATIONS IN PCTP

Although we observed spreading differences in primary pCTP (Fig.
4.5), the differences were highly variable from experiment to experiment. Our
consistent results with hMSC indicated that this variability was not a result of
the surface preparation, suggesting that the main contributor was variability of
the primary cells. There are many difficulties inworking with primary pCTP.
First, since pCTP are isolated from freshly harvested bone marrow, the quantity
of cells is extremely limited and availability is unpredictable. The harvest time
was largely dictated by the surgery date at the Massachusetts General Hospital
when a Yugatan minipig was available to be sacrificed. To maintain the
characteristics of these primary cells, the invitro passage numbers had to be
kept low to avoid loss of CTP properties. Consequently, a finite number of
experiments could be performed with cells harvested from each minipig. A
second complication was that we found that the doubling rate in pCTP was
highly dependent on the cell density-e.g., pCTP proliferated at a noticeably
increased rate after reaching a certain confluence on the culture grade
polystyrene. This unavoidably led to some inconsistency in experimental
results, since pCTP behaviors were clearly influenced by the passage number
and cell doubling. To minimize this type of variability, we had to strictly control
the in vitro culture period before enough cells were obtained and an experiment
was performed. Last, because harvested pCTP are primary in nature, there
was batch-to-batch variability, probably attributed to the harvesting procedures
and the individual differences among animals (even though the minipigs were of
the same breed and age group). Taken together, these sources of variability
caused significant quantitative fluctuations in the response of primary pCTP to
the tEGF surfaces.
To demonstrate the variation in pCTP morphology, we took
microscopic images of pCTP plated on tEGF and control substrates from
repeated experiments, using cells at different passage numbers and from

different animal specimens. At times, primary CTP had the tendency to form
clusters, even though the cells were well mixed during plating and the cell
desposits were well dispersed immediately after plating. For example, Figure
4.6 shows several clusters on the polymeric substrates, imaged at 24 hours.
Note that there were a number of clusters on the control substrates but they
were not captured in the imaged fields. Although we still observed increased
cell spreading on tEGF substrates compared to the control with and without
sEGF (Fig. 4.6), the differential spreading inthis case was certainly less striking
compared to the previous experiment (Fig. 4.5).
As a result of the formation of cellular clusters, it was difficult to
quantify the cell spreading area for the following reasons. First, the clustered
cells (even when plated on tEGF substrates) were less likely to spread,
probably because of contact inhibition from the surrounding cells within the
cluster. Second, clustered cells were tightly surrounded by neighboring cells
and almost impossible to distinguish from each other, making the
quantification of cell spreading by cell-area measurement very difficult. Third,
cluster formations substantially reduced the uniformity of the cell distribution
on substrates and therefore compromised the accuracy of representation of
the imaged fields. Furthermore, staining with membrane-penetrating dyes
(e.x., Sytox to stain dead cells and Hoechst to stain live cells) was helpful,
because the clusters were three-dimensional spheroids and contained both
live and dead cells.
When studying the contributing factors to cluster formations, we
discovered that, besides the intrinsic variability among animal subjects, a
higher occurrence of cluster formations was found when the plating took place
at high passage numbers. Additionally, when pCTP reached a particular
confluence level and became close to surrounding cells, it was difficult to
separate these cells even after a long incubation period with Versene to disrupt
integrin engagement and manual mixing of the cell mixture. Subsequently, we

were more likely to see cell clusters if the cell suspension was not well mixed
prior to plating. It is possible that cell-cell interaction was stronger and easier
to achieve compared to cell-matrix interaction particular because the polymeric
surfaces are somewhat resistant to cell adhesion due to reduced non-specific
protein adsorption.
To reduce the incidents of cluster formations, we strictly kept the
confluence level to be less than 60% during in vitro cultures and conducted
experiments at Passage 3 as to minimize potential variations caused by
different culture procedures and conditions. Insummary, although the primary
pCTP are not immortalized and serve as a more physiologically accurate model
system to study cell behaviors on tEGF substrates, ex vivo experimentation
with pCTP introduces substantial challenges in the quantification of
morphologic outcomes. Because pCTP have intrinsic variability and are more
sensitive to subtle fluctuations in tissue culturing and experimental setup,
which subsequently lead to less consistent experimental results, we largely
focused our efforts in dissecting basic cell signaling responses to tEGF with
hMSC and used pCTP to verify the biological relevance of hMSC as an
experimental model.

Figure 4.6. tEGF causes spreading of pCTP. Light microscopy images of
cells in the serum-free medium were taken at 10Ox magnification at 24 hours on
control with and without sEGF (A,C) and tEGF substrates (B). Results are
representative of three biological replicates. Abbreviations: tEGF = tethered
epidermal growth factor, sEGF = soluble epidermal growth factor.
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4.3.6. EFFECTS OF FIBRONECTIN INTEGF-INDUCED SIGNAUNG INCTP

Since the unmodified comb copolymer with 33% PEO is resistant to
non-specific protein adsorption and hence cell adhesion, an alternative to
decreasing PEO content for allowing cell adhesion is to coat the polymer
surface with the adhesion ligand fibronectin (Fn). With this approach, the
polymer substrates were incubated in the Fn solution for 10-14 hours at 4°C to
allow adsorption and then washed with phosphate buffered saline (PBS) before
serum-starved pCTP were plated onto the substrates.
To examine the effect of Fn, we coated the polymer substrates in Fn
solutions of various concentrations (i.e., 0, 1,and 3 Rg/mL). When the cell
lysates were collected at 8 and 24 hours and analyzed via Western blotting for
ERK phosphorylation, we found that ERK activation was elevated in the tEGF
groups compared to the control groups. Fn-concentration did not significantly
alter ERK phosphorylation at 8 and 24 hours (Fig. 4.6.A). When we plated
pCTP on control substrates with sEGF in the incubation medium, we found
that ERK activation was comparable to that in the tEGF group, both of which
were more elevated compared to the control group (without EGF) (Fig. 4.6.B).
This contrasts previous experimental results that showed an increased ERK
signaling in tEGF compared to sEGF stimulation in hMSC plated on surfaces
lacking Fn (Fig. 2.2.1).
Because Fn enhanced cell adhesion on the unmodified polymer
substrates in the sEGF group, the associated phospho-ERK increase would be
consistent with our previous finding in hMSC. Namely, that ERK activation was
correlated with increased cell spreading and EGFR signaling inhibitors
suppressed both ERK phosphorylation and spreading (Chapter 2). The
interaction between growth factors such as EGF and adhesion proteins such
as Fn is an active area of research 121. However, for our studies, we decided to
conduct experiments without a Fn-coating on the substrates to eliminate

potential effects on cell adhesion due to Fn-coating. By doing so, it allowed us
to investigate the association between cell signaling and morphological
changes induced specifically by tEGF.
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FIGURE 4.7. Adsorbed fibronectin did not affect the EGF-induced ERK
phosphorylation in pCTP. The spin-coated polymeric surfaces were coated
with fibronectin 0, 1, and 3 [tg/mL) for 10-14 hours and washed in PBS before
serum-starved pCTP were plated. Cell lysates were collected at 0, 8, and 24
hours for Western Blot analysis of ERK phosphorylation. Densitometry data
were normalized to total ERK level. Abbreviations: Fn = fibronectin, comb =
control substrate, tEGF = tethered epidermal growth factor, sEGF = soluble
epidermal growth factor, pERK = phospho-ERK.

4.3.7. EFFCTS OF FIBRONECTIN IN TEGF-INDUCED MORPHOLOGY IN MSC

The alterations in ERK signaling caused by Fn-coating prompted us
to hypothesize that Fn-coating would affect cell adhesion and inturn change
tEGF-induced cell spreading pattern. To investigate the hypothesis, we plated
serum-starved hMSC onto tEGF and control substrates, with and without the
Fn-coating (1 ig/mL). Note that hMSC were used here because of their
similarity to pCTP and consistency as described previously. Without Fncoating, we observed increased cell spreading and colony formations on tEGF
substrates whereas little spreading was evident on control substrates at 24
hours (Fig. 4.7.A and B). This was consistent with our previous experimental
results that showed tEGF-induced cell spreading in CTP (Fig. 4.5 and Chapter
2). Incontrast, cells that were plated on either control or tEGF substrates with
Fn-coating showed good cell spreading at 24 hours (Fig. 4.7.C and D). In
addition, there was noticeably increased cell proliferation on the substrates
with Fn-coating compared to those without (Fig. 4.7). At 24 hours, the cells
were nearly 100% confluent on both the control and tEGF substrates with Fncoating (Fig. 4.7.C and D), whereas the cells on the control substrates without
Fn-coating did not show evidence of proliferation and the cells on the tEGF
substrates without Fn-coating were approximately 30% confluent. This
suggests that Fn-assisted cell adhesion plays a critical role in initiating cell
spreading and improving cell proliferation on polymeric surfaces.
The observation that tEGF-conferred cell spreading and possibly
proliferation is masked by an adsorbed Fn may be partly attributed to Fn as an
adhesion ligand. Fn is known to induce ERK activation

121,131,

via an

independent signaling pathway from EGF-induced ERK activation. Although
this is a transient signaling activation, which usually returns to the background
level within a short period of time and is unlike the sustained ERK activation we
observed on tEGF substrates, it is possible that this Fn-induced signaling
affects the initial cell adhesion mechanism and contributes to improved cell
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proliferation on the control substrates. Thus, EGF-induced ERK activation and
Fn-induced signaling would independently contribute to observed cell
spreading and proliferation. Our previous finding showed some recovery of
suppressed cell spreading at 24 hours from the MEK inhibitor U0126 when the
ERK phosphorylation was still decreased (Fig. 2.4.2), suggesting signaling
pathways other than ERK may be involved in controlling cell spreading at later
times. This supports the above speculation that the adhesion ligand Fn may
initiate a signaling pathway that acts independently from ERK and leads to
morphological changes in MSC. Candidates of Fn-dependent cell signals
include focal adhesion kinase (FAK), which is a nonreceptor tyrosine kinase
and a signal directly downstream of cell-matrix interactions

132, 133

It has been

shown that FAK acts as a positive regulator in cell spreading and migration ".
Inaddition, a high level of FAK protein and activity can cause ERK activation 135
and cell proliferation ", suggesting that FAK may play a role in controlling
MSC behavior on tEGF-modified polymer surfaces.

Figure 4.7. Fibronectin is capable of inducing cell spreading without
tethered EGF. Serum-starved hMSC were plated on control and tethered-EGF
(tEGF) surfaces with (A&B) and without (C&D) overnight fibronectin coating (1
[g/mL). Images were taken at 24 hours and representative of three
independent replicates.
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4.4.

FUTURE RECOMMENDATIONS

4.4.1 INVESTIGATION OF CELL SPREADING AND APOPTOSIS

Inthis thesis project, we have shown that tEGF confers survival (i.e.,
apoptosis resistance) and increased spreading downstream of EGFR-mediated
ERK activation. It has been suggested that decreased cell spreading leads to a
distinct form of apoptosis known as anoikis

127,137.

Consequently, the next step

in understanding CTP responses to tEGF surfaces may start with studying the
interplay between adhesion and survival induced by tEGF.
An important question is to distinguish whether apoptosis occurs as
a result of decreased spreading or if spreading occurs as a result of decreased
apoptosis. The ordering of these phenotypes can be studied
pharmacologically. Specifically, apoptosis can be blocked to examine its
potential effects on cell spreading and vice versa. There are various
commercially available caspase-inhibitors that affect different relays on the
apoptosis pathway, which can be used to probe the importance of key
apoptotic signals. For example, the pancaspase inhibitor zVAD-fmk blocks the
caspase-dependent apoptosis pathway 138, 139 However, it remains unclear

whether inhibition of apoptosis inturn leads to increased cell spreading. To
explore this aspect of MSC behaviors, cells would be plated on control and
tEGF substrates as previously described but in the presence of caspase
inhibitors, and cell spreading is quantified via tracing of microscopic images at
later time points. Conversely, cell spreading can be blocked while cell death
and apoptosis is measured. It has been shown that the Rho-kinase inhibitor or
ROCK-II inhibitor Y-27632 inhibits formation of focal adhesions during cell
spreading 140. Similarly, the ROCK-Il inhibitor Fasudil was shown to suppress
phosphorylation of ERK, cell spreading and proliferation 141. On the other hand,
Rho/ROCK-I/myosin light chain pathway has been implicated in the execution
of apoptosis. Minambres et al demonstrated that peak levels of ROCK
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activation accompanied apoptosis during ethanol-induced anoikis; and that
pretreatment with ROCK-inhibitors prevented the apoptotic membrane
blebbing in astrocytes 142. Hence, it is difficult to predict how CTP morphology
will be influenced by the ROCK inhibitors and whether apoptosis would be
affected as a result. It is not clear which of these mechanisms might operate in
CTP plated on tEGF surfaces. Despite previous reports linking spreading and
apoptosis, it is also possible that these are not sequential but parallel
phenotypes in CTP.
4.4.2 STUDIES OF CTP OF DIFFERENT ORIGIN

We have conducted a large portion of the experiments with
immortalized hMSC partly because of the limited availability and intrinsic
variations of primary cells such as pCTP and hCTP. An extension of the
current thesis would be to reproduce some of the key experiments with
primary cells, so that we may further our understanding of the cellular
behaviors under the influence of exogenous growth factors in an implant
relevant environment. We have discussed the difficulties that are involved in
working with primary cells in Section 4.3.5. Other than the recommendations
mentioned in that section, another alternative would be to immortalize the
primary cells. When cells are immortalized, they can be cultured for a longer
period with relatively more consistency in behavior. Understandably, one may
argue that immortalization could alter cell behaviors and introduce artifacts that
are not truly reflective of physiological cell behaviors. However, by studying
multiple immortalized cell lines we could maximize the likelihood of capturing
the cellular responses that are truly characteristic of CTP.
4.4.3 QUANTIFYING APOPTOSIS VERSUS CELL DEATH

We have quantified cell survival on tEGF substrates by measuring PI
staining of hMSC. Since PI is a membrane permeable dye that is readily
picked up by cells with leaky membranes, PI staining reflects overall cell death
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that includes both apoptosis and necrosis. Inour experiments, the apoptotic
stimuli such as FasL and TRAIL were used to challenge the cells and to
simulate conditions relevant to a post-implantation inflammation condition.
Therefore, it is reasonable for us to infer that the cell death induced by the
above pro-apoptotic stimuli was predominantly due to apoptosis. However,
because the experimental results obtained with the current assay encompass
all cell death, it would be valuable to quantify the relative contributions of
apoptosis and necrosis. To isolate cell apoptosis, in addition to PI we could
stain cells with an antibody for caspase-3, which is the executioner caspase
that is activated by the initiator caspase-9 and causes apoptosis

143.

There are

commercially available fluorescent caspase-3 antibodies that can be easily
incorporated to the current apoptosis assay for this purpose. Also, using the
existing PI assay, one could inhibit caspases with inhibitors (see above) and
measure the change in PI staining. Presumably, this difference would reflect
the percentage of cell death that is attributable to apoptosis. Together, these
experiments would allow us to examine the extent of apoptosis in relationship
to general cell death, and compare FasL-induced apoptosis with necrosis.
4.4.4. ADHESION LIGANDS AS CANDIDATES FOR SURFACE MODIFICTION

On control surfaces, Fn promotes cell spreading but does not
activate ERK as strongly as tEGF or soluble EGF (Fig. 4.7). This suggests that
the adhesion ligand Fn may initiate a signaling pathway that acts independently
from ERK and leads to morphological changes inthese cells. Although the
identity of these Fn-induced signals is currently unknown, it suggests the
importance to investigate cell behaviors under the co-stimulation of tEGF and
adhesion ligands.
A broad spectrum of cellular activities involved in wound healing
are coordinated by cell-matrix interactions, where cell attachment to the
extracellular matrix occurs via surface receptors known as integrins. Integrins
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are transmembrane heterodimers consisting of different a- and P- subunits
that together bind short peptide sequences. Chemical modification of
implant surfaces with small peptides is a route to controlling adhesion and
migration by manipulating integrin-mediated binding.
A considerable amount of research has been devoted to identifying
the integrin-binding motifs so that the functional peptides, instead of
cumbersome and potentially immunogenic proteins, can be used to modify
the implant surface. Arginine-glycine-aspartate (RGD), found in many
adhesion proteins, was first described as a sufficient binding motif by
Pierschbacher and Ruoslahti over a decade ago 144. Since then, cell and

tissue responses to small adhesion peptides containing RGD have been
reported

113,145, 146

Many bone cells express integrins that are responsive to

the RGD-binding motif, which is contained in several bone matrix proteins
such as collagen type 1, thrombospondin, fibronectin, vitronectin,
osteopontin, and bone sialoprotein 147-149 In particular, Osteopontin (OPN) is
a highly phosphorylated sialoprotein that is a prominent component of the
mineralized extracellular matrices of bones and teeth.
Integrin binding to adhesion ligands initiates a cascade of
intracellular signals that influence cell adhesion, migration, proliferation, and
differentiation. Because the conserved RGD motif mediates cell attachment
and signaling, numerous studies have used RGD-modified surfaces to
influence osteoblasts and MSC attachment and to induce long-term
mineralized tissue formation

150, 151.

Among the few published in vivo studies

of peptide-modified surfaces or constructs in bone, one study demonstrated
that RGD-coated titanium implants stimulated bone formation 152. It has also
been shown that polymeric disks coated with a RGD-containing peptide
enhanced early stages of osteocompatibility and in-growth in a rat tibial
wound

20.

However, since a large number of adhesion proteins contain RGD

3 and ac,53),
and many cell types possess RGD-binding integrins (e.g., VP
the
3
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specific cell type influenced in these studies was not known. Second, the
RGD-containing peptide was adsorbed to the implant, and would therefore
potentially diffuse into the surrounding tissue. This makes it impossible to
isolate the effect of the peptide modification on cell migration and adhesion at
the implant surface from changes caused by diffusing peptides. Variants of
the comb copolymer system used in this thesis can allow precise spatial
presentation of adhesion ligands, such as RGD. For example, the PEO side
chains of the comb copolymer may be activated with different functional
groups via different activation chemistry

15.

The sulfhydryl-targeting bi-

functional cross-linker, PMPI-activated and 4-nitrophenyl chloroformate
(NPC)-activated comb polymers are blended and spincoated as thin films.
Cysteine-terminated adhesion peptides (such as synthesized PHSRN-RGD
peptides, SynKRGD) are first coupled to the surface via PMPI cross-linkers.
EGF is subsequently tethered via amine-reactive NPC groups. Thus, costimulation of tethered EGF and a RGD-containing peptide is made possible.
In light of the current project, one clear future direction is studying the cell
signaling and spreading responses of CTP in the context of both tEGF and
tethered RGD.
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APPENDICES
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APPENDIX I. PORCINE MESENCHYME STEM CELL ISOLATION

1. Aspirate bone marrow from the minipig ilium.
2. Collect 5mL of the bone marrow aspirate into a syringe containing 6000
units of heparin
3. Wash with Dulbecco's modified eagle's medium (with high glucose)
4. Centrifuge at 900g
5. Re-suspend cell pellets in DMEM
6. Load to 70% Percoll gradient
7. Centrifuge at 1100
Og for 30min
8. Collect the pCTPs-enriched density fraction
9. Resuspend cells in complete DMED with 10% FBS
10. Seed cells at 1.6 million cells/cm2 (75 mm2 cell culture flask)
11. Incubate at 37C
12. Change medium after 72h (non-adherent cells removed) and then every
3 days
13.When cells become near-confluent (-day 10), detach with trypsin (or
0.05% trypsin with 0.53mM EDTA) and replate
14. Passage up to 5 times
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APPENDIX II. SOLUBLE EGF STIMULATION ON POLYSTYRENE

1. Plate pCTP at 11x103 cells/cm 2 (6cm tissue culture plates)
2. Incubate at 37C
3. Change media at 24 h
a. For serum-starvation, use serum-free medium
4. Incubate at 37C
5. Wash with PBS and aspirate
6. Add mEGF or hEGF at 100ng/mL in culture medium (4mL total volume)
7. Incubate at 0, 5, 15, 30, 60 mins
Cell Lysis

1.
2.
3.
4.
5.
6.
7.
8.

PBS wash on ice
Add 100OuL lysis buffer
Collect cells with a cell lifter
Vortex
Incubate on ice at least 15 mins
10 min maximum centrifuge at 4C
Collect supernatant
Store at-80C
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APPENDIX Ill. MICRO BCA PROTEIN DETERMINATION

Protocol developed by Anand Asthagiri (4/16/97)
Follow instructions outlined in the booklet from Pierce. Use the Pierce BSA
standard (2000 mg/ml). Do duplicates of all samples (including the standards).
Procedure
* For Standards
1. Make diluted lysis buffer: 20 ml lysis buffer in 180 ml water (double for
reverse pipetting).
2. Make diluted BSA standard: 8 ml stock BSA in 312 ml water = 50 mg/ml
BSA concentration (double for reverse pipetting)
3. Set up the following standard samples in a 96-well plate:
Well
A
B
C
D
E
F
G

mg/ml

Water

Diluted BSA

Diluted LB

**

(ml)

(ml)

(ml)

2
4
8
12
16
20
BLANK

86
82
74
66
58
50
90

4
8
16
24
32
40
0

10
10
10
10
10
10
10

**Remember, after addition of BCA reagent these concentrations are halved.
* For Unknowns
4. Dilute each unknown sample in a centrifuge tube: 10 ml unknown in 90 ml
water.
5. In a 96-well plate, add 10 ml diluted unknown to 90 ml water.
* Reagent/A562
6. Prepare BCA substrate cocktail in a vial by adding C, then B, then A (50% A
+ 48% B + 2% C: 1250 + 1200 + 50 ml). Add 100 ml BCA cocktail to each well

and incubate at 37 OC for one hour. Read at 562 nm. Remember to correct
the unknown protein concentrations by the dilution factor (total dilution of
unknowns is 1:200)

111

APPENDIX IV. SDS-PAGE AND WESTERN BLOTTING

Ref: Amersham Life Science' s booklet on ECL- Western blotting protocols.
I. SDS-PAGE:
Ref: BIO-RAD' s" Mini-PROTEAN 3 Cell Assembly Guide"
1.
Assemble gel sandwich
a.
Place together short and spacer plates so that both places are flush at
bottom on a level surface.
b.
Slide the 2 plates into casting frame with the smaller plate-facing front.
Lock pressure cams to secure the glass plates.
c.
Place a gray rubber gasket on bottom of gel assembly apparatus.
d.
Insert gel cassette sandwich into gel apparatus: Place sandwich on top
of gray casting stand gasket and engage the top of the spacer plate
with the spring loaded lever. Make sure the lever pushes the spacer
plate down so both plates are perpendicular against the gray rubber
gasket.
2.
Prepare the separating gel solution.
a.
(For each gel, 10ml of separating gel is needed.) Swirl gently after APS
addition, then use a Pasteur pipette to insert solution between glass
plates up to the bottom of the green bar.
b.
Immediately after adding separating gel, use another Pasteur pipette to
add butanol on top of gel. (If using a mixture of butanol: water, make
sure only to withdraw the butanol on the top layer.)
c.
Allow separating gel to polymerize. Test by squeezing the top of the
used Pasteur pipette (for separating gel): if solution has solidified,
polymerization has occurred.
d.
Inthe meantime, prepare the stacking gel. (For each gel, 5ml of stacking
is needed.)
e.
When separating gel has polymerized, pour out and wash out butanol in
sink with tap water.
3.
Stacking gel
a.
Use a Pasteur pipette to lay on stacking gel on top of polymerized
separating gel. Let it flow over the top. Insert a 1.5mm, 10-well comb
between the glasses while making sure no air bubbles are trapped
between the teeth of the comb.
b.
Inthe meantime, prepare the gel electrophoresis apparatus that holds IX
running buffer.
c.
When the stacking gel has polymerized, carefully remove comb. Rinse
and irrigate the wells with 1x running buffer thoroughly.
4.
Remove gel plates from their green cases, then place plates in running
buffer apparatus with the smaller plate facing inward.
5.
Fill the case full with running buffer. Fill the middle section until it
overflows into 2 side sections.
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6.
a.
b.
c.

9.
a.
b.

Fill the wells with samples:
Fill 2 ends with 5tL MW markers.
Fill rest of 8 wells with 40l of prepared specific sample solution.
Fill each well slowly -the goal is to get all of the sample solution into
each well. Try to avoid bubbles in wells that may cause overflow of
solution into other wells
When working with 2 gel plates, make sure to label on the outside of the
container which protein it is to be used for.
Match the + and -electrode ends, and set the apparatus to run
lhr-]hrl5min @130V.
After 1 hour 15min, check to make sure the blue band has been run all
the way to the bottom of the gel plate.
Transfer apparatus
Prepare 1L of transfer buffer
Set up gel cassette

i.

Clear side down

ii.

Fiber pad: soak and squeeze out air bubbles intransfer buffer

iii.

Filter paper: pre-wet in transfer buffer

iv.
v.
vi.

Membrane: briefly soak in methanol, then lay in ddH20
Gel- to be placed in the next step
Remove gel case from apparatus. Crack plates open with a wet razor
and gently slide stacking gel off
Place gel on-top of membrane paper using a wet razor
Filter paper: (pre-wet intransfer buffer)
Then fiber pad (air bubbles soaked and squeezed out in transfer buffer).
Close together cassette and insert into transfer buffer apparatus -black
side facing black side.
Set up running buffer to run for 1 hour @100V.
Put in the ice block.

d.
7.
8.

vii.
viii.
ix.
c.
10.
11.

II.Western Blotting
1.
2.
a.
3.
4.
5.
6.
7.
8.

Remove membrane paper from IXtransfer buffer apparatus. (Remember
which side the gel proteins transferred onto, and sign your name that
side's bottom right hand corner.)
Make Blotto (25mL for one blot in a 50mL test tube.) Place tube on
vortex at highest speed for a few seconds.
5% w/v: (ex. 0.5g/10mL or 1.25g/25mL)
Place membrane in Blotto for 1 hr @RT w/constant agitation.
Wash blot 3X5min in TBS-T.
Place membrane in primary solution 1:1000 (10OmL for 1 blot) @RT for 1
hr. or overnight @4 C w/constant agitation.
Pour primary solution back into its original test tube for reuse.
Wash blot 3X5min in TBS-T.
Inthe meantime, prepare secondary antibody solution- 1:10000 dilution
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9.
10.
11.
12.
13.
a.
14.
15.

of monoclonal/polyclonal antibody in Blotto (10mL for one blot).
Place membrane in secondary solution @RT for 1 hr. or overnight @4 C
w/constant agitation.
Wash blot 3X5min in TBS-T.
Prepare detection reagent: 1mL reagent A + 1mL reagent B
Place blot on Saran wrap. Pipette above reagent onto blot, covering the
entire blot surface.
Let sit for 1min.
When developing 2 blots at the same time, keep the 2 nd one wrapped in
TBS-T.
Develop blot.
If needed, store the blot wrapped in Saran wrap with TBS-T at 4C.

II. Stripping & Reprobing
1.
a.
b.
a.
b.
2.

Stripping with 3-mecaptoethanol stripping buffer.
Turn on water bath to 50C.
Prepare the stripping solution under a chemical hood.
30mL per blot for 30min @50C w/constant agitation.
Wash blot 3X5min in TBS-T.
Block with Blotto...(GO TO step 2 from above)

IV.Stripping & Reprobing Alternative
*Not recommended for phospho-ERK blots because stripping is not complete.
*Need to verify stripping for every new antibody.
1.
a.
b.
2.

Stripping
~25mL guanidine HCL for 10min @RT w/constant agitation.
Wash blot 1X5min in TBS-T.
Block with Blotto...(GO TO step 2 from above)
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APPENDIX V. WESTERN BUFFERS

2X sample buffer 0.625 ml 1 M Tris, pH 6.8 (125 mM)
(5 ml)
Store @ -70

0C

in 1 ml aliquots

1 ml 20% SDS (4%, or 0.2 g)
1 ml glycerol (20%)
0.1 ml 1% bromphenol blue in 10% EtOH (0.02%)
(Add 200 mM DTT = 0.1542 g or 10% BME if needed for
reducing conditions)
Fill to 5 ml with H20 (-2.275 ml)

4X sample buffer 0.5 ml 2.5 M Tris, pH 6.8 (250 mM)
(5 ml)
Store @ -70

0C

in 1 ml aliquots

2 ml 20% SDS (8%)
2 ml glycerol (40%)
0.2 ml 1% bromphenol blue in 10% EtOH (0.04%)
(Add 400 mM DTT = 0.3084 g if desired; it's not recommended
to add 20% BME to the 4X buffer)
Fill to 5 ml with H20 (- 0.3 ml)

10X running buffer 29 g Tris base (240 mM)
Store @RT

144 g glycine (1.9 M)
10 g SDS
Volume to 1 L (don't pH)

Transfer buffer

2.9 g Tris base (12 mM)
14.4 g glycine (100 mM)
200 ml MeOH
1 ml 20% SDS
Volume to 2 L (don't pH)

Make fresh or
Store @RT
w/o MeOH

Separating gels
(30 ml)

Stacking gels
(10 ml)

X ml Protogel (X= desired % final)
7.8 ml Protogel buffer
30 ul TEMED
Volume to 30 ml with H20
(Degas if desired) add: 300ul fresh 10% APS in H20
1.3 ml Protogel (4 % final)
2.5 ml Protogel stacking buffer
6.1 ml H20
10 ul TEMED
5 ul 2000x phenol red concentrate (Sigma)
Degas if desired, then add: 50 ul 10% APS

Protogel (National Diagnostics) contains 30% w/v acrylamide, 0.8% w/v bisacrylamide
Protogel buffer contains 1.5 M Tris-HCI, 0.384% SDS, pH 8.8
Protogel stacking buffer contains 0.125 M Tris-HCI, 0.1% SDS, pH 6.8
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Coomassie blue staining solution

0.1% w/v Coomassie blue R250
40% MeOH
10% HAc

Destaining solution

30% MeOH
10% HAc

Longer destaining solution

5% MeOH
7.5% HAc
5% glycerol

TBS-Tween
Stable for weeks
@RT (Tween
can oxidize)

40 ml 1 M Tris-HCI, pH 7.5 (20 mM)
54.8 ml 5 M NaCI (137 mM)
Volume to 2 L with H20, then add:
2 ml Tween (0.1%, Fisher Scientific-for TBS
just omit this)
(can add 0.02% NaN3 to prevent bacterial
growth)

Stripping buffer

3 m1 20% SDS (2%)
0.75 ml 2.5 M Tris, pH 6.8 (62.5 mM)
0.21 ml BME-d=1.114, 14.3 M stock liquid (100 mM)
26.04 ml H20

10OX PBS

80 g NaCI
2 g KCI
14.4 g Na2HPO 4
2.4 g NaH 2PO4
Add 900 ml H20
pH to -7.0 with NaOH pellets
Volume to 1 L and filter

10OX TAE

24.2 g Tris base
5.71 ml HAc
10 ml 0.5 M EDTA, pH 8.0
Volume to 500 ml with H20

1X BSA blocking and Ab dilution buffer
1% BSA in TBS-T or TBS + 0.01-0.1% Triton
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APPENDIX VI. LYSIS BUFFER REAGENTS
Lysis buffer (10 ml)
Final concentrations in the lysis buffer are in parentheses.
Solutions stored at 4 oC
5.665 ml ddH 20
1 ml 0.5 M b-glycerophosphate, pH 7.3 (50 mM)
>>0.5 M: 1.485 g of hydrate in 10 ml H20
gener al phosphatase inhibitor
10
mM)
1 ml 0.1 M NaPP (
>>0.1 M NaPP: 0.8922 g in 20 ml H20
general phosphatase inhibitor
0.600 ml 0.50 M NaF (30 mM)
>>0.5 M NaF: 0.4199 g in 20 ml H20
Ser/Thr phosphatase inhibitor, G-protein activator
0.500 ml 1 M Tris, pH 7.5 (50 mM)
>>1 M Tris: 12.11 g Tris base in 100 ml H20
buffer salt
0.500 ml 20% Trit on X-100 (1%)
>>20 g Triton X-100 (d = 1.07) in 100 ml H20
non-ionic detergent
0.300 ml 5 M NaC I (150 mM)
>>5 M NaCl: 2.92 g NaCI in 10 ml H20
buffer salt
0.100 ml 100 mM benzamidine (1 mM)
>>100 mM: 0.313 g in 20 ml H20
protease inhibitor
0.040 ml 500 mM EGTA (2 mM)
>>500 mM EGTA: 3.804 g in 20 ml H20-increase pH
Ca2 * chelating agent (does not bind Mg 2* like EDTA)
Solutions stored at -20 oC
0.025 ml 40 mM sodium orthovanadate (100 mM)
>>40 mM: 0.07356 g in 10 ml H20
tyrosine phosphatase inhibitor
0.020 ml 500 mM DTT (1 mM)
>>500 mM DTT: 0.771g in 10 ml H20
reducing agent
Sensitive Items
-20 oC
0.020
5 mg/ml aprotinin (10 mg/ml)
0.020
5 mg/ml leupeptin (10 mg/ml)
0.010
1 mg/ml pepstatin (1 mg/ml)

0.010

Ser protease inhibitor
Ser/Cys protease inhibitor
>>2 mg in 2 ml MeOH
Asp protease inhibitor
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0.010 ml 1 mg/ml Microcystin-LR (1[ig/ml)

>>500 [g in 500 bl EtOH
PP1, PP2A inhibitor

4 C
0.200 ml 50 mM PMSF (1 mM)

>>50 mM PMSF: 0.174 g in 20 ml EtOH
Ser/Cys protease inhibitor

Blocking Buffer
1% BSA
0.500 ml
0.300 ml
0.025 ml
9.175 ml

in:
1 M Tris, pH 7.5 (50 mM)
5 M NaCI (150 mM)
20% Triton X-100 (0.05%)
ddH 20

Wash Buffer
0.500 ml 1 M Tris, pH 7.5 (50 mM)
0.300 ml 5 M NaCI (150 mM)
9.200 ml ddH 20
H3P0 4
8.7 ml 85% H3PO 4 (stock) in 1000 ml ddH 20.
EDTA
20 ml 0.5 M EDTA (pH 8.0), volume to 500 ml in ddH 20
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APPENDIX

VII.

CELL LYSIS PROTOCOL IN PREPARATION FOR WESTERN BLOTS

Need to pool cells from at least 2 coverslips (10mm diameter, secured with
rubber tubing, effective area = 0.64 cm 2 , cell plating density 25x10 3 cm 2).
1.
2.
3.

Aspirate and save incubation medium.
Wash with ice cold PBS and save.
Combine cell mixture from (1)and (2).

4.

Spin down at 450 g for 10 minutes at 40C.

5.

9.
10.
11.

Isolate cell pellet (containing detached cells) and keep in a
microcentrifuge tube on ice.
Deposit 20 tL of ice-cold lysis buffer (with PMSF added within 20
minutes of use) to cover the coverslip (10mm diameter, secured with
rubber tubing).
Incubate on ice for 5~10 minutes.
Collect lysis buffer and deposit to the microcentrifuge tube from step (5).
Vortex.
Incubate on ice for at least 15 minutes.
Spin down at 16,000 g for 15 minutes 40C.

12.
13.

Collect lysate.
Take 5 pL lysate and dilute 1:10 in ddH 20 for Micro BCA Protein assay.

14.

Store the remaining lysate at -800C.

15.

From the protein concentration, calculate the amount of lysate for equal
loading (i.e., 10 - 20 tg protein).

16.

For 40 [L of total loading volume, combine lysate from step (15) and
lysis buffer to reach 30 tL.

17.

Add 10 ýiL 4x sample buffer.

18.
19.
20.
21.

Vortex.
Heat in a boiling water bath for 5 minutes.
Centrifuge at maximum for 2 seconds at room temperature.
Load into Western blot wells.
* Include an internal control (i.e., stock lysate collected at 5-7 minutes
of sEGF stimulation) to compare among blots

6.

7.
8.
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APPENDIX VIII. APOPTOSIS ASSAY VIA FACS

On tissue culture polystyrene
1.
2.
3.
4.

Culture MSC on polystyrene to subconfluence.
Aspirate and wash with PBS.
Serum-starve inAdvanced DMEM (Gibco) overnight (~14 hours).
Add apoptotic stimulus (i.e., FasL) at a final concentration of 100 ng/mL.

5.

Incubate at 370C.

On polymeric substrates
1.
2.
3.
4.
5.

Culture MSC on polystyrene to subconfluence.
Serum-starve inAdvanced DMEM (Gibco) overnight (-14 hours).
Aspirate and wash with PBS.
Detach with Versene.
Spin down at 450 g for 10 minutes at 40C.

6.
7.
8.
9.

Resuspend pellet in 0% FBS medium (same as in step 2).
Mix well.
Measure cell mixture density.
Plate cells on to polymeric substrates at 25x103 cel ls/cm 2
* Effective area with rubber tubing is 0.64 cm 2
* Deposit 200 [tL per well (24-well tissue culture plates)
* Release pipette plunger slowly for uniform cell distribution

10.

Incubate at 370C.

11.

Add apoptosis stimulus (i.e., FasL) at 8 hours.
* Spike in2 tpL of 1000 ng/mL FasL solution (i.e., 1:100 dilution) for a
final concentration of 100 ng/mL
* Gently rock the culture plate
* Return to incubator
Add apoptosis stimulus (i.e., FasL) at 8 hours.

12.

120

FACS measurement
Need to pool cells from at least 2 coverslips (10mm diameter, secured with
rubber tubing, effective area = 0.64 cm 2 , cell plating density 25x10 3 cm 2).
2.
3.
4.

Aspirate and save incubation medium.
Wash with ice cold PBS and save.
Combine cell mixture from (1)and (2).
Add Trypsin (e.g., 30 RL per coverslip) to detach cells.

5.

Incubate at 37oC for 10-15 minutes.

6.
7.
8.

Add medium to neutralize Trypsin.
Collect cell mixture and combine with (3).
Spin down at 450 g for 10 minutes at 40C.

9.
10.

Aspirate and obtain cell pellet.
Resuspend in 50 tL of propidium iodide (10 [g/ml).

11.

Incubate at 37°C for 15 minutes.

12.
13.
14.

Keep on ice until FACS reading.
Vortex.
Quantify by direct fluorescence using a FACSCalibur flow cytometer.
* Include a negative control (i.e., cells cultured on polystyrene without
stimulation) and a positive control (i.e., cells with FasL+CHX
stimulation) for each experiment.

1.
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