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OVERVIEW

Human Multipotent Stromal Cells

Human multipotent stromal cells were first characterized by
Alexand er Friedenstein as fibroblastic colony  -forming cells from the non -
hematopoietic, culture vessel -adherent fraction of bone marrow  **°. Bone
marrow transplants had provided circumstantial evidence for the
presence of precursor cells of the various components of bone marrow
stroma: osteoblasts, adipocytes, chondrocytes, among others, while in
vitro culture and differentiation of these colony -forming units provided
more direct evidence of their existence. In vivo culture of the cells as
implanted diffusion chambers or as ectopic transplants %, showed
formation of bony str  uctures including bone marrow and established the
CFU-F cells as a multipotent progenitor population capable of
reconstituting bone marrow in an ablated recipient. These findings, along
with their easy expansion in culture , initially suggested MSCs may hav e
clinical applications in the areas of bone marrow transplant support and
tissue repair. Since then, various groups have since studied the in vitro
differentiation capacity of MSCs and the cells have also been extensively

used as non -viral vectors for gen e therapy.

Early evidence of the role of MSCs in bone formation and
homeostasis was provided by experiments where single colony -derived

MSC cultures were implanted in host animals, resulting in an ectopic



ossicle containing bone cells, stroma, and adipocyt es of donor origin and
hematopoietic cells of recipient origin %, Interestingly, not all of the
implants form the complete ossicle. Some form only bone, some only
form fatty deposits, and some only f orm fibrous tissue, incapable of
supporting hematopoiesis. Less often, cartilaginous tissue is found.
Because this heterogeneity implies that the original CFU -F population is
composed of cells of different capacity or a range of developmental
stages, consi derable work has been done to find the a priori indicators of
multipotentiality. One of the first markers for multipotency, STRO -1, was
derived by injecting mice with CD34  * bone marrow cells, in the hopes of
finding a monoclonal that would isolate the CFU -F population of bone
marrow >°. While STRO-1 did isolate the CFU -F population, it also stained
some B lymphocytes and nucleated red cells. F  urther work to get the
required purity led to the development of a panel of markers, including
CD29, CD34, CD44, CD106, and CD166 . Unfortunately, due to variation in
isolation, culture, and assay techniques, inconsistent results were
obtained using the var ious panels and a means of isolating only
multipotent cells has yet to be found . Because the gene expression and
surface marker profile of even single -cell derived colonies changes over
time in cul ture, full understanding of the cell state necessary and
sufficient for mul tipotentiality, t he O0st ¢
which can take a more comprehensive look at the gene expression and

chromatin repression profiles of MSCs in culture.



MSCs Applications

Despite the difficulties in defining exactly which population of cells
or culture condition is best for clinical applications, progress has
nonetheless been made on a number of fronts. On an infrastructural
level, standardized isolation techniqu es have been developed to ensure
t hat even if di fferent i sol ates dondt conif
will nonetheless show similar activity when handled the same way.
Culture conditions have been developed which minimize the risk of
transplant rejec tion, and differentiation protocols have been refined to
more accurately measure the expression of the desired phenotype.
Improvements have also been seen in stable genetic modification of MSCs
and in engineering of implantable scaffolds on which MSCs can be
seeded. On an applied level, clinical trials are now being carried out for
many disorders, with autoimmune disorders such as graft versus host
disease and transplant rejection being most prominent, followed by
tissue repair applications involving the he art, vasculature, bone, and
other organs. An exact count of the number of pre -clinical studies is
difficult to obtain, but it can be assumed that for every application
proceeding to the clinical stage, there a
advanced to that sta ge yet. Table IlI-1 - MSC Clinical Trials as reported by
http://clinicaltrials.gov.  Table II-1 shows the distribution of MSC clinic al

tria Is by disease , as reported by http://clinicaltrials.gov using a search



http://clinicaltrials.gov/
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for the term 0mesenc Ahsmarh, althaughnrmot dhel | 6 .
recommended term ’, was used as it is the term under which the majority

of the trials are listed.

Phase | Phase Il | Phase Il Total
autoimmune 8 10 3 21
Cardiac 7 14 0 21
Bone 5 5 1 11
Cancer 3 4 1 8
Other 8 11 0 19
Table 1I-1 - MSC Clinical Trials as reported by

http://clinicaltrials.gov.

Of note is that all of these trials are cell therapy trial s. Unlike with
hemat opoietic stem c e lkhossn metans efrmobiliznge n 6 t
endogenous MSCs, so existing approaches have focused on autologous or

allogeneic administ ration of the cells themse Ives.

There are at least three mechanisms by which the therapeutic
benefits of MSCs are realized: Direct or paracrine interactions with cells
of the injured tissue, differentiation of MSCs into tissue -specific
progenitors to augment the existing cells, and fusion of MSCs with the

injured tissue. Cell -cell interactions are thought to be the main
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therapeutic mechanism operating in autoimmune applications 8. These
approaches take advantage of the activit y of MSCs on regulatory T
cells (Treg). The presence of MSCs has been shown to inhibit the mixed
lymphocyte reaction in culture and, in vivo, MSCs reduce the clinical
grade of GVHD °®%°2131 The interaction of MSCs with T - cells wherein
T, cells are activated by cell -cell contact with MSCs supports the theory
that MSCs act directly on T cells, which then suppress the activity of the
other components of the immune system, alleviating the inflammatory
symptoms **. This mechanism is also thought to be the principal
mechanism whereby MSCs decrease the signs of transplant

rE]ECtlon 8,9,12,15,16,17,18,19,20,21,22

In contrast to the cell -cell contact important for the MSC effect on
autoimmune disorders, tissue repair depends on differentiation of MSCs
and paracrine signaling between MSCs and endogenous progenitor cells
in the target tissue "**. Differentiation of MSCs to replace injured or aging
tissue is the most straightforward approach. This has been shown to be
an important part of the therapeutic effects seen in bone and cartilage

repair ®*°. For example, MSCs are used to seed implants and directly

differentiate  in situ to provide structural integrity to the bone -implant
interface #***%  Although differentiation is important for some types of
t he ti ssue repair, It 0s t he paracrine ef

important **. In a paracrine tissue repair scenario, the MSCs would



secrete signaling molecules which activate or recruit endogenous tissue -

specific progenitors. This is a promising scenario for tissu e regeneration,
as it I's the one approach where the <cell
needed, t herefore it ds t he area wher e €

techniques can be leveraged to accelerate translation of research to
application. Cases where paracrine sig naling of MSCs to endogenous
progenitors is an important part of the reparative action are
augmentation of HSC transplants after marrow ablation therapy 3334
alleviation of kidney fibrosis  *°°, regeneration of injured hepatic tissue i
and bone repair ***, where MSCs are a component of the autocrine loop
that regulates bone remodeling and repair %24 Note that the paracrine
action of MS Cs n e e d-ncourringbparacrane effect MICa | | vy
have been successfully engineered to secrete therapeutically -active
molecules such as collagen and interferon. Successful approaches in this

area have utilized the homing of MSCs to sites of tissue damage to effect
much higher local concentrations of the active molecules than could be

achieved through systemic admi  nistration.

Cell fusion is a rarer phenomenon, yet a significant contribution to
the reparative effect of MSCs on cardiac and skeletal muscle. Because
muscle is composed of multi -nucleated cells, cell fusion is not an
uncommon occurrence in these tissues, and a unique therapeutic avenue

in this context. When MSCs fuse  with injured muscle tissue they can



alleviate the effects of ischemia by supplying fresh and undamaged

mitochondria *.

A fourth approa ch to treatment would involve abstracting the
effect of the cells to a therapeutic small molecule which reproduces the
desired effect. This approach has been explored less extensively than the
use of the cells themselves, in part because the exact actions of MSCs in a
particul ar therapeutic setting arenot
because, as discussed above, some effects depend on multiple
interactions which must occur within the context of the specific tissue
targeted. This work explores this fourth avenue in the bone repair
context by using small molecules to disrupt the paracrine signaling loop

between MSCs, myeloma cells, osteoblasts, and osteoclasts.

MSCs and Wnt Signaling

At the beginning of this work, Gregory et al.*® had just discovered
that the secreted glycoprotein, Dkk -1, an antagonist of the Wnt pathway,
was a major regulator of MSC proliferation. Wnt signaling is traditionally
considered a proliferative stimulus, based on studies co nducted in
osteoblastic and tumor cell lines  *“**4 put t he pathway was not well
understood in MSCs. Wnts are a family of secreted glycoproteins that
transduce extracellular signals via the frizzled family of receptors and
the low -density lipoprotein -related protein (LRP) co -receptors. The Wnt

signaling pathway (Figure II-1) acts intracellularly via b-catenin, initiating

we l



a signal transduction cascade from genes which contain TCF response
elements . In the absence of Wnt proteins , cytoplasmic b-catenin is
phosphorylated by a multi -protein  complex containing axin, the
adenomatous polyposis coli protein , and glycogen synthase kinase 3
(GSK3b) which targets b-catenin for degradation by the proteasome. Upon
binding of Wnt to frizzled, GSK3 b is inactivated , and b-catenin levels rise .
b-catenin | evels are reduced by Dkk1, which binds to LRP and Kremen,

trig gering internalization of LRP and preventing association of LRP with

Wwnt. This allows GSK3 b to remain active in tagging b-catenin for

degradation.
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Figure 11-1 - The Wnt Pathway

The role of Wnt in bone formation has been shown by two studies
patients with osteoporosis dpseudoglioma syndrome have an inactivating
mutation in the Wnt co -receptor LRP5 *, whereas hi gh bone mass
syndrome is associated with a  mutation which activat es LRP5".
Additionally, it has been shown that Dkk1l promot es cell cycle entry and
MSC self-renewal ©®. Because Dkkl is an antagonist of canonical W nt
signaling *, if one considers a stem cell to choose between continued

proliferation or initiation of a differentiation program, the effects of
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Dkk1 on MSCs are not consistent with the traditional view of positive W nt
signaling being a proliferative stimulus. In order for Dkk1 to be a useful
agent for in vitro expansion of MSCs, it would have to inhibit
dif ferentiation, which  implies that W nt  signaling promotes

differentiation, not proliferation.

Further evidence supporting this activity was presented by Rawadi
et al.*® Their work presented the idea that W nt signaling promoted
osteogenesis through an autocrine mechanism. In response to osteogenic
stimuli such as release of bone morphogenetic protein (BMP), some cells
would begin to secrete Wnt3a, which initiated transcription of osteogenic
genes and | ed to further Wnt3a secretion by neighboring cells. Based on
these observations, we developed a model of MSC osteogenesis wherein
MSCs initiate their osteogenic program upon exposure to Wnt, or,
alternatively, relief from Dkk1l exposure. In vitro culture of MSCs under
osteogenic conditions provided an easy means to examine the effects of
modulating this pathway. My work connected the relationship  between
Dkkl and osteolytic lesions to the action of Dkkl on MSCs and was

published in 2005 *.

MSCs and Multiple Myeloma

Multiple myeloma is a progressive hem atologic disease and the
second most prevalent blood cancer after non -Hodgkinds | ymphoma.

disease is characterized by excessive numbers of abnormal p lasma cells
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in the bone marrow and overproduction of intact monoclonal
immunoglobulin (IgG, IgA, IgD, or IgE) or Bence -Jones protein (free
monoclonal k and | light chains) *. Hypercalcemia secondary to bone
resorption , anemia due to tumor growth in bone marrow , renal damage
due to elevated serum paraprotein , and increased susceptibility to
bacterial  infection due to impaired production of normal
immunoglobulin are common clinical manifestations of MM. It is often
also characterized by diffuse osteoporosis, usually in the pelvis, spine,

ribs, and skull *. (Figure II-2)
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Figure 11-2 - Osteolytic Lesions in Multiple Myeloma

MM cells specifically adhere to MSCs where they are exposed to
higher levels of IL6 and receptor activator of nuclear factor kB ligand
(RankL), stimulating the proliferation of the tumor and the impairmen t of
bone repair. Osteolytic lesions in MM are the major source of morbidity
and occur where B -cell plasmacytomas stimulate bone resorption and
angiogenesis *. In patients with MM, the cancer cells are found in close
association with  sites of active bone resorption and the interactions
among myeloma cells, osteoclasts, MSCs, and osteoblasts lead to

osteolytic bone disease . MSCs differentiate into osteoblasts at the lesion
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sites and attempt to repair the lesions, but cannot restore homeostasis,
as the microenvironment al signals have bec
much RankL stimulating osteoclasts and also too much Dkk1 inhibiting
osteoblast differentiation. Because of this imbalance, adequate bone

rep air does not occur in myeloma patients.

In 2004, Tian et al.* found a correlation between increased serum
Dkk1 levels and the presence of osteolytic bone lesions in MM patients. In

normal human bo ne, osteoblasts are responsible for initiating bone

formation , while osteoclasts promote bone resorption, in a process that
operates continually throughout adult life ®. The relative actions of thes e
two cell types promote bone turnover and effect bone repair.  Osteoclasts

and osteobl asts regul ate each otherds acti
to the TGF and TNF cytokine superfamilies, such as bone morphogenetic

proteins (BMPs), osteoprotegerin (OPG ), and RankL *. Osteoclast

maturation depends on RankL binding to Rank receptors on osteoclast

precursors, whereas osteoblast maturation depends upon BMP and

autocrine  Wnt signaling. Under normal co nditions R ankL is mainly

produced by osteoblasts and  MSCs; However, RankL is also produced by

lymphocytes in pathological conditions such as multiple myeloma or

rheumatoid arthritis. OPG is a decoy ligand for RankL, produced by

osteoblasts. The balance of these osteogenic and osteoclastic inputs

determines the balance between bone formation and resorption. When



14
there is a failure of the coupling between osteoclasts and osteoblasts,
normal bone turnover becomes disrupted, weakening or inappropriately

deposit ing bone.

Myeloma Treatment

The current standard of care for multiple myeloma specifies
autologous stem cell transplantation and aggressive chemotherapy
including dexamathasone and thalidomide . For relapsed disease, the
most recent additions to the standard of care include pegylated
doxorubicin and bortezomib  **, and there are some Phase | and Il trials
using bortezomib , lenalidomide , dexamet hasone, and cyclophosphamide
which reported 100% response at the 2008 meeting of the American

Society for Hematology.

As promising as these developments are, however, they only
address the tumor cells, not the tumor -promoting microenvironment, and
thus hav e little effect on the bone damage which is the major cause of
disease-associated morbidity . Bisphosphonates are a form of supportive
therapy that work s by inhibiting bone resorption, and while this helps
slow the progression of the disease, it has no effe ct on regrowth of
lesions in the context of Dkk1l -inhibited osteoblast activity = *°. This work
examines a therapeutic intervention targeted towards the
microenvironment in which bone repair is inhibite d and MM cell growth

is promoted by targeting the interaction between MSCs and MM.
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Cell Induction time
Model Administration Radiation {weeks) tissue analyzed % engraftment
5TGM1 v none 10 bone &0%
5THL v none g bone 50%
ARH-77 v nons 3-4 tumor 100%
CD1/RPMIBzz26 2.C. none e turmor 100%
CAG-MM IV 3 ey 1-2 fumor not given
BNX/RPMI8z=6 s.C. Hone 4 tumer not given

turnor, tigsues,

NODSCID,/RPMIS bone marrow via
226-S-GFP iv 3Gy 3-4 flucrescence G0%
Table -2 - Animal Models of Multiple

59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76
Myeloma

Animal models of multiple myeloma

The existing mouse models for MM are shown in Table II-2. At the
time of this work, only one model was available for examining the effects

of myeloma on bone, and this model required the implantation of human

fetal bone a nd the use of primary human MM cells . The majority of the
models focus on the proliferation of MM cells, and though Yaccoby et; al.
have since refined their model to use rabbit bone instead of hum an’, the
usefulness of the model remains limited due to the technical skill needed

to set up this model. The most recent development in modeling the
disease process of MM uses tibial injections of luciferase -expressing MM
cells and follows tumor growth via in vivo imaging and bone effects via

micro CT . The course of development of lesions in this model closely
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parallels the lesions found in the model discussed in this work. As
previous work has shown that interactions between MSCs and MM cells
support the proliferation of myeloma %% the model discussed here

provides an ideal context in which to study MSC-myeloma interactions.
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[I. Dkk1 in MSC differentiation

INTRODUCTION

In 2003, Gregory et al * found Dkk1, a soluble Wnt antagonist, to be
a major regulator of MSC proliferation and Tian et al **. (2004) found a
correlation between increased serum DKkl levels and the presence of
osteolytic bone lesions in multiple myeloma (MM) patients. The myeloma
studies implicated MSCs in the pathology of MM specifically, but in the
context of the work we had been doing on MSCs and Dkk1l, a more
general role of MSCs in condi tions where bone repair is defective became
apparent. My hypothesis is that aberrant W nt signaling in MSCs can lead

to bone disorders as a result of defective repair.

Traditionally, wnt signaling acts within diverse
microenvironmental niches to maintain se If -renewal of stem cells *#*. The
current understanding of t he signaling process is that Wnt proteins
secreted from neighboring cells bind to Frizzled and LRP proteins on the
cell membrane *. A relay of scaffolding proteins transduces the signal to
the intracellular environment, inhibiting GSKS3 b and slowing b-catenin
degradation. This leads to  b-catenin entering the nucleus and binding to
TCF whereupon transcription of Wnt target genes takes place. Wnt
signaling is regulated by expression of the receptors and ligands, which
are thems elves regul ated by Wnt signaling, resulting in a feedback loop

which  main tains the right balance between proliferation and
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differentiation. The Wnt proteins such as Wnt3 and Wnt 1 transduce
signals through this mechanism, called the canonical pathway. Wnt
signaling also works through a non  -canonical pathway in which the
receptor tyrosine kinases ROR1 and 2 and Ryk bind Wnt via their
extracellular Wnt binding domains. Wnt5a and Wntll are example s of
Wnts which can work non -canonically and either suppress canonical Wnt

signaling or have a b-catenin -independent effect *.

Structurally, Wnt  proteins are highly glycosylated proteins which
have a secretion signal sequence and a series of conserved cysteines
which are a site of palmitolyation. (Figure 11-1) The palmitoylation is
thought to affect the partitioning of the protein within the niche,
ensuring that the potent effects of the protein are spatially restr ained.
Temporal restraint of Wnt  signaling is also achieved due to the inherent

instability of th e proteins *.

= = L 7
774
LRP binding domain
194 - 291

GNDHSTLDGYSRRTTLSSKHEYHTKGQEGSVCLRSSD

CASGLCCARHFVSKICKPVLKEGQVCTKHRRKGSH

LEIFQRCYCGEGLSCRIQKDHHQASNSSRLHTCOQORH

Figure 11-1 6 Dkk1l structural representation . Sequence indicates
the position of bioactive peptides which block Dkk1 activity when
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antibodies are directed to them . Figure f rom Gregory et al., used
by permission *.

This work began with a study of the effect of Dkkl1 o n MSCs
because Gregory et al.® had just discovered that the secreted
glycoprotein, Dkk -1 (Figure 11-1), had a significant role in MSC
differentiation and cell  -cycle renewa I. Our initial studies focused on using
Dkk1 -derived compounds to manipulate the WNT pathway in MSCs.
Because prior work in our lab had shown the expression of WNT pathway
genes in MSCs, but the biological relevance of this pathway in MSCs
remained not wel | understood, my initial work aimed to dissect the
pathway as it operates in MSCs and examine how the WNT pathway

functioned in the context of MSC differentiation.

My three specific aims were: (i) test which part of Dkk -1 binds to
MSCs (ii) make peptide a gonists/antagonists for control of MSCs and  (iii)

develop an assay for the effect of these agents on MSC differentiation

MATERIALS AND METHODS

Dkk1 cell -binding assay

MSCs were cultured as previously described, and grown to 70%
confluence. The expression plasmid pcDNA3.1 (Invitrogen, Carlsbad, CA,

http://www.invitrogen.com ) was used as the expression vector and RT -



http://www.invitrogen.com/
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PCR on RNA extracted from MSCs was used as the source of the genes to
be cloned. The invitro transcri ption and translation was performed using
and in vitro transcription and translation kit (TnT, Roche, Indianapolis,

http://www.roche.com ), according to manufacturer instructions. Briefly,

10 ng DNA were added to 50 pL re ticulocyte lysate as supplied. One
micromolar S* methionine and tRNA charged with biotinylated amino
acids were added as indicated. MSC cultures were washed with PBS, the
radiolabeled Dkkl was added in 5 mLs PBS, and the cultures were
incubated for 30 min utes with gentle shaking at room temperature. The
cultures were then washed again with PBS and the cells were lifted by
scraping. The cells were added to 3 mLs scintillation fluid and read in a

scintillation counter.

Radioligand binding assay

Superparamagn etic iron oxide beads conjugated to streptavidin
were added to magnetic flow columns (QuadroMACS, Miltenyi Biotec Inc.
Auburn CA) and equilibrated according to  manufacturer
recommendations. Fifty microliters of each transcription and translation
reaction was used in column loading and ligand binding steps. The
resulting fractions were  analyzed by SDS-PAGE (NuPAGE, Invitrogen) and

visualized by radiography using Kodak X -ray film. 0


http://www.roche.com/
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Spectrophotometry

All reagents were purchased from Sigma  dAldrich (St. Louis, MO).
Alizarin Red S (ARS) (40 mM) was prepared in dH O and the pH was
adjusted to 4.1 using 10% (v/v) ammonium hydroxide. Scanning
spectrophotometry was achieved using a dual -beam instrument at 25 C
(Beckman Coulter DU 640) and 1 -cm-path -length acrylic cuv ettes (Fisher
Lifesciences). A 96 -well plate reader (Benchmark Model, Bio -Rad
Laboratories, Hercules, CA) was employed to measure absorbance during
the assay. Duplicate plating demonstrated that error caused by pipetting
and debris contributed to less than 10% variability. ARS solutions in
cetylpyridinium chloride (CPC ) (10% w/v) were prepared in 10 mM Na PO,

(pH 7.0) and scanned as above.

Tissue culture

Human MSCs were prepared from bone marrow aspirates and
cultured as previously described *?®. Cells were recovered by incubation
with 0.25% (w/v) trypsin and 1 mM EDTA (Invitrogen, Carlsbad, CA) for 5 o}
7 min at 37 C, replated at 5000 cells per cm? in 10 -cm? wells of six -well

plates (Nunc, Fisher Lifesciences), and cultured until confluent.

Mineralization Protocol

Mineralization was induced on conf  luent monolayers by addition of

a-MEM containing 20% (v/v) FCS, 100 pg O mL™* streptomycin, 100 U mL*
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penicillin, and 2 mM glutamine with osteogenic supplements, 1 mM
sodium glycerophosphate, 50 mM Na  ascorbate, and, in most cases, 10 * M
dexamethasone (all Sigma 0&Aldrich). Cultures were incubated at 37 C with

5% (viv) CO, with changes of medium every 4 days.

Detection and quantification of mineralization

Monolayers in 6 -well plates (10 cm 2 per well) were washed with PBS
and fixed in 10% (v/v) formaldehyde (Sigma  &Aldrich) at room
temperature for 15 min. The monolayers were then washed twice with
excess dH O prior to addition of 1 mL of 40 mM ARS (pH 4.1) per well.

The plates were incubated at room temperature for 20 min with gentle
shaking. After aspiration of the unincorporated dye, the wells were
washed four times with 4 mL dH O while shaking for 5 mi  n. The plates
were then left at an angle for 2 min to facilitate removal of excess water,
re-aspirated, and then stored at -20 C prior to dye extracti on. Stained
monolayers were visualized by phase microscopy using an inverted
microscope (Nikon). For quan tification of staining, 80 0 uL 1 0% (v/v) acetic
acid was added to each well, and the plate was incubated at room
temperature for 30 min with shaking. T he monolayer, now loosely
attached to the plate, was then scraped from the plate with a cell scraper
(Fisher Lifesciences ) and transferred with 10% (v/v) acetic acid to a 1.5 -mL
microcentrifuge tube with a wide -mouth pipette. After vortexing for 30 s,

the sl urry was overlaid with 500 pL m ineral oil (Sigma 0&Aldrich), heated to
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exactly 85 C for 10 min, and trans ferred to ice for 5 min. Care was taken
at this point to avoid opening of the tubes until fully cooled. The slurry
was then centrifuged at 20,000 x g for 15 min and 500 pL of the
supernatant was removed to a new 1.5 -mL microcentrifuge tube. Then
200 pL of 10% (v/v) ammonium hydroxide was added to neutralize the
acid. In some cases, the pH was measured at this point to ensure that it
was between 4.1 and 4 .5. Aliquots (150 pL) of the supernatant were read
in triplicate at 405 nm in 96 -well format using opaque -walled,
transparent -bottomed plates (Fisher Lifesciences). Statistical analyses on
three to six readings wer e td¢eatrand gwhluesut usi
of less than 0.05 were considered significant. For CPC extractions, an
adaptation of the protoco | described in Stanford et al. * was followed.
Monolayers on 6 -well plates were washed five times in PBS and then fixed
with ice -cold 70% ethanol for 1 h. The monolayers were then washed
three time s with dH O. ARS was extracted from the monolayer by
incubation of the monolayers in 1 mL CPC buffer for 1 h. The dye was
then removed and 200 -pL aliquots were transferred to a 96  -well plate

prior to reading at 550 nm.

Arsenazo Il calcium assay

To prevent contamination, all solutions were prepared using
ultrapure reagents (Sigma), HPLC -grade dH O, and sterile plasticware.

Unfixed and unstained osteogenic monolayers of hMSCs were processed
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by acid extraction and neutralization as described above. In a 96 -well
microtiter plate, 10  pL of the extract was added to 100 uM Arsenazo Il in
90 pL of dH ,O. After 10 min at room temperature, the absorbance of the
samples was measured at 595 nm. Measurements were carried out in
triplicate and for most of the samples, di lutions ranging from 10 to 0.3%
(w/v) in neutralized extraction buffer were necessary to allow

measurement within the linear range of the assay.
RESULTS

To continue with the work of Gregory et al. showing the
temporally -restricted expression of Wnt protein s and the effect of Dkk1l
on cell cycle of MSCs, | first wanted to establish that Dkk1 bound directly
to MSCs through the LRP6 receptor. The most simple and direct approach
involved using the MSCs as an affinity matrix to bind radiolabeled Dkk1
introduced i nto the medium. I first cloned the DKK1 gene from MSCs into
an expression plasmid, sequenced the constructs to confirm | had the
correct gene and then prepared some mutant versions of the gene. One
mutant had a cysteine to alanine mutation in the binding s ite (C- A), and
| also prepared two truncated versions, one consisting of only the first
cysteine -rich region (Cysl) and the other consisting of only the second
cysteine -rich region (Cys2). Because Cysl had been shown to have no
effect in work done in  Xenopus, we used it as our non -binding control

product. After sequencing these to confirm their sequence was correct, |
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used the constructs inan  in vitro transcription and translation reaction to
produce radiolabeled protein. Equal volumes of each translation reaction
was added to MSCs, and a fter thorough washing, the residual
radioactivity of the cells was measured. A schematic of the experiment is
shown in Figure 11-2a. To exclude the possibility that the binding was non -
specific, m utant proteins devoid of binding activity were panned over
MSCs. We found that labeled wild -type Dkk1 left approximately 4 times
as much residual radioactivity as either the C ->A mutant or the Cysl
truncation product. These results indicate that Dkk1 binds to MSCs in a
manner dependent on structural features associated with LRP - Dkk1

interaction. The results are shown in Figure 11-2b.
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Figure II-2 - Dkk1 binding assay (A) Assay schematic (B) retained
radioactivity is highest when wild -type full -length Dkk1 is used.

To more directly demonstrate LRP receptor interaction, | cloned the
gene for LRP6 from MSCs and prepared an  in vitro binding experiment. In
the experiment shown in  Figure Il -3a, streptavidin -labeled paramagnetic
iron beads were loaded on a column resting in a magnet. LRP6 was
prepared by in vitro transcription and translation in the presence of S*-
methionine and tRNA coupled to biotinylated lysine and then applied to
the column. After washing out unbound material, similarly prepared,
unbiotinylated Dkkl was prepared and run through the LRP6 -

functionalized columns. Further washing was done to remove
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nonspecifically attached material and then the columns were removed
from the magnet to elute bound antigen. The samples were then
separated by SDS -PAGE and visualized by radiography on X  -ray film. A
band in the eluate fraction of the same molecular weight as the
unfractionated IVT product indicated that Dkkl was bound in the
column. Flowing a 1:10 (vol:vol) mixture of radiolabeled full length Dkk1
and cold Cys2 mutant protein resulted in decreased Dkk1 in the eluate

with a concomitant increase in flowthrough signal (Figure 1l -3b). The data
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Figure 11-3 - Radioligand binding assay. Panel A (top row): Dkk1/LRP5
binding assay with wild type Dkk1: lane 1, flow through fraction after

LRP application; lane 2 -4, wash es; lane 5, flow through fraction after
Dkk1l application; lanes 6 -8 washes; lane 9 -11, elution. Panel A
(bottom row): Dkk1/LRP5 binding assay with mixed wild type Dkk1

and Cys2 mutant protein.
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from the ligand binding experiments led to development of Dkk1 agonist
and antagonist peptides. The more promising panel of peptides was used

for Dkk1 blocking experiments described in Gregory et al (2005) %,

Having shown that MSCs e xpressed the receptor for Dkk1, and that
Dkk1l bound to the appropriate receptor, we were ready to examine the
biological effect of Dkk1 on MSCs. Because previous work had been done
in mice, we needed to show that Dkkl had a direct effect on human
MSCs. To this end, we needed to develop a model system in which the
biological effects of Dkk1l exposure could be studied. Since the previous
binding assays were time and labor intensive, we developed a fast and
convenient assay that lent itself to testing a wide va riety of compounds.
Earlier, in Gregory et al. (2004), we developed a method for staining and
guantifying mineralized deposits in MSC osteogenic culture. This culture
system is what we used as my initial semi -quantitative model of
osteogenesis. In the exis ting method, MSCs were cultured in osteogenic
medium containing a source of phosphate, ascorbic acid, and
dexamet hasone in a rich medium such as a-MEM containing fetal calf
serum (FCS)*. Mineralization was assessed by Alizarin red S (ARS)
incorporation. This assay was only semi  -quantitative, so we developed a
sensitive quantitative assay for calcium ( Figure ll-4a). Using this assay, we
confirmed that the calci um content of the mineralized monolayers was

correlated to the extent of recoverable ARS stain ( Figure I1-4b). When
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compared with acid extraction of ARS, the Arsenazo Il assay produced
equivalent data but, due to the low and narr ow linear range of the
Arsenazo Ill assay (0 to 80 uM) , extensive dilution of the samples was
required which resulted in a high level of variation ( Figure II-4b). The
samples were fixed with 10% buffered formalin in the ARS assay, but this
did not appear to affect sensitivity or reproducibility since the acid
extraction results were comparable to the Arsenazo Ill measurements
that were carried out on unfixed hMSCs. At this point we had a

guantitative assay, but not a fast one, as i t required 21 days to complete.



30

A- 0.25 /

E ~ /
=
wy
2 015
8 /
3 o1
§ /
< 005 <
0d
0 10 20 30 40 S0 60 70 80
(Ca™)
B 18000 -2
" £ 16000 118 =
S, 14000 1.6 03
Z' 12000 g
;}( 4 10000 ':‘2 5‘+
= 4 >
= 8000
08 §
6000 T L 0.6 g
4000 l ‘04 <
2000 02
0 ———— 0
0 7 14 21

Days of treatment

Figure 11-4 - Comparison of ARS and arsenazo Ill calcium assays.
(A) Linear range of arsenazo lll assay, showing narrow micromolar
range. (B) Comparison of arsenazo Il with ARS in quantitation of
calcium produced during MSC differentiation . Assay performed as
previously described .

Alkaline phosphatase ( ALP) is a product of early osteoprogenitors,
used to release inor ganic phosphate moieties from organic
molecules so that they may be incorporated into hydroxylapatite,

the major inorganic component of bone. We knew from earlier

work that MSCs reached maximal ALP expression as soon as day
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10 of osteogenic culture, so sin ce this enzyme remains
membrane -bound and is not secreted in large amounts , it seemed
like a good candidate for a more rapid marker of osteogenesis.
Examining osteogenesis via ALP is a relatively rapid and easy to
method and had the further advantage of pr oviding results
relative to cell number, instead of total protein, which is
important to prevent results from being skewed by test
compounds which affect ECM secretion. The assay schematic is
depicted in Figure II-5. Confluent lay ers of MSCs were washed to
remove residual phospha tase activity from the medium and para -
nitrophenol phosphate, a colorimetric indicator of phosphatase
activity , was added in a Tris -saline buffer at alkaline pH. The
change in absorbance at 405 nm over time is measured in a plate

reader and then the cells are counted.
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Figure 11-5 - In-situ assay for alkaline phosphatase

To correct for variations in cell number among conditions, cells
were counted using one of  two methods. The nuclei were either stained in
situ with the CyQuant NF DNA stain  (Figure 11-6), or the cells were lifted,
lysed, and the nuclei were stained in the lysate using CyQuant GR. We
counted the cells stained in situ using an automated image analysis
routine and quantitated the cells in the lysate by correlating fluorescence
measurements of the lysate with readings on lysates prepared from a
known number of cells. We found that the CyQuant counts correlated

well with man ual counting of cells using a hemacytometer ( Figure 11-7).



Figure 11-6 - Fluorescent microscopy of in situ stained cell nuclei
with CyQuant NF .

Figure 11-7 - Comparison of in situ counting methods
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