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Abstract: The extracellular matrix provides structural and organizational cues for tissue development and defines and
maintains cellular phenotype during cell fate determination. Multipotent mesenchymal stem cells use this matrix to tightly
regulate the balance between their differentiation potential and self-renewal in the native niche. When understood, the
mechanisms that govern cell-matrix crosstalk during differentiation will allow for efficient engineering of natural and syn-
thetic matrices to specifically direct and maintain stem cell phenotype. This work identifies the discoidin domain receptor
1 (DDR1), a collagen activated receptor tyrosine kinase, as a potential link through which stem cells sense and respond to
the 3D organization of their extracellular matrix microenvironment. DDR1 is dependent upon both the structure and pro-
teolytic state of its collagen ligand and is specifically expressed and localized in three dimensional type | collagen culture.
Inhibition of DDR1 expression results in decreased osteogenic potential, increased cell spreading, stress fiber formation
and ERK1/2 phosphorylation. Additionally, loss of DDR1 activity alters the cell-mediated organization of the naive type |
collagen matrix. Taken together, these results demonstrate a role for DDR1 in the stem cell response to and interaction
with three dimensional type | collagen. Dynamic changes in cell shape in 3D culture and the tuning of the local ECM mi-
crostructure, directs crosstalk between DDR1 and two dimensional mechanisms of osteogenesis that can alter their tradi-

tional roles.

INTRODUCTION

Tissue homeostasis and response to injury is maintained
through a dynamic equilibrium between the extracellular
matrix (ECM) and cellular components of the tissue. The
ECM not only provides structural and organizational guides
for tissue development but also defines and maintains cellu-
lar phenotype to drive cell fate decisions. Remodeling, the
change in tissue form and function, requires both positive
and negative signals from the cell and matrix components of
the tissue [1]. Through changes in mechanical tension, ma-
trix density (location and concentration) and fluid move-
ment, remodeling affects the spacing between molecules
within the extracellular space. This spacing is tunable on a
cell by cell basis [1]. The formation of highly ordered mul-
ticellular structures requires this type of specific, localized
matrix remodeling. For example, fibroblasts encapsulated
within 3D hydrogels migrate through the fibrous meshwork
via MMP-dependent remodeling that occurs directly at the
cell surface [2]. These dynamic interactions are required
during a variety of cellular behaviors and 3D hydrogel cul-
ture allows for the direct cell-mediated interaction with and
remodeling of the external microenvironment.

Mesenchymal stem cells (MSC) are multipotent cells
that, in vivo, contribute to both tissue modeling during de-
velopment and the maintenance during homeostasis [3].
MSC respond to sites of injury in mature tissue, migrate and
directly interact with the tissue microenvironment to induce
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programs of differentiation and regeneration. Cell shape,
adhesion to the ECM and 3D tissue architecture are critically
important in the regulation of MSC behavior both in vitro
and in vivo. Exactly how MSC interact with this 3D micro-
environment for specific lineage commitment, however, re-
mains largely unknown.

Changes in cell shape, cytoskeletal tension and tissue
geometry influence cell fate decisions. Cell shape controls
two dimensional (2D) cell behavior through alteration of
internal cytoskeletal tension [4-8]. For example, by control-
ling the area available for individual cell spreading, the spe-
cific lineage to which MSC differentiate is sufficiently lim-
ited; adhesive, flattened cells adopt an osteogenic phenotype
and round cells tend towards adipogenesis [9]. The expres-
sion of constitutive RhoA, a cytoskeletal signaling molecule
that regulates the formation of stress fibers, promotes os-
teogenesis irrespective of adipogenic induction but maintains
a dependency on island size [9]. Controlled by the spatial
architecture of the ECM, cell shape and cytoskeletal tension
are primary factors in tissue patterning, morphogenesis and
differentiation.

While the way cells adhere to and interact with 2D ECM
is relatively well understood, there is still very little known
about how structure and function are related when cells are
embedded in 3D environments. The three dimensionality of
tissue is essential for the maintenance of cellular function
and the development of physiologically relevant structures
[10,11]. Cells encapsulated within 3D matrices are able to
interpenetrate and entangle themselves within collagen fi-
brils [12]. This is not possible on rigid, planar surfaces. It is
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still unclear, however, what cell surface receptors, cytoskele-
tal machinery and signaling molecules allow cells to differ-
entially sense and respond to 3D cues.

There are three principle families of receptors involved in
cell-mediated adhesions: 1. integrins (cell-matrix), 2. cadher-
ins (cell-cell) and 3. discoidin domain receptors (cell-
collagen) [1]. While these interactions are well characterized
in 2D culture, the roles and expression patterns of these re-
ceptors in 3D culture may be quite different. In fact, their
dynamic turnover in 3D may facilitate key changes in cellu-
lar behaviors including migration, changes in cell shape and
size, and adhesion to newly deposited ECM components [1].
While a role for integrins in MSC differentiation is clear in
2D [13,14], there are discrepancies in the focal adhesion
signaling centers that assemble in cells grown in 2D and
those encapsulated in 3D, pliable matrices. In fact, 2D focal
adhesions are exaggerated forms of the matrix adhesions
found in 3D, the stress fibers associated with 2D focal adhe-
sions are rarely observed in 3D culture [15].

Discoidin domain receptors (DDR), are collagen binding
receptor tyrosine kinases that are dependent upon both the
structure and proteolytic status of the ECM [16]. DDRs are
expressed in a variety of tissues and upon activation regulate
cell adhesion, proliferation and extracellular matrix remodel-
ing [17]. DDRs are not activated by soluble growth factors
but must specifically adhere to collagen ligands. Two recep-
tors in this family, DDR1 and DDR2, have differential colla-
gen specificities. DDR1 is activated by all tested collagens,
while DDR2 binds only fibrillar collagens, i.e. types | and 111
[18,19]. Unlike most receptor tyrosine kinases, DDRs
achieve maximal activation several hours following exposure
to collagen and are specifically active only when in contact
with collagen found in its native triple helical structure [18].
Degraded or denatured collagen fibers fail to induce kinase
activity and therefore the DDR receptors are in a unique po-
sition to sense and respond to proteolytic events in the ex-
tracellular environment [17,18]. In this way, DDRs may be a
critical sensor of changing spatial cues found in a 3D colla-
gen matrix.

MSC osteogenesis is differentially regulated in 2D and
3D. In 2D culture MSC use integrins to adhere to several
ECM proteins including type | collagen, vitronectin, and
laminin-322. In vitro, 2D adhesion to these proteins is suffi-
cient to activate focal adhesion formation and induces the
upregulation of osteogenic gene markers and mineralization
through mitogen activated protein kinase (MAPK), in the
absence of osteogenic supplements [20,21]. When encapsu-
lated in 3D, MSC enhance this expression of osteogenic gene
markers, however, the MAPK, extracellularly regulated
kinase (ERK), conversely functions to suppress that amplifi-
cation [22]. Conflicting roles for ERK in MSC differentia-
tion are reported throughout the literature and have yet to be
reconciled [20,23-25]. Through this work we propose to in-
troduce a role for DDR1 in matrix-mediated crosstalk with
traditional integrin signaling pathways. The expression and
cell surface localization of DDR1 is limited specifically to
3D culture and stand to play a significant role in the sensing
of dimensional cues, remodeling, response to specific tuning
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of the ECM and pathway crosstalk for enhanced osteogenic
potential over 2D.

MATERIALS AND METHODS

MSC were purchased from Lonza Group Ltd. (Allendale,
NJ). MSC tissue culture media (DMEM) was purchased
from Mediatech (Cellgro, Herndon VA) and penicillin G-
streptomycin sulfate fungizone (FPS) from Hyclone (Fisher
Scientific, Fair Lawn NJ). Fetal bovine serum (FBS) was
purchased from Gemini Bio-Products (Woodland CA).
Trypsin-EDTA and agarose was obtained from Sigma
Chemical Co. (St. Louis MO). Purified, lyophilized bovine
collagen | was purchased from MP Biomedicals (Solon OH)
and solubilized collagen | from calf skin was purchased from
Sigma Chemical Co. (St. Louis, MO). The Trizol reagent for
RNA isolation was purchased from Invitrogen (Carlsbad
CA) and QuantiTect® SYBR® Green One Step RT-PCR Kit
from Qiagen (Valencia CA). Primers were ordered from In-
tegrated DNA Technologies (Coralville 1A). The phospho-
ERK TiterZyme®EIA Enzyme Immunometric Assay Kit was
ordered from Assay Designs (Ann Arbor, MI). Hematoxylin,
Eosin and Alizarin Red S was purchased from Sigma
Chemical Co (St. Louis MO). Hoechst 33258 dye was pur-
chased from Molecular Probes Inc. (Eugene OR) and Prote-
inase K from Promega Inc. (Madison WI). Unless otherwise
specified, the other standard reagents were obtained from
Fisher Scientific (Fair Lawn NJ).

Human Mesenchymal Stem Cell Culture

MSC are provided by Lonza and are donated by healthy
males and non-pregnant females between the ages of 18 and
45 years of age. All donors must have negative clinical labo-
ratory tests for HIV, hepatitis B and hepatitis C, normal vital
signs and hematology values and a negative medical history
for heart disease, kidney disease, cancer, bleeding ulcers,
diabetes, jaundice, liver disease, hepatitis and epilepsy. In
addition, the donors must maintain a weight no more than
10% above the normal body weight for their height, have no
blood or bleeding disorders and are taking no prescription
medicines other than those deemed allowable. The MSC
used in this study were obtained from three individual do-
nors fitting the above criteria.

Cryopreserved MSC were grown according to manufac-
turer’s instructions. MSC were cultured in Dulbecco’s Modi-
fication of Eagle’s Medium 1x (DMEM) supplemented with
10% fetal bovine serum (FBS) and fungizone/penicillin/
streptomycin (FPS) [10,000 units/ml]. Medium was changed
every three days and cultures were incubated at 37°C in a
humidified atmosphere containing 95% air and 5% CO..
Cells were detached using trypsin-EDTA and passaged into
fresh culture flasks upon reaching confluence. MSC were
used between passages 6 and 8. In preparation for incorpora-
tion in 3D constructs, cells were washed with PBS, detached
with trypsin-EDTA, collected, and counted using a Beckman
Coulter Counter. Cells for 2D control samples were prepared
in the same manner and plated in a 6-well plate at a density
of 2.3x10* cells/cm?. For collagen-coated samples, solubi-
lized collagen, 20pg/ml, was adsorbed to the surface of the
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6-well plate and incubated at 37°C for at least one hour. Fol-
lowing adsorption of the collagen to the tissue culture plas-
tic, the surfaces were rinsed with sterile PBS and cells plated.

3D Collagen | Gel Culture

Three-dimensional collagen | gels were prepared by mix-
ing cells with the following reagents: DMEM (14%), FBS
(10%), 5X Conc. DMEM (16%), 0.1IN NaOH (10%) and
4mg.ml collagen | (50%). The final collagen concentration is
2mg/ml within each construct. Constructs of a volume of
1.0ml were made in 12-well plates and the cellular density
was kept constant at 1.0x10° cells per mlI/ECM. The con-
structs were incubated at 37 °C for 30 minutes, released from
the wells and incubated in DMEM. Images of the constructs
were taken at days 0, 1, 3 and 7 and construct areas were
recorded for analysis of compaction.

RNA Isolation and Quantitative RT-PCR

RNA was isolated using the TRIzol Reagent (Invitrogen,
Carlsbad, CA). RNA was isolated at day 1, 3, 7 and 14 for
initial studies to determine optimal time point for gene detec-
tion. Experiments involving the inhibition of ERK were per-
formed at day 7. Constructs were homogenized in the TRIzol
reagent using the TissueRuptor power homogenizer. Isola-

Tablel. Real Time RT-PCR Primers
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tion was performed as per manufacturer’s instructions and
total isolated RNA was dissolved in RNase/DNase free water
and stored at -20 °C. Total RNA was quantified using a
NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington DE).

Quantitative reverse transcription RT-PCR was per-
formed using the LightCycler® 480 Real-Time PCR System
(Roche, Pleasonton, CA) and the QuantiTect® SYBR® Green
RT-PCR Kit with HotStar Tag DNA Polymerase. 1x Quan-
tiTect SYBR Green, 0.5 uM Primer F and Primer R, 0.5
pl/reaction QuantiTect RT Mix were combined with sample
RNA to yield a 20 pl reaction volume. Primers used for am-
plification of differentiation marker genes were designed
using OligoPerfect™ (Invitrogen, Carlsbad, CA) and pur-
chased through IDT Technologies (Coralville 1A). RT-PCR
was performed according to the following protocol defined
by the manufacturer: RT 20 min at 50 °C, 20 °C/s ramp, PCR
activation 15 min at 95 °C, 20 °C/s ramp, 35-55 cycles of
[denaturation 15 s at 94 °C, 20/s ramp, annealing 20-30 s at
50-60 °C, 20 °C/s ramp, extension 30 s 72 °C, 2 °C/s ramp].
The markers of cell phenotype used in this study are listed in
Table 1 and represent the osteogenic, chondrogenic, adipo-
genic, and myogenic lineages. All samples were loaded in
duplicate and normalized to total RNA content and to the
performance of the housekeeping gene, GAPDH. Fold dif-

Target

Primer Sequences

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Forward 5-CGACCACTTTGTCAAGCTCA-3'
Reverse 5-AGGGGTCTACATGGCAACTG-3'

Bone Sialoprotein (BSP)

Forward 5-CTGCTTCCTCACTCCAGGAC-3'
Reverse 5'-GATTGCTTCCTCTGGCAGTC-3'

Integrin betal (ITGB1)

Forward 5-TGAAGACTATCCCATTGACC-3'
Reverse 5'-TCCTCCCTCATTTCATTCATC-3'

Integrin alphal (ITGA1)

Forward 5-CATTTGCATTACACAACTGG-3'
Reverse 5'-CATTCTTTCAAGAAGGTCA-3'

Integrin alpha2 (ITGA2)

Forward 5-GGAGCAATTCAATATGCAAG-3'
Reverse 5'-GTACCCAAGAACTGCTATGC-3'

Integrin alpha3 (ITGA3)

Forward 5-ATCAACATCGTCCACAAGAC-3'
Reverse 5'-GTTGTAAGCAAAGCACAGC-3'

Discoidin Domain Receptor | (DDR1)

Forward 5-TGGCTATTCACTGAGCGATG-3'
Reverse 5'-ACTGCTCTCCAACCTGCTGT-3'

Matrix Metalloproteinase 1 (MMP-1)

Forward 5-ATGCTGAAACCCTGAAGGTG-3'
Reverse 5'-CTGCTTGACCCTCAGAGACC-3'

Matrix Metalloproteinase 2 (MMP-2)

Forward 5-ATGACAGCTGCACCACTGAG-3'
Reverse 5'-ATTTGTTGCCCAGGAAAGTG-3'

Matrix Metalloproteinase 9 (MMP-9)

Forward 5-CATCGTCATCCAGTTTGGTG-3'
Reverse 5'-~AGGGACCACAACTCGTCATC-3'

Matrix Metalloproteinase 10 (MMP-10)

Forward 5-CCAGTCTGCTTGCCTATCC-3'
Reverse 5'-CCAGGAAAGGAGCTGAAGTG-3'

Matrix Metalloproteinase 13 (MMP-13)

Forward 5-AACGCCAGACAAATGTGACCC-3'
Reverse 5'-TCCGCATCAACCTGCTGAGG-3'
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ferences in gene expression were relative to MSC cultured
on tissue culture plastic and calculated using the AACt
method [26].

Nucleofected siRNA Knockdown of DDR1

DDR1 siRNA (Santa Cruz Biotechnology) and AMAXA
Nucleofection technology was used to mediate the expres-
sion of DDR1 in response to type | collagen stimulus. Cells
were trypsinized, counted and isolated into 6.0x10° aliquots.
Cells were nucleofected according to manufacturer instruc-
tions as outlined in the AMAXA Human MSC Kit and nu-
cleofected using an AMAXA Nucleofector Device, program
U-023. Scrambled control siRNA (Santa Cruz Biotechnol-
ogy) and cells exposed to the AMAXA program without
siRNA were used as negative controls in addition to unaf-
fected wild type cells. Cells were immediately exposed to
low calcium medium and then added to prewarmed 10cm?
dishes. The cells were allowed to culture overnight and RNA
was isolated from a sample of the nucleofected cells while
the remaining were trypsinized and encapsulated in type |
collagen hydrogels as described above.

Inhibition of the MAPK Pathway

ERK activity was controlled through the inhibition of its
upstream activator MEK using PD98059 dissolved in
DMSO. Cells were pre-incubated with PD98059 at a concen-
tration of 50uM for 15 min and then plated for 2D culture or
encapsulated within a collagen hydrogel for 3D culture as
described below. Constructs were grown in PD98059 sup-
plemented medium for the given time points. The final
DMSO concentration never exceeded 0.1% and the same
amount of the DMSO vehicle was added to control samples.

Quantification of ERK

Cells were serum encapsulated in type | collagen at a
density of 1x10%cm?® with and without DDR1 siRNA. Cells
were extracted from the hydrogel through collagenase-2
(Sigma Chemical Co., St. Louis, MO.) digestion for one hour
at 37°C and centrifuged to obtain a cell pellet. Protein was
extracted from the pellet in ice-cold RIPA buffer supple-
mented with a protease inhibitor cocktail (Sigma Chemical
Co., St. Louis, MO). Samples were assayed using the
TiterZyme®EIA phospho-ERK Y Elisa Assay Kit according
to manufacturer’s instructions. Briefly, samples were diluted
in assay buffer to normalize for cell number and incubated
for one hour in a 96-well plate. Following antibody and sub-
strate incubation, the samples were read on a plate reader at
an optical density of 450 nm. The concentration of pERK
(pg/ul) was quantified against a standard curve and normal-
ized to total protein levels.

Immunofluorescence Imaging

Constructs were washed with PBS followed by 30 minute
incubation at 4°C in 3% paraformaldehyde. The constructs
were then washed with PBS and incubated at 4°C for 30
minutes in cell blocking solution (0.25% Tween20, 1% BSA
in PBS). Collagen constructs were incubated for 45 minutes
in a 1:500 dilution of phalloidin (Invitrogen) and 10 minutes
at room temperature in SYTOX® Green Dye (Invitrogen) at a
final concentration of 50nM in cell blocking solution. DDR
and tubulin antibodies (Santa Cruz Biotechnology) were
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applied at a 1:200 dilution. The samples were stored at 4°C
in PBS until imaging. 3D confocal images were taken using
a Zeiss LSM 51 and Image J (NIH) was used to convert the
files into .tiff format for segmentation.

Second Harmonic Generation

Collagen | constructs were harvested at days 0, 0.5, 1, 2
and 3 and were second harmonic micrographs were obtained
using a Zeiss LSM 510 two photon confocal microscope
(Zeiss Inc., Thornwood, NY). Samples were excited by a
two photon laser at 820 nm and emissions were collected at
480 nm. Images were taken at a 40x magnification. Corre-
sponding cellular images taken as stated above and merged
with the SHG images using Image J (NIH, Bethesda, MD).

Statistical Analysis

All experiments were repeated a minimum of three times,
and the representing data are presented as mean +SEM. Sta-
tistical analyses were performed using Student’s unpaired t-
test, and a p-value < 0.05 was considered significant.

RESULTS

The 3D Expression and Localization of Discoidin Domain
Receptor 1, Integrins and Matrix Metalloproteinases

3D culture affects the phenotype and behavior of many
cell types when compared to traditional 2D culture. This
alteration in behavior is presumably mediated by changes in
cell shape, cell signaling and cellular interaction with the 3D
orientation of the matrix. Previous work established opposite
roles for integrin mediated osteoinduction in MSC cultured
in 2D and 3D [22]. Therefore, a quantitative increase in in-
tegrin signaling does not explain the enhancement of os-
teogenic gene expression in 3D. For this reason, we looked
for an alternative receptor that might function to inhibit or
alter integrin signals, specifically in the presence of 3D col-
lagen fibers. Discoidin domain receptor 1 (DDR1) plays a
critical role in not only binding to collagens but also in sens-
ing their structure and proteolytic state. When cultured in
3D, as compared to 2D controls, both tissue culture plastic
(TCP) and type I collagen coated plates, MSC upregulated
their expression of DDRL1 as early as day 1, (Fig. 1D), and
localize into punctate adhesions by day 3, (Fig. 1C). DDR1
in 2D cultures, in the presence or absence of adsorbed type |
collagen, remains diffuse and localized to the cytoplasm,
(Fig. 1A,B).

Though the signals propagated via integrin adhesion to
type | collagen seem to play a different role in 3D matrices,
their presence will remain critical to MSC survival, adhesion
and behavior. We tested for the presence of key collagen
binding integrins in 3D culture as compared to 2D controls,
both tissue culture plastic (TCP) and collagen coated plates
(COL). MSC were cultured for three and seven days within
these different environments. Integrin subunits 1 and ol
showed no significant change in expression when cultured in
3D. Integrins 02 and a3, however, showed trends of increase,
though they do not reach statistical significance given wide
variance in the extent of transcript upregulation, (Fig. 2A-D).

Cell-mediated reorganization of the ECM requires adhe-
sion, secretion, degradation and assembly of the proteins
within that matrix. DDR1 and integrins are responsible for
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Fig. (1). DDR1 expression and localization is upregulated in 3D culture. Immunofluorescence demonstrates signficiant changes in DDR1
localization in 2D and 3D environments. A. MSC on glass and B. MSC on type | collagen coated coverslips show diffuse, cytoplasmic stain-
ing of the DDR1 receptor (red). Nucleus (blue). C. Encapsulated in 3D, this changes to specific localized puncta scattered within 3D space
(red). Nucleus (blue), actin (green). One optical slice within a z-stack shown with xy, Xz and yz planes, representative images, scale bar =
20pm. D. One optical slice through stack stained with secondary only as a negative control shows no punctuate staining as seen with the
staining of the DDR1 receptor. E. Expression of DDRL1, detected by qRT-PCR, is significantly upregulated immediately upon encapsulation
within a 3D environment and high levels of expression are sustained through two weeks in culture as compared to 2D tissue culture plastic
(TCP) and collagen coated plates (COL). All samples were normalized to the housekeeping gene, GAPDH, and expressed here as a fold

change over TCP at day one. *Statistical significance p<0.05, n=3.

the upregulation of matrix metalloproteinases (MMPSs) in
response to collagen adhesion that mediate the cellular
remodeling response. Therefore, we assessed the expression
of MMPs in MSC encapsulated in type | collagen at days 1,
3, 7 and 14. Of the MMPs assayed, three showed significant
increases over 2D controls, TCP and COL (Fig. 3A). These
MMPs, MMP-1, MMP-9 and MMP-13, were sustained at
high levels of expression through two weeks of culture in
3D, (Fig. 3B-D).

siRNA Mediated Knockdown of DDR1 in MSC

In order to better understand the role played by DDR1 in
mediating both remodeling and osteogenic differentiation in
type | collagen gels we used siRNA to knockdown DDR1
mRNA levels. A cocktail of 3-5 siRNA specific to the DDR1
mRNA transcript was introduced to MSC in culture using

Amaxa Nucleofection technology one day prior to encapsu-
lation within type | collagen gels. Transcript levels of DDR1
were quantified in 2D after nucleofection, just prior to en-
capsulation, and following seven days of 3D culture. At both
time points DDR1 was significantly downregulated by 809%,
consistent with Amaxa’s reported nucleofection efficiency in
MSC, (Fig. 4). Negative controls used were untreated MSC
(WT-), MSC exposed to the nucleofection program without
siRNA (WT+) and MSC nucleofected with scrambled, nega-
tive control sSiRNA (Neg). A positive GAPDH siRNA con-
trol was used during optimization of the nucleofection proto-
col but was not used in the following experimental runs (data
not shown). Control samples showed no significant change
in DDR1 levels as assessed by gRT-PCR. Additionally,
DDR2 and GAPDH mRNA levels remained unaffected by
the DDR1-specific siRNA treatment (data not shown). Fol-
lowing nucleofection, MSC were encapsulated within 3D
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Fig. (2). MSC maintain levels of integrin expression comparable to 2D culture with (COL) and without collagen (TCP). MSC were
cultured in 2D and 3D environments for 3 and 7 days and integrin expression assessed using gRT-PCR. Three collagen binding integrin
subunits and one fibronectin subunit were tested, A. ITGB1, B. ITGal, C. ITGa2 and D. ITGa3. Though upward trends are observed for the
a2 and a3 subunits in 3D they do not reach significance as compared to 2D controls (TCP and COL). All samples were normalized to the
housekeeping gene, GAPDH, and expressed here as a fold change on TCP. *Statistical significance p<0.05, n=3.
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Fig. (3). MMP expression is upregulated in 3D type | collagen culture. A. MMP 1, 2, 9, 10 and 13 expression was assessed using qRT-
PCR in 3D type I collagen culture as compared to 2D controls (TCP and COL). MMPs 1, 9 and 13 were significantly upregulated in 3D. B.
MMP1, C. MMP9 and D. MMP13 sustained these high levels of expression over two weeks in culture. All samples were normalized to the
housekeeping gene, GAPDH and expressed here as a fold change over TCP. *Statistical significance p<0.05, n=3.



46 The Open Stem Cell Journal, 2009, Volume 1

c

o

# 2.5-

g 3 Day 1
o 2.0- Bl Day 7
X

Q 1.5-

£

o 1.0

[o)]

c

2 *

S 0.5 .

=l

© 0.0- T T T

o WT- WT+ Neg DDR1 siRNA

[

Fig. (4). DDR1 mRNA was significantly knocked down in MSC
using siRNA nucleofection technology. Controls used were un-
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Both prior to encapsulation (one day after nucleofection) and after 7
days in 3D culture, MSC showed significant knockdown of the
DDR1 transcript. All samples were normalized to the housekeeping
gene, GAPDH and expressed here as a fold change over TCP.
*Statistical significance p<0.05, n=3).

type | collagen microenvironments. Within these environ-
ments, MSC compact their matrix to levels comparable with
control gels, (Fig. 5). MSC were cultured in these 3D envi-
ronments for one week and imaged at days 1, 3 and 7 to de-
termine changes in construct volume. Additionally, viability
was assessed in these constructs at day 7 using Live/Dead
(calcein-AM and ethidium homodimer) staining. No signifi-
cant cell death was observed with the knockdown of DDR1
(data not shown).
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Fig. (5). MSC are able to compact their 3D environment in the
absence of DDR1. There was no significant change in either the
final volume or rate of compaction observed with the knockdown of
DDR1 expression in 3D type | collagen hydrogel microenviron-
ments. *Statistical significance p<0.05, n>3.

Loss of DDR1 Affects Cell Shape in 3D

Fibroblasts cultured in 3D type | collagen gels exhibit
dendritic extensions that contain a microtubule core with
actin tips [27]. The inhibition of actin polymerization in 2D
cultures of fibroblasts results in the recapitulation of these
dendritic extensions. In pre-stressed 3D gels, which mimic
the rigidity in 2D culture, these cells show well established
stress fibers and lamellipodia [27]. Thus, the cytoskeleton
plays an important role in the regulation of cell spreading
and the tension state in response to dimensional cues. MSC
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in 3D exhibit the morphology observed in fibroblasts with
tubulin enrichment of 3D dendritic extensions, (Fig. 6).
Knockdown of DDR1 inhibited the formation of a microtu-
bule core in dendritic extensions characteristic of 2D culture,
(Fig. 6). Additionally, the generation of well defined stress
fibers, typical of 2D culture, was induced with the inhibition
of DDR1 expression, so that without prestressing of the col-
lagen gels 2D morphology is recapitulated in 3D, (Fig. 7A,
B). MSC that lack DDR1 expression are significantly larger
and more spread than their wildtype counterparts within the
same 3D environment as quantified by total area and vol-
ume, (Fig. 7C). No significant changes in cell shape were
observed in 2D culture (data not shown).

DDR1 Suppresses ERK Phosphorylation in 3D

Our previous work showed that integrin mediated signal-
ing required for 2D induction of osteogenic differentiation
played a suppressive role in 3D [22]. As DDR1 is preferen-
tially expressed by MSC cultured in 3D, DDR1 signaling
player may affect the traditional transduction of integrin me-
diated signals to enhance osteogenesis in 3D matrices. Inhi-
bition of ERK activity using the MEK inhibitor, PD98059
[28], resulted in a loss of DDR1 localization, demonstrating
interaction between these two intracellular signaling path-
ways. MSC were cultured in 3D type I collagen gels with
and without PD98059 and imaged at day 1. The distinct
punctate staining observed in 3D culture was decreased with
the inhibition of ERK at this early timepoint, (Fig. 8A,B).
Following 7 days in culture there was no significant change
in DDR1 expression in the presence of PD98059, (Fig. 8C).
To demonstrate interaction with MAPK downstream of
DDR1 activation, phosphorylated ERK was quantified by
ELISA one day after encapsulation. ERK phosphorylation in
the absence of DDR1 was enhanced over controls, though it
does not reach statistical significance over WT- (p=0.056),

(Fig. 9).
Loss of DDR1 Decrease MSC Osteogenic Potential

The intimate and dynamic relationship between a stem
cell and its extracellular environment is required for fate
determination. MSC encapsulated in 3D type | collagen sig-
nificantly upregulate their osteogenic potential when com-
pared to a 2D presentation of the same osteoinductive stimu-
lus. Therefore, the cells’ ability to sense the orientation and
dimension of type I collagen may be a critical component in
their commitment to an osteogenic lineage. MSC encapsu-
lated in 3D type | collagen gels were cultured for 7 days and
assayed for their osteogenic gene expression. Bone sialopro-
tein (BSP) showed a significant decrease in expression with
the knockdown of DDR1 after 7 days in culture as detected
by gRT-PCR indicating a loss of osteogenic potential in the
absence of DDR1, (Fig. 10). The osteogenic gene markers
osteocalcin (BGLAP), runt-related transcription factor 2
(RUNX2), osterix(OSX) and collagen I (COLI) showed no
significant change from controls (data not shown).

Loss of DDR1 Inhibits the Progression of MSC-Mediated
Organization of the Type I Collagen Microstructure

Although MSC showed no significant difference in the
extent to which they compacted their matrix when compared
to controls, the way in which they reorganized the type |
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Tubulin

Fig. (6). MSC dendritic extensions in 3D type | collagen matrices are enriched with a microtubule core. Suppression of DDR1 in MSC
culture results in a loss of this microtubule enrichment. MSC were cultured in type | collagen gels for one day and imaged. Actin (green) and
tubulin (red). Arrows indicate dendritic extensions with tubulin enrichment and actin tip. One optical slice of z-stack, representative images,

scale bar = 20um.

collagen fibers, at the microstructural level, is strikingly dif-
ferent. Wild type gels exhibited the characteristic entangle-
ment of fibers that reorganize around the cell with time cre-
ating intense areas of type | collagen consolidation at the cell
interface. With the inhibition of DDR1 expression, SHG
images at day 1 and 3 reveal significant alignment of fibers
between adjacent cells but no apparent reorganization of
those fibers around the cell interface, (Fig. 11).

DISCUSSION

Sensing the dimensionality of the extracellular matrix
(ECM) facilitates the differentiation and morphogenesis of
progenitor and stem cells. This work presents a mechanism
through which human mesenchymal stem cells (MSC) inter-
act with and respond to the dimension of their type I colla-
gen matrix to enhance their osteogenic potential. 3D culture
upregulates the expression of the discoidin domain receptor
1 (DDR1). Expression and activation of this collagen acti-

vated receptor tyrosine kinase did not affect hydrogel com-
paction, but enhanced cell spreading in 3D, stress fiber gen-
eration, suppressed ERK phosphorylation, osteogenic differ-
entiation and matrix remodeling. DDR1 expression, there-
fore promotes MSC sensitivity to the fine spatial tuning of
the ECM during organizational dynamics and remodeling.

DDR1 is widely expressed during development and pre-
sent in a variety of adult tissues[17]. High levels of DDR1
expression are observed in breast, ovarian, lung and brain
tumors [29-31] and overexpression correlates with increased
cell survival and invasiveness in hepatocellular carcinomas,
pituitary adenoma and prostate cancer [32-34]. Pulmonary
fibrosis and inflammation is attenuated by DDR1 suppres-
sion [35-37]. DDR1 also plays an essential role in mammary
gland development, lactogenesis and arterial wound repair
[38-40]. Key to all of these events is the regulation of colla-
gen turnover, invasion into and organization of the ECM.
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Fig. (7). Knockdown of DDR1 enhances cell spreading in 3D. A. Wildtype cells in 3D show dendritic extensions and lack distinct stress
fibers. B. MSC without DDR1 showed enhanced spreading within this same environment with strikingly prominent actin stress fibers. Nu-
cleus (red) and actin (green). 2D projections of 3D confocal images, representative images, scale bar = 50um. C. Quantification of these
images showed a significant increase in cell spreading with the inhibition of DDR1 expression, n>20.

3D type | collagen enhances the osteogenic potential of
MSC over 2D controls [22]. Analysis of the role played by
ERK in collagen induced osteogenesis demonstrates that
integrin signaling is not the sole mechanism through which
MSC interact with their matrix during differentiation. We
demonstrate here that 3D MSC culture upregulates both
DDR1 expression and localization. When transitioned into
3D culture, MSC do not, however, upregulate the expression
of the collagen activated integrin receptors. The g1 and al
integrin subunits exhibit no significant change in expression
when compared to 2D controls while integrins a2 and a3
showed trends of increase but did not reach significance. Our
previous work demonstrated that MSC use the a2p1 integrin
to bind to type I collagen in culture and these results are con-
sistent with that finding [41].

The a2 integrin plays a critical role in tissue contractility,
MMP expression and matrix remodeling, therefore, its up-
ward trend may represent a response to matrix compliance
[42]. Tissue contraction is a hallmark of hydrogel culture.
No significant change in volume over time was observed
with the knockdown of DDR1 as compared to controls indi-

cating that the primary role for DDR1 in collagen organiza-
tion is not these initial contractile events. The upward trend
in expression of a2 may therefore be the primary mechanism
for the contractile response to 3D type | collagen. The
laminin receptor a3 also shows trends of upregulation in 3D.
Laminin localizes to developing and mature bone tissue and
induces osteogenic differentiation in 2D culture of MSC
[21]. 1t is clear that integrins remain important in 3D culture
and presumably maintain their roles in promoting cellular
adhesion, survival and migration. Integrins, however seem to
be less sensitive to dimensional cues than DDR1.

Though no significant changes were observed in the
expression of B1, al, a2 and a3 integrin subunits, striking
changes were seen in cell morphology. The generation of
distinct stress fibers is atypical of 3D culture. Fibroblasts
grown in 3D lose their spindle like morphology and extend
microtubule rich dendritic arms into the extracellular space
[27]; this morphology was recapitulated by MSC in 3D type
I collagen culture. Knockdown of DDR1 generates a dis-
tinctly 2D-like morphology irrespective of the compliant
nature of the type I collagen hydrogel. Consistent with this,
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PD98059

Fig. (8). Interaction between MAPK signaling and DDR1 localization. A. Untreated gels show distinct punctate staining of the DDR1
receptor. B. Inhibition of ERK with PD98059 resulted in a dramatic loss of DDR1 localization within the 3D gel. Nucleus (blue), actin
(green) and DDR1 (red). 2D projections of 3D confocal images, representative images, scale bar = 50um. C. Expression levels of DDR1
after 7 days of 3D culture in the presence of PD98059 shows no significant change from untreated and DMSO controls. All samples were
normalized to the housekeeping gene, GAPDH and expressed here as a fold change over TCP. *Statistical significance p<0.05, n=3.

inhibition DDR1 in MDCK cells enhances spreading in 2D.
DDR1 activation leads to the suppression of a2B1 integrin
activation of Cdc42 and subsequent downstream cytoskeletal
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Fig. (9). Phosphorylated ERK increased with the suppression of
DDR1 expression. MSC were cultured in 3D type | collagen for 1
day after nucleofection and protein isolated for ELISA detection of
phosphorylated ERK. ERK phosphorylation trends towards an in-
crease over WT-, WT+ and Neg controls but does not reach statisti-
cal significance over WT-. *Statistical significance p<0.05, n=3.

dynamics [43]. With the elimination of DDR1 and its down-
stream signaling effects, static adhesions were formed as the

WT- WT+ DDR1 siRNA

Fold Change in BSP Expression

Neg

Fig. (10). Knockdown of DDR1 results in a loss of osteogenic
potential. MSC nucleofected with DDR1 siRNA and encapsulated
in 3D type | collagen gels for seven days showed significant loss in
their osteogenic potential, detected by bone sialoprotein (BSP) ex-
pression, as compared to control 3D gels (WT-, WT+, Neg).
*Statistical significance p<0.05, n>3.
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Fig. (11). Loss of DDR1 results in changes in the microstructure of the type | collagen matrix. MSC encapsulated in 3D type | collagen
gels were imaged at day 1 and 3 using SHG to image the collagen microstructure (white). Within these gels the MSC compacted their matrix
equivalent to controls but were unable to reorganize and remodel the matrix around the cell interface. Single optical slices of z-stack shown,

representative images, scale bar = 20pum.

actin cytoskeleton was decoupled from the dynamic, me-
chanical nature of the environment.

Manipulation of 2D matrix compliance alters cell spread-
ing, stress fiber formation and MSC differentiation [44]. Ad-
ditionally, restricting cell spreading through controlled adhe-
sive islands restricts development of cytoskeletal tension and
the differentiation potential of MSC [9]. Uncoupling can be
achieved by introducing constitutively active actin regulators
to drive specific differentiation [9]. 3D matrices can then
regulate cell shape through the complex restriction of cellu-
lar volume and temporal changes in matrix density and com-
pliance. These dynamic changes in cell shape and matrix
mechanics could then significantly alter MSC differentiation
and disruption of the interplay between cell shape and its
matrix could play a suppressive role. DDR1 may integrate
with traditional integrin signaling to mediate the behaviors
upregulated in response to extracellular cues.

Consistent with this idea, we demonstrated an interaction
between traditional MAPK signaling and DDR1 activation
and localization. The decreased localization of DDRL1 in re-
sponse to ERK inhibition by PD98059 is consistent with
previous work that implicates a positive feedback loop be-
tween DDR1 and ERK [45]. Interestingly, however, with the
knockdown of DDR1 we observed an upward trend in ERK
activation, that while not significant, indicates a possible
suppressive role for DDR1 in mediating the MAPK pathway.
The collagenase-2 processing required for extraction of cells
from the type | collagen gels for ELISA analysis may de-
phosphorylate ERK and therefore distort absolute quantifica-
tion of ERK activation. However, given the simultaneous
processing of each 3D sample we would expect equivalent
levels of de-phosphorylation to occur in each sample thereby
maintaining relative changes in pERK. ERK, therefore, may
promote its own inhibition, inducing DDR1 activation in
response to integrin activation of the MAPK pathway effec-
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tively coupling these two signals. Similar negative feedback
loops have been demonstrated in ERK signaling [46]. This
presents a mechanism similar to that demonstrated above in
2D where the introduction of DDRL1, as an additional colla-
gen sensor, acts to suppress the propagation of integrin me-
diated signals [43].

In 3D, ERK suppresses osteogenic differentiation poten-
tially through inhibition of Smad signaling [47-49]. DDR1's
role in the control of ERK activation may therefore represent
a potential mechanism of osteogenic induction in 3D.
Knockdown of DDR1 inhibited the osteogenic potential of
MSC within 3D type | collagen culture as determined by
BSP expression. BSP was significantly downregulated after
seven days of culture in MSC nucleofected with DDR1
siRNA as compared to controls. Bimodal activation of BSP
is required for osteogenic differentiation and therefore it has
consistently been used as a responsive marker at early time
points during osteogenic induction. No change was observed
for the other markers testing, BGLAP, COL | and the tran-
scription factors RUNX2 and OSX. Specific temporal regu-
lation of these markers is required for osteogenesis and pat-
terns of expression vary. RUNX2 and OSX are largely regu-
lated by phosphorylation events in addition to the upregula-
tion of their mMRNA expression. BGLAP is typically a late
marker of osteogenesis and COL | is consistently downregu-
lated in the presence of a type | collagen matrix as activation
of the a1f1 integrin inhibits collagen synthesis [42].

The receptor tyrosine kinase inhibitor and cancer thera-
peutic, imatinib (Gleevac®©), potently inhibits both DDR1
and DDR2 [50]. Long term use of imatinib in the treatment
of chronic myeloid leukemia inhibits bone tissue remodeling
in patients [49]. Application of imatinib in vitro to cultures
of bone marrow derived MSC has produced interesting but
inconsistent affects on osteoblastogenesis. While some re-
ports demonstrate an inductive role for imatinib in os-
teogenesis, others indicate a suppression of proliferation and
a shift in the differentiation potential from osteogenesis to
adipogenesis [49,51,52]. Imatinib's general specificity to all
receptor tyrosine kinases complicates the interpretation of
this data but lends support to the potential role for DDR1 and
DDR2 in bone turnover and remodeling. The role for DDR1
may lie in the organization and remodeling of the matrix
around the developing osteoblast to guide differentiation.
The cell source and culture system will greatly affect the role
for and importance of DDR1; cultures that allow for a dy-
namic interplay to exist between cells and their environment
or the presentation of a disorganized matrix to differentiating
cells (as might be seen in a fracture) may enhance the role
and need for DDR1.

The intimate relationship between developing stem and
progenitor cells and their ECM is required for morphogene-
sis. Knockdown of DDR1 in 3D type | collagen culture of
MSC successfully inhibited the organization of the matrix.
Fibrillogenesis drives cell and tissue morphogenesis through
the fine tuning of the structure and mechanics of the ECM.
Inhibition of fibronectin fibrillogenesis prevents neovessel
formation by endothelial cells encapsulated within 3D matri-
ces [53]. The behavior of these same cells plated in 2D is
independent of fibronectin fibrillogenesis. Inhibition of fi-
brillogenesis in 3D prevents endothelial cells from spreading
within their matrix, proliferating and forming higher order
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structure [53]. During chondrogenesis a progression of cellu-
lar adhesions must occur to propagate the necessary signals
and behavior. In late stages of chondrogenesis, adhesion via
integrins and DDR2 to the matrix links the ECM to the actin
cytoskeleton and drives terminal differentiation [54]. Addi-
tionally, in airway remodeling and development, intimate
interactions between developing cells and the ECM not only
aid in repair by regulating cell migration and proliferation
but also promote the differentiation of the repairing cells to
fully restore the wounded tissue [55].

DDR1 knockdown does not affect macroscopic compac-
tion of the type I collagen hydrogel as compared to controls,
however, significant changes were observed in the micro-
structural organization of type | collagen fibers. This impli-
cates DDR1 in the organization of the disorganized collagen
matrix around the cell interface as opposed to cooperative
‘pulling’, mechanical generation of traction forces between
cells probably performed by the a2p1 integrin [42]. The me-
chanical properties of the matrix that result from this
cell/matrix interplay play an important role in the regulation
of the actin cytoskeleton and promotion/inhibition of os-
teogenic signals [44,56-59]. The composition and structural
properties of the ECM can be tuned on a cell by cell basis,
uniquely biasing cells in close neighborhoods. In addition,
the ECM can be tuned around an individual cell by the local-
ized secretion of MMPs, degradation and assembly events.
These specifically localized changes in the mechanical and
structural nature of the ECM may drive the dynamic activa-
tion and deactivation of DDR1, changes in cell shape and the
balance in signal transduction from various adhesion points.
Geometric control of cell shape by changing ECM dynamics
alters intracellular distances [60]. Spatial restriction, in this
way, can force crosstalk between pathways that would not
cross in a planar cell. DDR1 activation may therefore be a
mechanism of signal balance. Given the added complexity in
3D and the non-linear nature of signaling networks, absolute
quantities of signal activation may be less relevant than the
dynamic integration and balance of multiple pathways. In
this way the cell senses and integrates cues in a spatial and
temporal manner to maintain and affect the critical balance
in signals required for specific cellular function.

CONCLUSION

This work presents DDR1 as a potential mediator of
MSC crosstalk with its 3D type | collagen matrix. Conflict-
ing roles for downstream signaling molecules during differ-
entiation in 3D and 2D environments implicates a role for
unique mechanisms of signal transduction in response to
matrix dynamics and mechanical forces. DDR1 binds to and
organizes type | collagen fibers and in so doing activates a
series of signals that regulate diverse cell behaviors from
matrix remodeling, proliferation, migration and differentia-
tion. Here we demonstrate that DDR1 is significantly
upregulated in MSC encapsulated within a 3D type | colla-
gen microenvironment and through crosstalk with traditional
integrin mediated signaling, upregulates the osteogenic po-
tential of MSC. DDRL, therefore, may play a significant role
in the ability of MSC to sense and therefore respond to the
dimensionality of their microenvironment enabling the de-
velopment of physiological function. A mechanistic under-
standing of the interactions that occur at the cell surface in-
terface, in 3D environments, is a prerequisite for biomaterial
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development and the directed differentiation of MSC in en-
gineered tissue constructs.
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