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Abstract
The overall mechanisms governing the role of laminins during osteogenic differentiation of human
mesenchymal stem cells (hMSC) are poorly understood. We previously reported that laminin-332
induces an osteogenic phenotype in hMSC and does so through a focal adhesion kinase (FAK) and
extracellular signal-related kinase (ERK) dependent pathway. We hypothesized that this is a result
of integrin-ECM binding, and that it occurs via the known α3 LG3 integrin binding domain of
laminin-332. To test this hypothesis we cultured hMSC on several different globular domains of
laminin-332. hMSC adhered best to the LG3 domain, and this adhesion maximally activated FAK
and ERK within 120 minutes. Prolonged culturing (8 or 16 days) of hMSC on LG3 led to activation
of the osteogenic transcription factor Runx2 and expression of key osteogenic markers (osterix, bone
sialoprotein 2, osteocalcin, alkaline phosphatase, extracellular calcium) in hMSC. LG3 domain
binding did not increase matrix mineralization, demonstrating that the LG3 domain alone is not
sufficient to induce complete osteogenic differentiation in vitro. We conclude that the LG3 domain
mediates attachment of hMSC to laminin-332 and that this adhesion recapitulates most, but not all,
of the osteogenic differentiation associated with laminin-5 binding to hMSC.
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Introduction
Laminins are large molecular weight glycoproteins that are crucial for the assembly and
maintenance of basement membranes in all tissue types [1]. Assembled from an α, β, and γ
chain, they form a cross-like structure held together by a coiled-coil domain and disulfide bonds
[2]. There have been 15 laminin isoforms identified [3], all of which can bind other extracellular
matrix molecules. Several families of receptors bind laminins, including integrins. Through

CORRESPONDING AUTHOR: George E. Plopper, Ph.D. Assistant Professor Department of Biology Rensselaer Polytechnic Institute
110 8th Street. Troy, NY 12180−3596 (518) 276−8288 phone (518) 276−2162 fax ploppg@rpi.edu http://www.rpi.edu/~ploppg.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Cell Res. Author manuscript; available in PMC 2009 February 15.

Published in final edited form as:
Exp Cell Res. 2008 February 15; 314(4): 763–773.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.rpi.edu/~ploppg


the binding via these receptors laminins and other matrix molecules laminins are able to
regulate differentiation, cellular growth and migration, and survival [4,5].

Laminins contain functionally distinct domains which are shared amongst most laminins. There
are numerous domains common to most or all laminins. The coiled-coil domain is responsible
for joining the three subunits into a heterotrimer. Within the N-terminus of all laminin chains
there are multiple epidermal growth factor repeats that mediate adhesive interactions and
determine the amount of flexibility and spacing in laminin networks [6]. Also contained in the
N terminus of most laminin chains is an LN type VI domain that is involved in the
polymerization of laminin molecules [7]. The laminin type IV domain, also known as the
laminin B domain, has an unknown function and is not found in short arm laminins.

A characteristic trait of laminin alpha chains is a tandem repeat of five globular domains
(termed LG domains) located at the C terminus. They are relatively small (∼20 kDa) and have
a wide variety of roles in adhesion, migration, signaling, and differentiation [8,9]. There is a
short spacer sequence that separates the LG1−3 from the LG4−5 region and is often cleaved,
affecting adhesion and migratory behavior [10]. The LG4 domain is essential for heparin and
nidogen binding, while LG5 is only needed for heparin binding [11,12]. Dystroglycan typically
binds to the LG4−5 area of laminins, though it also can bind to the LG1−3 domain of laminin-5
[13,14]. The LG domains are also crucial for cell attachment via integrins. The LG3 domain
of α3 containing laminins has a motif PPFLMLLKGSTR that mediates integrin binding and
cell adhesion [15].

Stem cells have great potential for the treatment and repair of connective tissues. Human
mesenchymal stem cells (hMSC), derived from the bone marrow, are able to differentiate into
a number of tissue types including nerve, cartilage, and bone [16]. They have shown a great
deal of promise in animal studies and have even been used to treat arthritis [17]. Their ability
to divide at higher rates than their differentiated counterparts [18] allows for a larger pool of
potential cells to be transplanted at sites of injury. They can also be autologously transplanted
with a diminished chance of immune rejection. Being able to transplant hMSC into a wound
predisposed to becoming osteoblasts is crucial for bone repair. Most of the work done in
vitro with hMSC and osteogenesis has been done using soluble factors [19] that would not be
effective for transplant since they show decreased bone formation and immune suppression in
vivo [20].

The transcription factor Runx2/Cbfa-1 is critical for connective tissue formation and is a
downstream target of ERK [21]. Mice deficient in the Cbfa-1 gene die immediately after birth
and exhibit maturational arrest in osteoblast differentiation resulting in a complete lack of
endochondral and intramembranous bone formation [22]. The skeleton is present in these mice,
but it is completely cartilaginous. These same mice also lack hypertrophic chondrocytes,
implying Cbfa-1 as necessary for differentiation of these cells [23]. These two observations
identify Cbfa-1 as a common regulator of both osteogenic and chondrogenic differentiation.
Heterozygous Cbfa-1 mice display an absence of osteoblasts but not chondrocytes [24],
showing a greater dependency of osteogenesis on Cbfa-1. The importance of Cbfa-1 for
osteoblastic differentiation is underscored by the fact that forced expression of this gene in
nonosteoblast cells induces osteogenic gene expression and ossification in areas where it
typically does not occur [25].

Osterix (osx) is a marker for osteogenic differentiation downstream of Runx2. It is a zinc finger-
containing transcription factor that is expressed in osteoblasts of all endochondral and
intramembranous bone and essential for bone formation [26]. Formation of bone is ablated in
osx deficient mice while activity and expression of Cbfa-1/Runx2 remain unaffected [27].
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Cbfa-1 deficient mice do not produce osx. ERK 1/2 pathways also regulate osx expression
[28], implying that integrin pathways may be critical for osteogenic differentiation.

Members of the Small Integrin-Binding Ligands with N-Linked Glycosylation (SIBLING)
family play key roles in bone biology. This family includes bone sialoprotein I and II, dentin
matrix protein-1 (DMP-1), dentin sialoprotein (DSP), dentin sialophosphoprotein (DPP),
extracellular matrix glycoprotein (MEPE), and osteocalcin. They promote osteogenic signaling
[29,30] and matrix mineralization [31]. A Cbfa-1 binding site is located in the promoters of
several late osteoblastic markers, including osteocalcin and both bone sialoproteins [32,33].

There is a growing body of evidence that laminin-332 is present in [34], and controls the
functions of, certain mesodermal tissues [5,35,36]. Recently we have described a function for
laminin-332 in the commitment of hMSC to an osteogenic fate through an ERK 1/2 and FAK
dependent pathway [37,38]. Miyazaki's group has also shown that laminin-332 suppresses the
chondrogenic differentiation of these cells [39]. However, the role of specific functional
domains in controlling the behavior or hMSC has not been well established. In this study, we
examined the ability of globular domains of laminin-332 α3 chain to support osteogenic
differentiation in vitro.

Materials and Methods
Tissue culture media (DMEM) and penicillin G-streptomycin sulfate (GPS) were purchased
from Mediatech (Cellgro, VA). Fetal bovine serum (FBS) was purchased from Gemini Bio-
Products (Woodland, CA). Trypsin-EDTA and purified bovine COLL-I were obtained from
Sigma Chemical Co. (St. Louis, MO). Laminin-332 LG1, LG2, LG4, and LG5 domains were
cloned into a pET vector from Novagen (Madison, WI), expressed in BL21DE3 bacteria
(Novagen), and purified using a nickel column. LG3 domain was cloned into a pGEX-4T-3
expression vector from Amersham (Piscataway, NJ) and purified using Ni-NTA agarose beads
from Qiagen (Valencia, MD). Purified laminin-332 was generously provided by Desmos Inc.
(San Diego, CA). The αvβ3 (catalog # MAB1976) and the α1−6 and β1−4 integrin function-
blocking antibodies (Alpha integrin blocking and IHC kit, catalog # ECM 430; Beta integrin
screening kit, catalog # ECM 440), rabbit polyclonal phosphothreonine (cat. #AB1607), and
purified human plasma fibronectin (FN) were purchased from Chemicon International
(Temecula, CA). Rabbit polyclonal IgG anti-G-actin (catalog # AAM01-A) antibody was from
Cytoskeleton (Denver, CO). Rabbit polyclonal IgG antibodies against anti- ERK1/2 (catalog
# AB3053), and phosphoserine (catalog # AB1603) were obtained from Chemicon
International (Temecula, CA). Rabbit polyclonal IgG antibodies against anti- human FAK (cat.
#AHO0502) and rabbit polyclonal IgG phosphospecific antibodies against anti-ERK 1/2
(pTpY185/187) (catalog # 44−680) and anti- FAK (pY397) (cat. # 44−624G) were obtained from
Biosource International (Camarillo, CA). Mouse monoclonal IgG antibodies against anti-
Runx2/Cbfa1 were purchased from MBL International (Watertown, MA). Goat polyclonal IgG
for osterix (sc-22538) was obtained from Santa Cruz Biotechnologies (Santa Cruz, CA).
Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, HRP-conjugated goat anti-
rabbit IgG, and HRP-conjugated rabbit anti-goat IgG secondary antibodies were obtained from
Jackson Immuno Research (West Grove, PA). Catch and Release® v2.0 Reversible
Immunoprecipitation System (cat. #17−500) were from Upstate Cell Signaling Solutions (Lake
Placid, NY). RNeasy isolation kit and QuantiTect® SYBR® Green One Step RT-PCR Kit
were purchased from Qiagen (Valencia, CA). Reverse transcriptase-polymerase chain reaction
(RT-PCR) primers were purchased from IDT Technologies (Coralville, Iowa). The protein
assay kit was purchased from Pierce (Rockford, IL). Calcium Reagent Set was from Teco
Diagnostics Inc. (Anaheim, CA). Unless otherwise specified, the other standard reagents were
obtained from Fisher Scientific (Fair Lawn, NJ).
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Cell culture
Cryopreserved hMSC were purchased from Cambrex Inc. (Walkersville, MD) and were grown
according to the manufacturers' instructions. Briefly, cells were plated at 5 × 103 cells/cm2 in
a T75 flask (75 cm2) for continuous passaging in DMEM medium supplemented with 10%
FBS, 1% L-glutamine [29.2 mg/mL], penicillin G [10,000 units/mL] and streptomycin sulfate
[10,000 μg/mL]. Medium was changed twice weekly and cells were detached by trypsin-EDTA
and passaged into fresh culture flasks at a ratio of 1:3 upon reaching confluence. Cultures were
incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO2.

Laminin-332 matrix was isolated from rat bladder carcinoma 804G cells as described
previously [40].

For in vitro osteogenic assays, hMSC were passaged three times before they were inducted
and plated at densities of 3.1 × 103 cells/cm2 in 0.2 mL/cm2 of medium on 100 mm Falcon
dishes (78.5 cm2). The following day (day 0), we replaced the culture medium with fresh
control medium in the absence or presence of osteogenic supplements (OS) containing 0.1
μM Dexamethasone, 0.05 mM ascorbic acid-2-phosphate, and 10 mM β-glycerophosphate
(Cambrex Inc). In each experiment, control and OS media-treated cells were processed in
parallel. At days 8, 14, 16, and 21, cultures were assayed as described below.

Adhesion assays
Cell adhesion assays were performed as previously described using Sarstedt 96-well
suspension cell culture plates [41]. Tissue culture plates were coated with purified ECM
proteins at a concentration of 10 μg/ml (laminin-332), 20 μg/ml (fibronectin), 25 μg/ml (LG1,
LG2, LG4, LG5), or 50 μg/ml (LG3) for 2 hour at 37°C. Wells were washed twice with PBS
and incubated with nd-blotto (5% non-dairy creamer in PBS + 0.2% Tween 20) for 30 minutes
prior to the assay. Cells were allowed to attach for 2 hours at 37°C and were subsequently fixed
with 3% paraformaldehyde, washed twice in PBS, and incubated in crystal violet dye for 15
minutes. Wells were washed thoroughly with water and the violet dye was extracted with 10%
SDS solution. Absorbance was measured using a TECAN SPECTAFluor spectrophotometer
at 595 nm and relative adhesion was compared to cells attached to nd-blotto.

Integrin blocking adhesion assays were performed according to the procedure above, but the
cells were incubated with a functional integrin-blocking antibody for 30 minutes at 37°C, with
vortexing every 5 minutes prior to plating.

Immunoprecipitation of Runx2, Osterix, and Western blotting
Whole cell extracts were prepared by harvesting serum deprived cells overnight (DMEM +
0.1% FBS) in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris, 1% Triton-X, 0.3 mM Sodium
vanadate, 1% Deoxycholic acid, 0.2% SDS, pH 7.4). For immunoprecipitation of Runx2 and
osterix, the Catch and Release® v2.0 Reversible Immunoprecipitation System (Upstate) was
employed. Briefly, 1× wash buffer, 500 ug of cell lysate, 4 μg of Runx2 or Osterix antibody,
and antibody capture affinity ligand were added to a spin column at a final volume of 500 μl.
Following two hour incubation on a rotator at 4°C, the column was centrifuged at 5000 rpm
for 30 sec to discard all the non-labeled proteins, followed by repeated washes. Denatured
Runx2 protein was eluted after the addition of 70 μl of 1× denaturing elution buffer containing
β-ME and centrifugation. For other assays, proteins were diluted in 4× Laemmli's sample
buffer, denatured at 100°C for 5 min, resolved by 8% SDS-PAGE, and electrophoretically
transblotted to Trans-Blot® nitrocellulose membranes (0.2 μm) (Bio-Rad, Hercules, CA). The
membranes were incubated with blocking solution (5% non-fat dried milk in 1× PBS + 0.2%
Tween-20 (PBST) for 1 hr, then probed with various primary antibodies (1:500) overnight at
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4°C. After three washes with PBST, membranes were incubated with HRP-conjugated
secondary IgG (1:25,000) for 1 hr, followed by another three washes with PBST.
Immunoreactive bands were detected using the SuperSignal® Chemiluminescent reagent
(Pierce) and quantitatively analyzed in triplicate by normalizing band intensities to the controls
on scanned films by IMAGEJ software. Blots to be reprobed were stripped with 200mM glycine
pH 2.2 for 30 minutes and then treated as above.

Quantitative reverse transcriptase PCR
RNA was isolated from 10 × 108 hMSC cultured for 16 days on tissue culture plastic (± OS
media), or on laminin-332, FN, G3, G4, or G5 in control media. Total RNA was isolated using
the RNeasy mini kit (Qiagen, Valencia, CA). Primers used for amplification of differentiation
marker genes were designed using OligoPerfect™ (Invitrogen, Carlsbad, CA) and are listed
in Table 1. Quantitative reverse transcription RT-PCR was performed using the LightCycler®
480 Real-Time PCR System (Roche, Pleasonton, CA) and the QuantiTect® SYBR® Green
RT-PCR Kit with HotStar Taq DNA Polymerase. 1× QuantiTect SYBR Green, 0.5μM Primer
F and Primer R, 0.5μl/reaction QuantiTect RT Mix were combined with sample RNA to yield
a 20μl reaction volume. RT-PCR was performed according to the following protocol defined
by the manufacturer: RT 20min at 50°C 20°C/s ramp, PCR activation 15min at 95°C 20°C/s
ramp, 35−55 cycles of [Denaturation 15s at 94°C 20/s ramp, Annealing 20−30s at 50−60°C
20°C /s ramp, Extension 30s 72°C 2°C/s ramp]. All samples were loaded in duplicate and
normalized to total RNA content and to the performance of the housekeeping gene, GAPDH.
Fold differences in gene expression were relative to hMSC cultured on tissue culture plastic
and calculated using ΔΔCt method [42].

Histological staining of alkaline phosphatase activity and calcium
precipitation

For detection of alkaline phosphatase activity, a solution of naphthol AS-MX phosphate and
fast blue RR dissolved in dH2O was poured into 100 mm dishes on day 14 according to the
manufacturer's instructions contained in Sigma Kit #85 (Sigma). Cellular specimens were
scored according to the quantity and intensity of the precipitated dye as determined by IMAGEJ
software and was normalized to control values. For the detection of a calcium-phosphate-
containing matrix after 21 days, cell layers were stained by the alizarin red-S method.
Specimens were washed three times with PBS and fixed in ice-cold 70% ethanol for 1 hr.
Afterwards, cells were incubated with a 0.4% alizarin red-S solution in water (pH 4.2) for 15
min at room temperature. Cells layers were washed thoroughly with dH2O five times and left
in PBS for 15 min. Cellular specimens were scored according to the quantity and size of
precipitated granules.

Calcium Assay
Cultured monolayers of hMSC were washed twice with PBS, extracted with 0.5 N HCl, and
the resulting lysate was shaken for 5 h at 4°C, followed by centrifugation at 2,000g for 10
minutes. The supernatant was utilized for calcium determination, according to the
manufacturer's instructions contained in Teco Diagnostics Calcium Reagent Set. Total calcium
was calculated from absorbance at 570 nm using standard solutions prepared in parallel as
calibration points.

Mineralized bone: Fourier transform infrared (FTIR) analysis
The presence of apatite in cell matrix was detected by FTIR of ground powders. Cell layers,
collected in 50 mM ammonium bicarbonate (pH 8.0) after 21 days, were lyophilized and
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analyzed as potassium bromide (KBr) pellets on a Bio-Rad FTS 40-A spectrometer (Bio-Rad,
Cambridge, MA). The data was collected under nitrogen purge, and the spectral baseline
corrected and analyzed using GRAMS/386 software (Galactic Industries, Salem, NH) as
previously described [43]. The mineral content was calculated based on the spectrally derived
mineral-to-matrix ratio (the integrated areas of the phosphate absorbance (900−1200 cm−1)
and protein amide I band (1585−1720 cm−1)).

Statistical analysis
All experiments were repeated a minimum of three times and the representative data were
presented as mean ± S.E. Statistical analyses were preformed using Student's unpaired t test,
and a p value less than 0.05 was considered significant.

Results
hMSC adhere greatest to the LG3 domain of Ln-332 and do so through the α3β1 integrin

To test whether or not specific domains of laminin-332 can recapitulate its osteogenic effects,
we first plated hMSC on purified α3 LG domains for two hours to assess their effectiveness at
binding. Because LG1 and LG2 did not support adhesion, they were not further characterized
in this study. In contrast, the three terminal LG domains all supported varied hMSC adhesion,
with LG3 > LG4 > LG5 (Figure 1). This data is consistent with other studies showing α3
integrin binding sites in the LG3 domain and dystroglycan interactions in the LG4/LG5
domains. Adhesion to the LG3 domain was blocked using antibodies to the α3 and β1 integrin
subunits (Figure 2). Adhesion to LG4 and LG5 was unaffected by integrin blocking antibodies.

Adhesion to the LG3 domain induces phosphorylation of both FAK and ERK 1/2
FAK was maximally phosphorylated on Y397 after 120 minutes in hMSC (Figure 3A).
Specifically, cells plated on the LG3 domain exhibited a 1.4-fold greater phosphorylation of
FAK than cells plated on the non-specific substrate poly-L-lysine (Figure 3B). This activation
was comparable to that seen in hMSC plated on intact laminin-332, which exhibited a 1.6-fold
greater phosphorylation of FAK than control cells. LG4 and LG5 failed to phosphorylate FAK
on Y397 during this time course. Adhesion of hMSC to LG3 after two hours also resulted in
a similar activation of ERK (Figure 4A). Laminin-332 exhibited a 3.4-fold and 2.8-fold increase
in phosphorylation of ERK 1 and 2, respectively, while LG3 displayed a 3.1-fold and 2.0-fold
increase (Figure 4B+C). The LG4 domain induced comparatively low ERK 1/2 activation; 1.4-
fold and 1.1-fold respectively. The LG5 domain failed to activate these signaling proteins.

The LG3 domain stimulates phosphorylation and expression of the osteogenic transcription
factors Runx2/Cbfa-1 and Osterix respectively

To determine if the LG domains are responsible for laminin-332-induced Runx2
phosphorylation, hMSC were plated on the LG domains for eight days. Runx2 protein was
then immunoprecipitated and assayed for phosphoserine and phosphothreonine by western blot
analysis (Figure 5A). LG3 was the only domain that induced phosphorylation of Runx2 during
this time. Phosphoserine increased 1.6-fold while phosphothreonine went up 1.8-fold (Figure
5B+C). Intact laminin-332 induced a 2.1-fold and 1.5-fold increase in phosphoserine and
phosphothreonine on Runx2 respectively. Protein levels of osterix exhibited similar trends as
assessed by immunoblotting (Figure 6A). Laminin-332 stimulated a 2.3-fold increase in total
osterix while LG3 induced 2.0-fold rise in the amount of osterix protein (Figure 6B).

LG domains of laminin-332 promote osteogenic gene transcription and matrix mineralization
In order to evaluate the effects of the LG domains on osteogenic gene expression and promotion
of an osteogenic phenotype, hMSC were cultured for either14, 16, or 21, days. Quantitative
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RT-PCR analysis was performed on mRNA isolated after 16 days (Figure 7). Cells plated on
both laminin-332 and LG3 exhibited a greater than 4-fold increase in alkaline phosphatase and
osterix gene levels as compared to unstimulated hMSC (Figure 7). There was also a greater
than 2-fold increase in the amounts of Cbfa-1 and bone sialoprotein in these two conditions as
compared to the control hMSC. This is consistent with the results shown in Figure 6 for an
increase in osterix in those experimental conditions. There was no appreciable transcription of
any gene in both the LG4 and LG5 conditions. Stem cells cultured on LG3 or LG4 domains
for 14 days demonstrated positive staining for alkaline phosphatase activity (Figure 8). There
was a 1.7-fold increase for both laminin-332 and LG3 while LG4 exhibited an increase of 1.4-
fold (Figure 8B). All three LG domains displayed positive staining for extracellular calcium
as compared to untreated hMSC (Figure 9A) and also exhibited a greater level of total calcium
(Figure 9B). As assessed by FTIR, which quantifies the amount of insoluble phosphate
embedded in the ECM, the degree of mineralization in hMSC plated on LG3 was not
significantly different from control cultures (Table 2).

Discussion
We have previously demonstrated that hMSC express laminin-332 both in vitro and in vivo,
and that it is a pro-osteogenic stimulus [37]. Here, we used new tools (individual LG domains)
to dissect out the mechanism. Our results strongly suggest that domains of laminin-332
recapitulate many of the pro-osteogenic effects of intact laminin-332 on hMSC. However, not
all domains behaved identically. The differential activity is likely not due to denaturation, as
these peptides support adhesion of other cell types [44,45]. As expected, the LG3 domain
supported α3β1 integrin mediated adhesion and activated both FAK and MAPK pathways.
These pathways are critical for osteogenesis, especially ECM induced [46,46]. Surprisingly,
although LG3 could induce major differentiation pathways, it alone did not induce matrix
mineralization by hMSC. The range for mineralization spans from ∼1.7 for naïve hMSC to
between 4 and 5 for normal bone tissue. Stem cells cultured on laminin-332 have a mineral/
matrix ratio of ∼2.85, closer to mature bone than stem cells, but stem cells cultured on LG3
exhibit a mineralized matrix closer to that of untreated hMSC. The lack of matrix mineralization
occurring in LG3 cultures may be indicative of a requirement for other domains of laminin-332,
either other LG domains or perhaps domains from the other two subunit chains of laminin-332.
Another possible reason for the differences is that these domains were isolated from a
prokaryotic expression system, and are therefore not glycosylated.

Direct comparison with other osteogenic proteins reveals that laminin-332 and the LG3 domain
are comparable with regards to signaling and osteogenic gene expression. Laminin-332 is as
potent an activator of the early signaling kinases, FAK and ERK 1/2, as both collagen-1 and
vitronectin [38,46]. It also induces osteogenic signaling and gene expression in equal or greater
amounts than the other ECM proteins. In this study we demonstrate that the LG3 domain signals
much like that of the intact protein, although it does not provide similar mineralization. It is
worth noting that in long term cultures these domains may be inducing expression of other
matrix proteins that possibly participate in osteogenic differentiation. This suggests that both
laminin-332 and LG3 are efficient at inducing most if not all aspects of osteogenesis, but not
as universally potent as collagen-I.

Most proteins are composed of multiple functional domains, each with a specialized task. One
of the canonical proteins studied with respect to domains and individual function is the
glycoprotein fibronectin. There are 3 major internal repeats found in fibronectin: I, II, III. The
fibronectin domain II binds to collagen while domains I and III interact with fibrin/heparin and
DNA/heparin respectively [47]. Within fibronectin is a tripeptide sequence Arg-Gly-Asp
(RGD) which mediates cell adhesion and migration [48,49]. None of these pieces however is
able to recapitulate all of intact fibronectin's activities. The notion that fibronectin is a network
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of smaller protein domains working in coordination holds true for ECM proteins like
laminin-332 as well. Laminin-332 is also comprised of numerous domains, all of which have
specific functions for interacting with cells or other matrix molecules [50]. Like fibronectin,
no one domain of laminin-332 can function as the intact protein. For osteogenesis, we have
shown that LG3 is very important for this process, though it is not sufficient.

How then, are LG4 and LG5 able to regulate specific extracellular markers (alkaline
phosphatase activity and calcium deposition) of osteogenesis? The dystroglycan complex,
which interacts with the C-terminus of the α3 laminin chain, is a potential candidate. It acts as
a transmembrane connection between the extracellular matrix and the cytoskeleton, including
cytoplasmic adapter proteins such as Grb2 that activate the Ras-MAPK pathway [51]. Indeed,
blocking ERK 1/2 signaling decreases these markers in our cells [37]. This raises the possibility
of a subset of ERK signaling pathways controlling distinct stages of osteogenic differentiation.
A second possibility is that LG4 and LG5 bind and potentially sequester heparin, which
stimulates osteogenic differentiation in vitro [52].

Peptide fragments of larger proteins have shown promise as therapeutic targets for the treatment
of a variety of afflictions. Endostatin, a 20-kDa C-terminal fragment from collagen XVIII,
suppresses tumor growth by blocking angiogenesis [53]. The C-terminal domain of perlecan,
termed endorepellin, is another inhibitor of angiogenesis [54]. A thrombin peptide chrysalin,
unlike endorepellin and endostatin, promotes vascularization. It also accelerates the rate of
fracture repair in rats [55]. These studies set precedence for the use of peptide fragments in the
treatment of diseases and in tissue engineering. Therefore, the LG domains of laminin-332 may
be used in the future for their pro-osteogenic potential in the regeneration of bone tissue using
mesenchymal stem cells.
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Figure 1. hMSC adhere best to the LG3 domain of laminin-332
hMSC were allowed to adhere to blotto (nfdm in PBST), 20 ug/ml FN, 10 ug/ml LN-332, 25
ug/ml LG1, LG2, LG4, LG5, 50 ug/ml LG3 for 2 hours. Non-adherent cells were removed by
washing and adherent cells were stained with crystal violet, then solubilized in SDS and
absorbance determined at 570nm.
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Figure 2. Adhesion of hMSC to the LG3 domain of laminin-332 occurs through α3β1
hMSC were incubated with blocking antibodies to the indicated integrins and allowed to adhere
to purified LG3 domain. Non-adherent cells were removed by washing and adherent cells were
stained with crystal violet, then solubilized in SDS and absorbance determined at 570nm.

Klees et al. Page 13

Exp Cell Res. Author manuscript; available in PMC 2009 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. FAK Y397 phosphorylation occurs upon binding to the LG3 domain of laminin-332
hMSC were allowed to adhere for two hours on the indicated substrates and assayed for
phosphorylated pY397 FAK (A). Densitometric measures of band intensities for pY397 FAK
are shown in (B). Values were normalized to total protein and the two hour ctrl lane.
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Figure 4. Adhesion of hMSC to the LG3 domain of laminin-332 induces phosphorylation of ERK
1/2
hMSC were allowed to adhere for two hours on the indicated substrates and assayed for
phosphorylated pTpY185/187 ERK 1/2 (A). Densitometric measure of band intensities for
ERK 1 and ERK 2 are shown in (B) and (C), respectively. ERK 1 and 2 bands were normalized
to the intensity of ERK 1 and 2 in the two hour ctrl lane.
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Figure 5. hMSC adhesion to LG3 domain increases phosphorylation of the master bone
transcription factor, Runx2/Cbfa-1
Samples were incubated for 8 days, subsequently lysed, and Runx2/Cbfa-1 proteins
immunoprecipitated with a Runx2/Cbfa-1 specific antibody. Immunoprecipitated proteins
were separated by SDS-PAGE and blotted for phosphorylated serine and threonine, which is
indicated by the 61 kDa band (A). Total Runx2/Cbfa-1 from each lysate was detected by
western blot as a loading control. Densitometric measure of the ratio of band intensities for 61
kDa phosphoserine and phosphothreonine to total Runx2/Cbfa-1 are shown in (B) and (C),
respectively.
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Figure 6. The LG3 domain of laminin-332 amplifies the expression of the osteogenic transcription
factor osterix
Samples were cultured as per figure 5 and blotted with an osterix specific antibody (A).
Densitometric measure of band intensities for osterix are shown in (B).
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Figure 7. Osteogenic gene expression is upregulated in hMSC grown on the LG3 domain of
laminin-332
hMSC were plated as indicated and total mRNA isolated after day 16. Quantitative RT-PCR
was performed on each sample using primers specific for the amplification of the indicated
genes and normalized to GAPDH levels and gene expression from hMSC grown on tissue
culture plastic.
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Figure 8. Adhesion to LG domains increases osteogenic-specific marker expression of alkaline
phosphatase in hMSC
hMSC were plated for 14 days as indicated and stained for alkaline phosphatase activity (A).
Densitometry of plates shown in panel A (B).
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Figure 9. The LG domains of laminin-332 increase the osteogenic-specific marker of calcified
matrix in hMSC
Cells were cultured for 21 days on indicated substrates and stained for calcium using Alizarin
Red (A). Colorimetric assessment of total calcium in hMSC (B). Cells were plated for 21 days
as for panel A, then lysed and total calcium detected colorimetrically. Measurements were read
at 570 nm.
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Table 1
Primers used for quantitative RT-PCR

Gene Name Primer Sequences

IBSP (Bone sialoprotein 2) NM_004967 Forward 5′ - CGACCACTTTGTCAAGCTCA -3′
  Reverse 5′ - GATTGCTTCCTCTGGCAGTC - 3′

BGLAP (Osteocalcin) NM-199173 Forward 5′ - GACTGTGACGAGTTGGCTGA- 3′
  Reverse 5′ - CTGGAGAGGAGCAGAACTGG -3′

SP7 (Osterix) NM_152860 Forward 5′ - GCCAGAAGCTGTGAAACCTC - 3′
  Reverse 5′ - GCTGCAAGCTCTCCATAACC - 3′

CBFA1 (Core binding factor alpha 1) NM_004348 Forward 5′ - TTACTTACACCCCGCCAGTC - 3′
  Reverse 5′ - CACTCTGGCTTTGGGAAGAG - 3′

GAPDH (Glyceraldehyde-3-phosphate dehydrogenase)
NM_002046

Forward 5′ - CGACCACTTTGTCAAGCTCA - 3′

  Reverse 5′ - AGGGGTCTACATGGCAACTG - 3′

ALP (Alkaline Phosphatase) NM_000478 Forward 5′ - TGGAACATTCTGGATCTGAC - 3′
Reverse 5′ - GAGTGAGTGAGTGAGCAAGG -3′
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Table 2
Peptides of laminin-332 are not sufficient to cause matrix mineralization
hMSC were cultured for 21 days as indicated. The mineral:matrix (number) is computed by comparing the area of the
phosphate peak (mineral) to the amide peak (protein) Osteogenic differentiation of hMSC plated on indicated substrates
for 21 days, as assessed by indicated measurements of mineral to matrix ratio.

hMSC culture conditions for 21 days Mineral to matrix ratio
TCP 1.83 +/− 0.2
OS 4.85 +/− 0.5
Fn 2.07 +/− 0.03

LN-332* 2.78 +/− 0.18
LG3 1.85 +/− 0.08
LG4 2.04 +/− 0.04
LG5 1.98 +/− 0.13
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