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We challenge the conventional designation of structural matrix
proteins primarily as supporting scaffolds for resident cells. The
extracellular matrix protein tropoelastin is classically regarded as a
structural component that confers mechanical strength and resilience
to tissues subject to repetitive elastic deformation. Here we describe
how tropoelastin inherently induces a range of biological responses,
even in cells not typically associated with elastic tissues and in a
manner unexpected of typical substrate-dependent matrix proteins.
We show that tropoelastin alone drives mesenchymal stem cell
(MSC) proliferation and phenotypic maintenance, akin to the syner-
gistic effects of potent growth factors such as insulin-like growth
factor 1 and basic fibroblast growth factor. In addition, tropoelastin
functionally surpasses these growth factors, as well as fibronectin, in
allowing substantial media serum reduction without loss of prolif-
erative potential. We further demonstrate that tropoelastin elicits
strong mitogenic and cell-attractive responses, both as an immobi-
lized substrate and as a soluble additive, via direct interactions with
cell surface integrins αvβ3 and αvβ5. This duality of action con-
verges the long-held mechanistic dichotomy between adhesive ma-
trix proteins and soluble growth factors and uncovers the powerful,
untapped potential of tropoelastin for clinical MSC expansion and
therapeutic MSC recruitment. We propose that the potent, growth
factor-like mitogenic and motogenic abilities of tropoelastin are bi-
ologically rooted in the need for rapid stem cell homing and pro-
liferation during early development and/or wound repair.
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Mesenchymal stem cells (MSCs) are used in therapeutic in-
terventions for skeletal tissue injuries, myocardial infarc-

tions, degenerative diseases, and organ failure (1) due to their
inherent differentiation and regenerative potential, immuno-
modulatory properties, and migratory capacity toward sites of
injury and disease (2). However, a significant hurdle hindering
their widespread translation into clinical practice is the limited
natural availability of these cells. Human bone marrow-derived
MSCs comprise only 0.001–0.01% of the bone marrow mono-
nuclear cell population (3). In contrast, a therapeutic dose for a
single patient typically requires at least 1 to 2 million cells per
kilogram of body weight (4, 5), due in part to the inefficient
homing of administered MSCs (6). Evidently, there is strong
demand for the ability to expand MSCs cost-effectively while
maintaining stem cell properties closely linked with therapeutic
efficacy (7). At the same time, there are clear benefits to iden-
tifying motogenic molecules that can effectively recruit MSCs to
target sites and thus reduce therapeutic cell doses.
The growth and expansion of MSCs and other adherent thera-

peutic stem cells in general rely on interactions with soluble com-
ponents in the culture medium, the surrounding cells, and the
underlying substrate (5). These factors are acknowledged to function
synergistically but not redundantly, such that an underlying substrate
protein would not be expected to replace a soluble component.
Accordingly, MSC expansion ex vivo has been enhanced by fortifying
culture media with exogenous soluble factors and/or by coating

culture surfaces with serum or ECM components. For example,
MSC propagation can be amplified by supplementing basal media
with additional serum proteins, hormones, or growth factors. Among
these growth factors are TGF-β, EGF, PDGF, insulin-like growth
factor-1 (IGF1), and, most commonly, basic fibroblast growth factor
(bFGF) (5, 8). In particular, bFGF has a potent mitogenic effect
toward MSCs (9–12) and is frequently used to supplement stem cell
culture media with full or minimal serum content (5).
Culture substrates are typically coated with a range of connective

tissue proteins, including fibronectin, collagen IV, vitronectin,
and laminin (5, 13–15), due to their affinity to a wide range of
cell integrin receptors (16). These coatings are classically con-
sidered to be important for cell retention on substrate surfaces
and are commonly used in concert with serum- or growth factor-
supplemented media to promote MSC adhesion, spreading, and
expansion (5, 15).
Tropoelastin is an ECM component primarily located in elastic

tissues and has been shown to promote the expansion of hemato-
poietic stem cells (HSCs) and MSCs when used as a substrate
coating (17) or as part of the substrate bulk material (18). The
ECM is proposed to modulate stem cell phenotype and activity,
including proliferation, via its chemistry, topography, and mechan-
ical properties (18). Consistent with this thinking, the proproli-
ferative effects of tropoelastin on HSCs have been attributed to
the extensional elasticity of the molecule, conveyed as mechanical
signals to influence cellular gene expression (17). As evidence,
inhibition of the HSC mechanotransduction machinery is shown
to eliminate tropoelastin-mediated proliferation. Similarly, the
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increased proliferation of MSCs on elastin-blended materials is
wholly ascribed to the elasticity and roughness of the substrate (18).
Similarly, ECM-mediated MSC migration is predicated on cell

adhesion to matrix components such as fibronectin (19) and the
recognition of substrate architecture and topography (20). More-
over, regulation of MSC homing is overwhelmingly attributed to
diffusible cytokines and growth factors, including IGF1 and bFGF
(21–23). These biophysical and biochemical signals are thought to
present separate and often conflicting directional cues to cells (24).
Here we describe the novel proproliferative and cell-attractive

effects of tropoelastin on MSCs. Surprisingly, we discover sig-
nificant and unique capabilities of this protein in replacing ex-
ogenous growth factors and dramatically reducing the serum
requirement in culture media. Moreover, in contrast to typical
matrix protein–cell interactions, we demonstrate the ability of an
ECM protein such as tropoelastin to robustly enhance MSC
expansion as a soluble additive akin to growth factors. Further-
more, we reveal that tropoelastin strongly attracts MSCs when
substrate bound, but unlike conventional haptotactic matrix
proteins, it also promotes MSC chemotaxis in solution similarly
to growth factors. We also identify an integrin-based mechanism
underlying these potent functionalities of tropoelastin. We pro-
pose that tropoelastin holds powerful, untapped potential for the
rapid, robust expansion of MSCs and the efficient recruitment of
resident or exogenous MSCs toward target tissues.

Results
Surface-Bound Tropoelastin Can Replace IGF1 and/or bFGF in Media.
To determine the effect of substrate-bound tropoelastin on MSC
proliferation, MSCs were cultured on bare or tropoelastin-coated
tissue culture plastic (TCP) in various media formulations with
and without 10% (vol/vol) FBS and optionally supplemented with
IGF1 and/or bFGF (Fig. 1A). Cells proliferated over 7 d in all
conditions except in serum-free basal media. Cell numbers on
tropoelastin-coated TCP significantly increased over those on bare
TCP, whether in full-serum media (39 ± 3% increase) or in media
supplemented with IGF1 (41 ± 1% increase), bFGF (16 ± 2%
increase), or IGF1 and bFGF (16 ± 3% increase). The highest cell
numbers were observed in the presence of both surface-bound
tropoelastin and soluble growth factors.
As a comparison of the proproliferative activity of tropoelastin

and growth factors, MSCs cultured on a tropoelastin substrate in
full-serum media with no additional factors expanded 14 ± 2%
less compared with cells on TCP in media with both IGF1 and
bFGF (Fig. 1A). However, cells grown on tropoelastin in normal
media proliferated 36 ± 3% more than cells on TCP in media
with IGF1 and similarly to cells in media with bFGF. These findings
indicate that substrate-bound tropoelastin not only improves MSC
propagation in normal or growth factor-supplemented media
but can also replace either IGF1 or bFGF while maintaining the
same amplified level of cell expansion.
The addition of growth factors in culture media typically al-

lows for a decrease in serum concentration without retarding
MSC proliferation (25). Therefore, we wanted to determine the
proproliferative benefits of substrate-bound tropoelastin in a
reduced-serum environment normally compensated for by growth
factors (Fig. 1B). In media containing 7% FBS, MSCs grown on
TCP also exhibited proliferation over 7 d, although to a lesser
extent than that previously observed in normal full-serum media.
Substrate-bound tropoelastin dramatically promoted MSC pro-
liferation in all reduced-serum conditions, not only in unsup-
plemented media (97 ± 19% increase) but also in media already
containing IGF1, bFGF, or both growth factors (49 ± 1%, 40 ± 3%,
or 29 ± 3% increase, respectively).
More remarkably, in these reduced-serum conditions, MSCs

cultured on tropoelastin in unsupplemented media exhibited
significantly greater expansion over 7 d relative to cells on TCP
in media with either IGF1 or bFGF (59 ± 15% and 37 ± 13%

increase, respectively) and were equivalent in abundance to cells
in media with both growth factors (Fig. 1B). These results point
to the ability of surface-coated tropoelastin to replace both
IGF1 and bFGF in promoting MSC proliferation in a reduced-
serum environment.

Tropoelastin Allows for Greater Serum Reduction Compared with
Fibronectin or Growth Factors. Due to the persistence of tropoe-
lastin’s proproliferative activity in media with 7% (vol/vol) FBS,
we investigated the maximum extent of serum reduction that
would not affect tropoelastin-mediated MSC expansion (Fig. 2A).
Cells were grown in decreasing amounts of FBS [0–10% (vol/vol)
in media] on TCP and on TCP coated with tropoelastin or fi-
bronectin. MSC numbers on bare and fibronectin-coated surfaces
progressively declined with greater serum reduction. After 7 d,
MSC proliferation on TCP and fibronectin decreased by 27 ± 1%
and 15 ± 0.1%, respectively, following a mere 20% reduction in
serum. In contrast, cell expansion on a tropoelastin substrate
remained unaffected by up to a 40% decrease in serum. In media
with 6% FBS, MSC proliferation on bare and fibronectin-coated
TCP was inhibited by 35 ± 1% and 25 ± 1%, respectively, com-
pared with that in normal media.

Fig. 1. MSC proliferation on bare TCP or TCP coated with tropoelastin (TE)
in media containing (A) 10% (vol/vol) FBS or (B) 7% (vol/vol) FBS, with and
without IGF1 and/or bFGF growth factors. Panels show relative net cell in-
crease at various days postseeding. Asterisks directly above the columns
represent statistical differences between bare and tropoelastin-coated TCP
in each media formulation: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not
significant.

Yeo and Weiss PNAS | February 5, 2019 | vol. 116 | no. 6 | 2043

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S



While fibronectin and tropoelastin promoted MSC propaga-
tion in full-serum media, the benefits of fibronectin were sig-
nificantly diminished upon serum reduction. At these lower serum
concentrations, that is, 2–8% (vol/vol) of the media composition,
tropoelastin-coated surfaces consistently and significantly enhanced
MSC proliferation compared with bare and fibronectin-coated
surfaces by 135 ± 5 to 309 ± 12% and 76 ± 4 to 86 ± 6%, re-
spectively. These findings strongly indicate that tropoelastin can
uniquely compensate for substantial serum reduction in media
without compromising MSC expansion levels.
The ability to promote high levels of stem cell growth in low-

serum conditions, as demonstrated by tropoelastin, is a property
typically ascribed to growth factors (25). On this basis, we com-
pared this functionality of substrate-bound tropoelastin with that
of IGF1 and bFGF (Fig. 2B). By 7 d postseeding, cell numbers
on TCP in growth factor-containing media were unaltered in 8%
(vol/vol) FBS, indicating that the combination of IGF1 and
bFGF allows for slight (20%) serum reduction during culture.
In 6% (vol/vol) FBS, however, cell numbers in media with growth
factors were significantly decreased by 25 ± 2% compared with
those in full-serum media. In contrast, cells on tropoelastin in the
absence of growth factors sustained uncompromised levels of pro-
liferation following a 40% decrease in serum. In 6% (vol/vol)
serum, tropoelastin improved MSC proliferation by 27 ± 4%
compared with IGF1 and bFGF in tandem, indicating that
tropoelastin is functionally superior to the growth factors in stimu-
lating MSC expansion in substantially reduced serum conditions.

Tropoelastin in Solution Promotes MSC Proliferation Similarly to
Surface-Bound Tropoelastin. We wished to determine whether the
mitogenic activity of tropoelastin is conditional upon its immobi-
lization to the culture substrate and the provision of mechanical
cues. We therefore tested whether tropoelastin in solution
achieves the same cell expansion benefits as the surface-bound
protein. When tropoelastin was added to tissue culture wells
that were preincubated with normal media, the protein remained
in solution due to surface blocking by serum proteins (SI Appen-
dix, Fig. S1A).
Soluble tropoelastin at concentrations as low as 1 μg/mL con-

sistently promoted MSC proliferation over 7 d compared with
normal media (SI Appendix, Fig. S1B). However, tropoelastin
concentrations of at least 2.5 μg/mL were required to stimulate
MSC proliferation to an extent comparable to that of substrate-
bound tropoelastin (Fig. 3A). Increasing the solution concen-
tration of tropoelastin to 20 μg/mL further improved MSC pro-
liferation by 80 ± 8% over substrate-bound tropoelastin at 7 d
postseeding. These results demonstrate that tropoelastin above a
threshold concentration in solution significantly promotes MSC

proliferation. Supplementation of media with 5 μg/mL tropoe-
lastin is functionally equivalent to coating the culture substrate
with tropoelastin and allows temporal control of the cell pro-
liferation profile (SI Appendix, Fig. S1C). Evidently, tropoelastin
can function as a signaling molecule in solution, similar to growth
factors, to actively enhance MSC expansion.

Tropoelastin in Solution Can Replace IGF1 and bFGF in Full-Serum
Media. We investigated whether tropoelastin in solution, like
substrate-bound tropoelastin, can mirror the effects of growth
factors in eliciting a proliferative response from MSCs (Fig. 3B).
We previously observed that substrate-bound tropoelastin can
replace either IGF1 or bFGF in full-serum media. Media sup-
plementation with IGF1 alone did not increase MSC numbers
compared with normal media. As such, tropoelastin in solution at
or above 1 μg/mL triggered significantly elevated cell proliferation
over 7 d compared with normal media or media with IGF1. This
level of increase is dose-dependent, ranging from 18 ± 5% with
1 μg/mL tropoelastin to 69 ± 7% with 20 μg/mL tropoelastin.
Soluble tropoelastin can likewise replace bFGF in media (Fig.

3B). During early-stage proliferation (3 and 5 d postseeding),
soluble tropoelastin at and above 1 μg/mL surpassed bFGF by up
to 74 ± 2% in promoting MSC expansion. At later time points
(7 d postseeding), soluble tropoelastin at 5 μg/mL was compa-
rable to bFGF; and at 20 μg/mL it was 18 ± 5% more potent than
bFGF for MSC propagation.
Furthermore, while substrate-bound tropoelastin was function-

ally inferior to the cumulative benefit of IGF1 and bFGF in full-
serum media, soluble tropoelastin at 20 μg/mL supported MSC
expansion equivalently to both growth factors in full-serum media
(Fig. 3B). These findings illustrate that tropoelastin in solution
closely reflects the proproliferative capability of growth factors. At
5 μg/mL, tropoelastin can replace either IGF1 or bFGF, while a
higher concentration of 20 μg/mL can adequately replace both
growth factors without loss of MSC proliferative potential.

Soluble Elastin Fragments and Fibronectin Do Not Promote MSC
Proliferation. We wished to determine whether the potent mito-
genic ability of tropoelastin in solution is similarly captured
within fragments of the cross-linked protein. Cells were grown in
normal media, in tropoelastin-supplemented media, or in media
containing increasing amounts of soluble κ-elastin (κELN) or
α-elastin (αELN) (Fig. 3C). These peptides are obtained from
partial base or acid hydrolysis of native elastin and encompass
a pool of heterogeneous elastin-derived sequences. Neither
κELN nor αELN stimulated MSC proliferation above that in
normal media. On the contrary, higher concentrations of αELN
at 20–50 μg/mL suppressed cell expansion by up to 14 ± 1%.

Fig. 2. MSC proliferation in decreasing amounts of
serum. (A) Cells were grown on bare, tropoelastin-
coated or fibronectin (FN)-coated TCP in normal
media. (B) Cells were cultured on tropoelastin-coated
TCP in normal media, on TCP in media containing IGF1
and bFGF growth factors (GFs), or on tropoelastin-
coated TCP in media supplemented with GFs. Panels
show the relative net cell increase at 3, 5, and 7 d
postseeding, normalized to the initial cell numbers
at day 1. Asterisks directly above the columns rep-
resent statistical comparison with cells on tropoelastin-
coated TCP in normal media: *P < 0.05; **P < 0.01;
***P < 0.001.
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Therefore, we propose that the proproliferative effect of tropoe-
lastin in solution requires the intact, full-length molecule.
This ability of tropoelastin to propagate cells in solution is

unique for a matrix protein. Fibronectin promoted MSC ex-
pansion when coated on the substratum at concentrations as
low as 2 μg/mL (Fig. 2A) but did not trigger any proliferative re-
sponse when present in solution at up to 20 μg/mL (Fig. 3D). These
results emphasize the singularity of tropoelastin’s dual capacity
for modulating MSC proliferation as an underlying substrate and
as a soluble factor.

MSCs Retain Cell Phenotype During Tropoelastin-Mediated Expansion.
An essential consideration when inducing MSC expansion is the
maintenance of the native stem cell phenotype. Flow cytometry
analyses indicated that cells cultured for 5 or 7 d on tropoelastin-
coated surfaces, in full- or reduced-serum media with and without
growth factors, exhibited characteristic MSC marker profiles (SI
Appendix, Fig. S2A). At 5 d postseeding, more than 95% of cells in
all media formulations expressed the positive MSC markers
CD90, CD105, and CD73, while more than 98% lacked expres-
sion of hematopoietic stem cell markers CD34, CD45, CD11b,
CD79a, and HLA-DR, in accordance with the MSC identifi-
cation criteria set by the International Society for Cellular
Therapy (26).

At 7 d postseeding, a decreased proportion of cells expressed all
three MSC markers when grown on bare TCP in media containing
only IGF1 or bFGF. Only 83.9 ± 0.7% of cells in IGF1-supplemented
media and 92.9 ± 5.9% of cells in bFGF-supplemented media were
positive for CD105. Likewise, only 89.1 ± 0.1% of cells in IGF1-
containing media expressed CD73. These results point to the com-
bined role of IGF1 and bFGF in maintaining the MSC phenotype
during longer-term cell expansion.
Remarkably, substrate coating with tropoelastin restored the MSC

marker expression levels of cells in these suboptimal media prepa-
rations to requisite thresholds. MSC phenotype was fully retained in
all instances where substrate-bound tropoelastin was used to replace
one or both growth factors in full-serum or reduced-serum media.
Similarly, cells grown in media containing 20 μg/mL soluble tro-
poelastin also displayed characteristic CD90+, CD105+, CD73+,
and lineage-negative expression profiles (SI Appendix, Fig. S2B).
Concomitant with the retention of cell surface markers, MSCs

expanded in the presence of substrate-bound or soluble tropoe-
lastin as a replacement for growth factors in normal or reduced-
serum media also exhibited the capacity for multilineage differ-
entiation (SI Appendix, Fig. S3). When induced with adipogenic
media, these MSCs developed characteristic intracellular lipid
droplets that appeared bright red with Oil Red O staining. When
induced with osteogenic media, they formed mineralized calcium
deposits visualized as red nodules by Alizarin Red S staining.
When induced with chondrogenic media in micromass pellet
culture, MSCs showed glycosaminoglycan-rich regions stained
blue green by Alcian Blue, which were indicative of cartilage for-
mation. These histological features were absent in noninduced
samples. Taken together, these findings strongly support the ability
of tropoelastin to preserve MSC phenotype and multipotent
behavior throughout the amplified expansion process.

Tropoelastin Modulates MSC Attachment and Spreading via αv
Integrins. To determine the involvement of integrin receptors in
tropoelastin modulation of MSC behavior, we analyzed the di-
valent cation dependence of tropoelastin–MSC interaction.
Addition of the chelator EDTA significantly inhibited MSC at-
tachment to substrate-bound tropoelastin in a dose-dependent
manner (Fig. 4A). In the presence of 5 mM EDTA, MSC binding
to tropoelastin was maximally reduced by 48.9 ± 0.5%. Fur-
thermore, MSCs displayed minimal (20.0 ± 2.1%) adhesion to
tropoelastin in a cation-free environment (Fig. 4B). The sub-
sequent addition of up to 0.5 mM Ca2+ did not improve MSC
binding (13.7 ± 1.0%); Mg2+ promoted moderate (51.8 ± 2.6%)
cell attachment, while Mn2+ restored (76.1 ± 3.2%) cell adhesion
to tropoelastin. This selective cation dependence is characteristic
of an integrin-mediated cell binding mechanism (27).
As further confirmation of the role of integrins in MSC in-

teractions with tropoelastin, specific integrin-blocking antibodies
impeded MSC spreading on a tropoelastin substrate (Fig. 4 C–
G). The anti-αvβ5 and anti-αvβ3 integrin antibodies inhibited cell
spreading on tropoelastin in a dose-dependent manner until
optimal blocking concentrations were reached (Fig. 4 C and D).
This inhibition was heightened with a pan anti-αv integrin sub-
unit antibody (Fig. 4E). Antibody specificity was validated by the
minimally inhibited spreading on fibronectin (78.8 ± 2.3%),
which is known to alternatively interface with α5 and αv integ-
rins, compared with the no-antibody (92.5 ± 2.6%) and IgG
(90.1%) controls. At optimal antibody concentrations, the anti-
αvβ5 and anti-αvβ3 antibodies significantly decreased MSC
spreading on tropoelastin by 24.9 ± 2.7% and 22.7 ± 2.8%, re-
spectively (Fig. 4F). The combined addition of anti-αvβ5 and
anti-αvβ3 further inhibited spreading by 46.0 ± 2.5%, which
was similar to the 53.6 ± 5.6% inhibition by the anti-αv antibody.
Cell spreading on tropoelastin was unaffected by a nonspecific
IgG antibody or in the absence of antibodies. Representa-
tive images of MSCs seeded on tropoelastin showed that in the

Fig. 3. MSC proliferation in media with tropoelastin in solution. (A) Cells were
grown on TCP in media supplemented with increasing concentrations of soluble
tropoelastin or on tropoelastin-coated TCP in normal media. Panels show relative
net cell increase at 3, 5, and 7 d postseeding. Asterisks above individual columns
depict statistical differences from the no-tropoelastin control. (B) Cells were
cultured on TCP in normal media or in media supplemented with tropoelastin or
growth factor(s). Panels show relative net cell increase at 3, 5, and 7 d post-
seeding. Asterisks directly above the data columns indicate statistical differences
from the normal media control. (C) Cell proliferation for 7 d in normal media or
in media supplemented with κELN, αELN, or tropoelastin. Asterisks indicate sta-
tistical differences from the normal media control. (D) Cells were grown for up to
7 d in normal media or media supplemented with fibronectin or tropoelastin in
solution. Asterisks denote statistical differences from the normal media control.
*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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absence of integrin-blocking antibodies, the majority of cells pos-
sessed a spread morphology characterized by a flattened, phase-
dark cell body (Fig. 4G). In contrast, in the presence of anti-integrin
antibodies, a markedly higher proportion of cells appeared
unspread with a rounded, phase-bright morphology. In addition,
vinculin staining of substrate-bound MSCs revealed a number of
dot-like focal complexes and streak-like focal adhesions at the cell
center and periphery. Cells adhered to tropoelastin possessed 1.5 ±
0.7-fold increased focal adhesions per cell compared with those on
BSA (Fig. 4H). Taken together, these results support the role of αv
integrins in mediating MSC interactions with tropoelastin.

Tropoelastin Modulates MSC Expansion via αv Integrins. We found
that soluble tropoelastin-mediated MSC expansion is attenuated
by integrin blocking but not by growth factor receptor inhibition.

The proliferative advantages of growth factors were primarily
attributed to bFGF rather than IGF1; therefore, bFGF was se-
lected as the functional parallel to tropoelastin. The addition of
SU-5402, a fibroblast growth factor receptor (FGFR) inhibitor,
hindered MSC proliferation over 7 d in a dose- and time-
dependent manner (Fig. 4I and SI Appendix, Fig. S4A). The
extent of inhibition varied significantly among cells cultured in
normal media, media containing bFGF, and media containing
tropoelastin in solution. The most profound inhibition, up to a
78.9 ± 0.7% reduction in overall cell numbers compared with the
no-inhibitor control, consistently occurred with cells grown in
bFGF-supplemented media. In contrast, the reduced cell pro-
liferation in tropoelastin-supplemented media was similar to that
in normal media and can likely be ascribed to the nonspecific
effects of SU-5402 (Fig. 4I). These results suggest that, unlike

Fig. 4. Integrin-mediated effects of tropoelastin on MSC adhesion, spreading, and proliferation. (A) Cell adhesion to substrate-bound tropoelastin in the
presence of EDTA. (B) Cell binding to tropoelastin in cation-free buffer with increasing doses of exogenous Mg2+, Ca2+, and Mn2+ divalent cations. (C–E) Cell
spreading on tropoelastin with increasing concentrations of an (C) anti-αvβ5, (D) anti-αvβ3, or (E) pan anti-αv integrin antibody. Cell spreading on fibronectin
with and without the anti-αv integrin antibody is shown as a control. (F) Cell spreading on tropoelastin in the presence of optimal inhibitory concentrations of
anti-αvβ3, anti-αvβ5, combined anti-αvβ3 and anti-αvβ5, and anti-αv integrin antibodies. Cell spreading on TCP and that on tropoelastin in the absence of
antibodies or with a nonspecific mouse IgG antibody are also included as controls. Asterisks above the data columns refer to statistical differences from the
no-antibody control. (G) Representative images of MSC spreading on tropoelastin, with and without integrin-blocking antibodies. (Scale bar: 100 μm.) (H)
Confocal microscope images of MSCs adhered on tropoelastin- or BSA-coated TCP, stained for focal adhesion vinculin (green) and cell nuclei (blue). The
relative density of focal adhesion staining per cell is indicated. (Scale bar: 20 μm.) (I and J) MSC proliferation in the presence of (I) FGFR and (J) integrin
inhibitors. Cells were grown on TCP in normal media, in media with 20 μg/mL tropoelastin, or in bFGF-supplemented media for 7 d. (I) Increasing doses of the
FGFR inhibitor, SU-5402, were added to the media during the proliferation period. Cell numbers were normalized against samples without SU-5402. Cell
numbers in media containing tropoelastin or bFGF were compared with those in normal media at each inhibitor concentration to account for the nonspecific
toxicity of SU-5402. (J) Optimal inhibitory concentrations of anti-αvβ3, anti-αvβ5, anti-αvβ5 and anti-αvβ3, or anti-αv were added to the media over 7 d.
Controls without antibodies or with an antibody against a nonexpressed integrin (anti-β8) were included. Green arrows indicate cells grown in the presence of
tropoelastin and αv integrin subunit antibodies. Asterisks above individual columns denote significant differences from cells in normal media at each antibody
condition. (K) MSC proliferation after 7 d in the presence of an FAK inhibitor (FAK inhibitor 14) or a PKB/AKT inhibitor (perifosine). Cell numbers were
normalized against uninhibited samples. Asterisks above individual columns represent comparison with the no-inhibitor control. *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant.
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bFGF, soluble tropoelastin stimulates MSC propagation via an
FGFR-independent pathway.
We also explored the cell proliferative consequences of block-

ing integrin receptors, specifically αvβ3, αvβ5, or all αv subunit
integrins, over 7 d (Fig. 4J and SI Appendix, Fig. S4B). Antibody
inhibition of αv integrin activity universally diminished MSC pro-
liferation to varying degrees, regardless of culture media composition.
However, the decrease in cell expansion was consistently greater
for cells in tropoelastin-supplemented media than cells in normal
media or in bFGF-supplemented media. Compared with the no-
antibody control, inclusion of the anti-αvβ3 or anti-αvβ5 antibody
significantly inhibited tropoelastin-mediated MSC proliferation by
30 ± 1.3% and 18.1 ± 0.9%, respectively. Addition of both anti-
αvβ3 and anti-αvβ5 antibodies decreased cell expansion by 58.9 ±
4.2%, which was similar in magnitude to the 54.1 ± 3.7% re-
duction in cell numbers by the pan anti-αv antibody. A control
antibody against β8 integrins, which are not expressed by MSCs,
did not affect cell proliferation. These findings strongly indicate
that tropoelastin in solution, similar to the substrate-bound pro-
tein, interacts with MSCs via integrins. Furthermore, αv integrins,
specifically αvβ3 and αvβ5 in tandem, are involved in the prop-
agation of proproliferative signals from tropoelastin during MSC
expansion. Accordingly, specific inhibition of downstream signal-
ing molecules, that is, focal adhesion kinase (FAK) by FAK inhib-
itor 14 and protein kinase B (PKB/AKT) by perifosine, significantly
reduced tropoelastin-mediated proliferation by 50.7 ± 2.0% and
21.3 ± 0.5%, respectively (Fig. 4K). This decrease is significantly
more profound than that caused by the nonspecific effects of
these inhibitors and confirms the role of the integrin–FAK–PKB/
AKT pathway in transducing tropoelastin-activated mitogenic
signals in MSCs.
Interestingly, MSC proliferation in bFGF-supplemented media

was also negatively impacted by the presence of integrin-blocking
antibodies, although not to the same extent as that observed in
cultures with tropoelastin (Fig. 4J). Significant inhibition relative
to cells in normal media occurred only in the presence of anti-αv
or both anti-αvβ3 and anti-αvβ5 antibodies. These results further
suggest that bFGF-mediated MSC proliferation is at least also
partially dependent on αv integrin signaling.

Substrate-Bound and Soluble Tropoelastin Attract MSCs. We wanted
to investigate the potential of tropoelastin to attract MSCs,
which would facilitate the tropoelastin–cell interactions for cell
expansion. Cells seeded in a central region were equidistantly
flanked by regions optionally coated with tropoelastin (Fig. 5A).
MSCs preferentially migrated toward the surface-bound tro-
poelastin compared with the no-protein control over 5 d (Fig.
5B). This haptotactic gravitation toward tropoelastin manifested
even at early time points (1–3 d postseeding), in which the region
between the cells and tropoelastin was significantly more popu-
lated than the corresponding region between the cells and the
PBS control (Fig. 5C). By 5 d postseeding, 45 ± 8% more cells
had migrated to the tropoelastin-coated region compared with
the control (Fig. 5D). The higher cell abundance associated with
tropoelastin was not due to the increased proliferation of mi-
grated cells, as suggested by similar total cell numbers over the
experimental period (Fig. 5E).
Similarly, MSCs also migrated toward a diffusible gradient of

tropoelastin in a Boyden chamber setup. Tropoelastin in solution
induced a dose-dependent chemotactic response, which was
abolished in the presence of the anti-αv integrin antibody (Fig.
5F). Antibodies that block all αv, either αvβ3 or αvβ5, or both
αvβ3 and αvβ5 integrins effectively diminished tropoelastin-
directed MSC migration to levels attributed to random cell
mobility (Fig. 5G). In contrast, the control anti-β8 antibody did
not affect MSC chemotaxis toward tropoelastin (SI Appendix,
Fig. S5A). Moreover, the αv-inhibitory antibodies did not alter
levels of undirected cell migration in which no chemoattractant

was present, nor did they inhibit chemotaxis toward IGF1 or
bFGF growth factors (SI Appendix, Fig. S5B).
These results demonstrate the strong motogenic ability of

substrate-bound and soluble tropoelastin and the necessary and
specific involvement of both αvβ3 and αvβ5 integrins in this process.
This integrin dependence further implicates a method of MSC
homing distinct from that used by chemotactic growth factors.

Discussion
The ability to efficiently and cost-effectively expand therapeutic
cells such as MSCs is of significant clinical and commercial in-
terest (28). Here we report that tropoelastin by itself not only
markedly augments MSC proliferation but also parallels or sur-
passes the performance of specific growth factors. Among the
growth factors used in MSC culture are IGF1 (29, 30) and bFGF
(9, 10, 31), both of which are also part of commercially available
MSC growth media. As a surface coating, tropoelastin promotes
cell proliferation significantly better than IGF1, which alone
does not increase cell numbers compared with normal media.
This finding is consistent with reports that IGF1 facilitates MSC
migration and early-stage growth (29) but does not improve
long-term MSC proliferation (30). In addition, substrate-bound
tropoelastin is functionally comparable to bFGF in full-serum

Fig. 5. Migration of MSCs toward tropoelastin. (A) Image showing the
design of the migration assay. Cells were seeded in the middle chamber
equidistant from flanking chambers containing substrate-bound tropoelas-
tin or PBS. The well surface was divided into labeled regions within which
cell numbers were measured as an indication of positional cell migration. (B)
Binary images of the labeled regions over 5 d, showing the spread of cell
migration. Each black dot represents one cell nucleus as visualized under
fluorescence microscopy. (C) Comparative cell abundance within the regions
that are adjacent to the areas coated with tropoelastin or PBS. (D) Com-
parative cell abundance within the regions coated with tropoelastin or PBS.
(E) Total cell abundance within all regions over the experimental period. (F)
Cell migration toward increasing concentrations of tropoelastin as a dif-
fusible chemoattractant in the bottom chamber of a Boyden chamber assay.
Cells were incubated with or without 5 μg/mL anti-αv integrin antibody in
the top chamber. Cell migration was normalized to the level of unstimulated
migration exhibited by no-tropoelastin controls. Asterisks above data points
represent significant differences from the no-tropoelastin control. (G) Cell
chemotaxis to normal or tropoelastin-supplemented media in the presence
of integrin-blocking antibodies. Controls without antibodies or with an an-
tibody against a nonexpressed integrin (anti-β8) were included. Asterisks
represent significant differences from the no-antibody control. *P < 0.05;
**P < 0.01; ***P < 0.001; ns, not significant; RFU, relative fluorescence unit.
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media and superior in reduced-serum media in stimulating a pro-
liferative response. The high capacity of tropoelastin to stimulate
proliferation allows the replacement of IGF1 or bFGF in full-serum
media and both IGF1 and bFGF in reduced-serum media without
compromising the expansion potential of MSCs. Furthermore,
supplanting growth factors with a stable recombinant protein
such as tropoelastin also alleviates some of the challenges as-
sociated with the use of growth factors, such as their limited
availability from animal tissues (9), high cost, and relative in-
stability in media (31).
The potency of tropoelastin observed even in reduced-serum

media points to its potential to replace a proportion of serum
during MSC culture. Serum is included in MSC growth media as
it not only promotes cell attachment due to the presence of base
membrane proteins such as collagens, fibronectin, laminin, and
vitronectin but also induces proliferation due to growth factors,
hormones, and lipids (5, 8). Therefore, the ability of tropoelastin
to compensate for serum reduction is consistent with its known
cell adhesive function (32), combined with its high mitogenic
activity reflective of growth factors. Tropoelastin remarkably
allows up to a 40% reduction of serum content in culture media,
a unique property not exhibited by other ECM proteins. We
show that fibronectin, which is often used as an adhesion mol-
ecule in stem cell culture (14, 16), had diminished benefits even
in 20% reduced-serum media.
Substantial serum compensation by tropoelastin mirrors an-

other benefit typically associated with growth factors (5). We
demonstrate that this ability of tropoelastin exceeds that of
IGF1 and bFGF combined, which allowed for up to 20% re-
duction in serum. Interestingly, surface-bound tropoelastin did
not allow significant serum reduction when growth factors were
also present, suggesting that separate pathways may be activated
by relative cell exposure to the soluble growth factors and to the
substrate-bound tropoelastin. The use of tropoelastin to reduce
reliance on serum during MSC expansion is clinically benefi-
cial. Serum can carry contaminants that pose infection risks
and, as an animal-derived product, can trigger adverse immune
responses (25).
The functionality of tropoelastin, as with other matrix pro-

teins, has conventionally been attributed to signals triggered
upon cell adhesion to the molecule, whereby cell surface re-
ceptors such as integrins transduce the mechanical stimuli into
chemical signals to effect a cellular response (33). Consistent
with this paradigm, the proproliferative potential of tropoelastin
has been ascribed solely to the elasticity, roughness, and cell
adhesiveness of the molecule (17, 18). Contrary to this thinking,
here we show that tropoelastin in solution above a concentration
of 1 μg/mL also significantly enhances MSC expansion. At 20 μg/mL,
tropoelastin in solution functionally supersedes the surface-bound
protein and parallels the synergistic effect of IGF1 and bFGF in
full-serum media. Our findings indicate that the mitogenic activity
of tropoelastin can be independent of its effect on substrate
elasticity and topography. While MSC progression through the cell
cycle is anchorage-dependent (34), cells do not need to specifically
attach and spread on the effector protein such as tropoelastin for
proproliferative signaling to occur.
Furthermore, the modulatory behavior of tropoelastin in so-

lution is most likely independent of mechanotransductive pro-
cesses. As an individual molecule, the length of tropoelastin at
∼20 nm (35) would preclude mechanical connections with mul-
tiple cells. Within our experimental conditions, tropoelastin also
cannot assemble into larger cell-linking constructs since the
timescale of the proliferation assays at 7 d is significantly shorter
than the minimum 12–14 d needed for elastic fibers to be
formed. Also, the highest concentration of soluble tropoelastin
used in these assays (20 μg/mL) is 50-fold below the critical
concentration threshold for tropoelastin self-assembly (36).

Tropoelastin is a rare example of a full-length adhesive matrix
protein that can moderate cell behavior as a soluble factor. In
contrast, we show that fibronectin in solution does not promote
MSC proliferation, possibly due to poor cell recognition as its
cell receptor binding sites become exposed only upon adsorption
to a surface such as a collagen matrix (37). The effects of tro-
poelastin in solution are likely enabled by the inherent accessi-
bility (35, 38) of its cell binding regions (32, 39, 40). Before this
work, soluble signaling factors derived from ECM proteins, in-
cluding fibronectin, laminin, collagen, and elastin, were thought
to be limited to peptides released by partial proteolysis, termed
matrikines (41, 42). Presumably, these matrikines interact with
cells via proteolytically exposed cell binding motifs. We find that
the MSC modulatory properties of tropoelastin are distinctly dif-
ferent from that of elastin fragments and likely require the syner-
gistic involvement of multiple cell-interactive regions (32, 39, 40)
within a full-length molecule, such as the AAAAAAAAAAK-
AAKYGAAAGL sequence contained within domains 16–17 (40)
and the C-terminal GRKRK motif in domain 36 (39).
The in vitro generation of MSCs can impact cell phenotype,

which in turn can affect function and therapeutic potential (43,
44). Therefore, it is imperative that the tropoelastin-mediated
amplification of MSC proliferation does not compromise stem
cell properties. We found that cells expanded in the presence of
substrate-bound or solution-based tropoelastin express charac-
teristic surface markers and can undergo trilineage differentia-
tion, consistent with the International Society for Cellular
Therapy’s definition criteria for MSCs. This ability of tropoe-
lastin to maintain MSC phenotype during expansion equates to
that of growth factors in tandem. At sufficiently high concen-
trations, bFGF alone preserves MSC marker expression and
delays proliferation-associated changes to stemness (9); however,
long-term use increases differentiation and decreases expression
of surface markers, including CD105 (11). Consistent with this
finding, we show that media supplementation with IGF1 or
bFGF alone reduces levels of CD105 and/or CD73, which are
expected to be constitutively expressed by MSCs (43). The in-
clusion of tropoelastin remarkably protects against this pheno-
typic variation within the MSC population.
Phenotypic maintenance of stem cells is signaled from either

soluble factors or adhesion proteins (17). Before this work, tro-
poelastin had been asserted to promote stemness via MSC sensing
of substrate elasticity (17, 18). However, the similar protective
function of tropoelastin in solution again strongly indicates an
alternative anchorage-independent signaling mechanism akin
to that of growth factors.
We discover that tropoelastin can directly interact with MSCs

via cell surface integrins αvβ3 and αvβ5. These integrins are
known to be expressed by bone marrow-derived MSCs (45), are
recognized by domains 16–17 and domain 36 within tropoelastin,
and have been implicated in tropoelastin interactions with other
cell types such as fibroblasts (32, 39). When activated, integrins
cluster as part of focal adhesions, detected in our studies by
staining for a core focal adhesion protein, vinculin. Focal adhe-
sions link extracellular matrix proteins to the actin cytoskeleton
and transmit not only mechanical but also chemical signals from
the cell environment (46).
While tropoelastin can directly mediate MSC attachment and

spreading via integrins, we explored the alternative hypothesis
that it may elicit MSC proliferation indirectly, particularly when
in solution, or directly, albeit via a nonintegrin pathway. For
instance, tropoelastin may potentiate the mitogenic activity of
endogenous (31) or serum-derived (8) growth factors such as
bFGF, as many ECM proteins can bind growth factors and in-
crease localization to their receptors (47). Alternatively, tropoelastin
may itself activate FGFR, as intrinsic domains within some ECM
proteins can serve as noncanonical ligands for growth factor
receptors (48). In these instances, addition of the FGFR inhibitor
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SU-5402 should negate the proproliferative function of both tro-
poelastin and bFGF. However, MSC expansion by tropoelastin,
unlike that by bFGF, was not affected beyond the nonspecific
inhibition associated with SU-5402 toxicity (49) and can therefore
proceed via an FGFR-independent pathway. On this basis, we can
exclude the sole involvement of bFGF as the effector protein or
FGFR as the signaling receptor in tropoelastin-mediated MSC
proliferation. Moreover, antibody and small-molecule inhibition
of tropoelastin-mediated cell proliferation indicates the participation
of αv integrins, namely, αvβ3 and αvβ5, and downstream signal-
ing mediators such as FAK and PKB/AKT in this process. Ac-
tivation of the integrin, FAK, and PKB/AKT cascade is known to
regulate MSC responses, including proliferation (50, 51). Integrins
have been shown to bind both immobilized and soluble ligands
sufficiently to initiate signaling events (52, 53), suggesting a com-
mon mechanism by which substrate-bound and soluble tropoelastin
direct MSC events. However, we cannot discount the involvement
of other cell receptors, such as the elastin binding protein, in me-
diating the modulatory effects of tropoelastin in solution.
A similar dual mode of action is observed in tropoelastin-

directed MSC migration, in which surface tropoelastin possesses
the haptotactic nature of adhesive ECM proteins (19), while
soluble tropoelastin mirrors the chemotactic ability of chemo-
kines and growth factors (21). While these signals are thought to
be independent and potentially conflicting (24), tropoelastin can
uniquely provide both biophysical and biochemical directional
stimuli to elicit a potentially stronger MSC homing response.
This motogenic ability of tropoelastin, which has also been reported
with other cell types (54), can be exploited in biomedical appli-
cations to recruit resident or administered MSCs for improved
therapeutic outcomes.
Tropoelastin-mediated MSC recruitment is also reliant on

protein interactions with αv integrins. The abolishment of this
process by antibodies that block either αvβ3 or αvβ5 strongly sug-
gests the requisite involvement of both integrins. Integrin subunits
previously implicated in MSC homing have been limited to α4, α5,
or β1 (22, 55) and are primarily regulated by chemokine activation
of cognate receptors (22). Tropoelastin–αv integrin interactions
represent a newfound mechanism underpinning MSC migration.
Furthermore, the noninhibitory effect of αv-blocking antibodies
on growth factor-mediated chemotaxis suggests separate, specific
modes of MSC recruitment by tropoelastin and growth factors, at
least on the cell surface level.
Integrin activation by ligand occupancy initiates multiple sig-

naling cascades, including serine/threonine kinase, small GTPase,
and inositol lipid pathways that mediate cell survival, adhesion,
spreading, proliferation, and migration (15, 34, 56). Several of
these pathways are also activated by bFGF binding to its FGF
receptor in MSCs (25, 57). Furthermore, the association of αv
integrins with growth factor receptors is thought to be required for
sustained growth factor activation of downstream proliferative
signals (33). In support, blocking αv integrins inhibits cell growth
even in the presence of growth factors (58), which reflects our
findings that αv integrin inhibition also attenuates bFGF-
mediated MSC expansion. The overlap of intracellular sig-
naling cascades shared by integrins and FGF receptors rep-
resents a possible mechanism by which tropoelastin parallels
and can therefore replace the mitogenic, protective, and
motogenic functions of growth factors such as bFGF (Fig. 6).
The functionalities of tropoelastin, particularly in terms of

MSC migration, propagation, growth factor replacement, and
serum compensation, appear to be unique to this protein, despite
the similar ability of other ECM proteins to bind integrins. It is
thought that not all ECM–integrin interactions promote cell
cycle progression equally, despite similar capabilities for cell
adhesion and cytoskeletal organization (34). For example, the
αvβ3 integrin can specifically associate with adapter proteins
downstream of growth factor receptors and cooperatively acti-

vate and sustain long-term mitogenic pathways, allowing αvβ3
ligands such as tropoelastin to enhance cell proliferation more
potently than nonligands (59). Moreover, matrix proteins such as
fibronectin may adhere up to 20 types of integrins (60), which
can drive opposing effects on cell proliferation and attenuate or
avert the target cell response (16, 34). The narrow integrin se-
lectivity of tropoelastin may therefore contribute to its specific
outcomes on MSC behavior.
The potent mitogenic and motogenic effects of tropoelastin on

MSCs is surprising since it is not natively present in the stem cell niche
(61) unlike bFGF (62). We propose that this growth factor-like be-
havior of tropoelastin becomes biologically relevant in instances re-
quiring rapid MSC homing and elevated MSC proliferation, namely,
during embryonic development and wound repair, which coincide
with the only periods in which free tropoelastin abounds in the ex-
tracellular environment. During the fetal to neonatal stages, peak
tropoelastin synthesis occurs (63) alongside widespread bFGF ex-
pression (64), which may recruit MSCs and drive their propagation
for normal development. The known inhibitory effects of bFGF on
tropoelastin production during development (65) may indeed be a
regulatory mechanism to safeguard against uncontrolled stem
cell numbers resulting from the cumulative effects of bFGF and
tropoelastin. During injury, up-regulated tropoelastin secretion
may supplement the low level of bFGF in tissues (66) to rapidly
stimulate MSC migration and proliferation integral to wound
healing (67).
Further investigations are needed to define the intracellular

responses to tropoelastin and understand the biological impetus
for its potent MSC modulation. Nevertheless, this work demon-
strates the potential of incorporating tropoelastin into materials to
promote growth and maintain function of administered MSCs or
to recruit endogenous MSCs to a target site for tissue repair. This
work also lays a firm groundwork for the use of tropoelastin as a

Fig. 6. Model of tropoelastin modulation of MSC behavior. Substrate-
bound or soluble tropoelastin attracts MSCs to migrate toward it. MSCs
adhere and spread to the tropoelastin substrate, which triggers rapid cell
expansion while simultaneously preserving MSC surface marker expression
and trilineage differentiation potential. Unlike the majority of anchorage-
dependent matrix proteins, tropoelastin in its soluble form likewise pro-
motes MSC proliferation and phenotypic maintenance. These signals from
tropoelastin are conveyed via cell surface integrin receptors, specifically
αvβ3 and αvβ5, and propagated via FAK and PKB/AKT to induce potent
motogenic and mitogenic MSC responses that mirror those of soluble
growth factors such as bFGF.

Yeo and Weiss PNAS | February 5, 2019 | vol. 116 | no. 6 | 2049

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S



potent substrate coating or media additive for MSC culture, partic-
ularly in large-scale clinical expansion systems where the signifi-
cant increase in cell yield and simultaneous reduction in serum
and growth factor requirements translate to substantial cost savings.
Tropoelastin can be produced in commercial quantities at good
manufacturing practice grade for approximately US$0.70/mg. For a
typical 5 L cell expansion system covering 2 m2 of culture area,
replacing bFGF, fibronectin and 40% of the serum content with
tropoelastin during each weekly expansion cycle results in annual
savings of over US$86,000 in reagent costs alone. We propose that
this approach represents a significant impact on cell manufacturing
economics and poses a real potential to substantially reduce the
cost of cell therapies.

Materials and Methods
Cell Culture. Human bone marrow-derived MSCs obtained from American
Type Culture Collection (ATCC) were cultured in normal media, which consists
of alpha-minimum essential medium (α-MEM) (Lonza) with 10% (vol/vol) FBS
(Life Technologies) and 2.4 mM L-glutamine (Lonza), at 37 °C in a humidified
normoxic incubator up to a maximum of 10 population doublings. Where
indicated, the normal medium was supplemented with 15 ng/mL IGF1 (Life
Technologies) and/or 125 pg/mL bFGF (Life Technologies), equivalent to the
growth factor concentrations in the ATCC-recommended media. Cells were
passaged once they reached 70–80% confluence. Where indicated, tissue
culture plastic wells were coated with 20 μg/mL recombinant human tro-
poelastin (Elastagen) or 2 μg/mL fibronectin (Sigma) in PBS (10 mM phos-
phate, 150 mM NaCl, pH 7.4) at 4 °C overnight. The protein solution was
removed, and wells were washed three times with PBS to remove unbound
protein before cell seeding. Where indicated, normal medium was supple-
mented with 2.5–20 μg/mL tropoelastin (Elastagen), 2.5–50 μg/mL of κELN
(soluble human skin elastin from Elastin Products Company), or 2.5–50 μg/mL
αELN (soluble human lung elastin from Elastin Products Company). To
prevent protein adhesion on the tissue culture substrate, wells were
preincubated with full-serum media for 5 h to enable surface blocking by
serum proteins before cell seeding in supplemented media (details in
SI Appendix).

Cell Proliferation. Subconfluent flasks of MSCs were treated with 0.05% (vol/vol)
trypsin-EDTA (Sigma) at 37 °C for 5 min to lift off adherent cells from the culture
vessel. Trypsin was neutralized with two volumes of serum-containing growth
media. Cells were centrifuged at 270 × g for 5 min and resuspended in the re-
quired media. Cells were seeded at a density of 5,000 cells/cm2 on bare or
protein-coated 48-well tissue culture plastic wells, in normal or supplemented
media. Media were changed every 2 d. After specific time points, cells were fixed
with 3% (vol/vol) formaldehyde at room temperature for 20 min, washed with
PBS, then stained with 0.1% (wt/vol) crystal violet in 0.2 M MES buffer for 1 h.
Excess stain was washed off four times with reverse osmosis water. The retained
stain was solubilized with 10% (vol/vol) acetic acid, and sample absorbance
values indicative of cell abundance were read at 570 nm. Sample absorbance
values were subtracted by baseline values (corresponding to cell numbers
in serum-free media or cell numbers on day 1 postseeding) and expres-
sed as a fraction of the highest absorbance among all samples on day 7
postseeding.

EDTA Inhibition and Cation Add Back. MSCs were seeded at a density of 1.5 ×
105 cells/cm2 on tropoelastin-coated wells in serum-free α-MEM containing 0–
9 mM EDTA (Sigma). The cells were incubated for 1 h at 37 °C, then washed
with cation-free PBS to remove unbound cells. Bound cells were fixed, stained,
and measured for absorbance at 570 nm, as described for the proliferation
assays. The percentage of cell attachment was determined relative to a set of
standards with known cell numbers. For cation add-back assays, MSCs were
washed with cation-free PBS, centrifuged at 270 × g for 5 min, and resus-
pended in cation-free PBS. The cells were seeded at a density of 1.5 × 105 cells/
cm2 on tropoelastin-coated wells in the presence of 0–0.5 mM cation (Mg2+,
Ca2+, or Mn2+) and incubated for 45 min at 37 °C. Bound cells were fixed and
stained, and cell attachment was quantified as previously described.

Cell Spreading. MSCs were seeded at a density of 7.5 × 104 cells/cm2 on
tropoelastin-coated wells in serum-free α-MEM for 1.5 h at 37 °C. Cells were
fixed and visualized by phase contrast microscopy under 10× magnification
with a Zeiss Axio Vert.A1 microscope. Images were taken on an AxioCam
ICm1 monochrome camera. Cells were categorized as spread (i.e., cells which
exhibit a phase-dark, flattened morphology) or unspread (i.e., cells which

appear round and phase-bright). Cell spreading was quantified by counting
the percentage of spread cells in each field of view. Three fields of view
were obtained at similar positions for each sample replicate, covering ∼10%
of the total sample area.

Immunofluorescent Staining. MSCs were seeded on TCP coated with 20 μg/mL
tropoelastin or 10 mg/mL BSA for 1 d. Focal adhesions were detected with a
fluorescently tagged anti-vinculin monoclonal antibody, while cell nuclei were
stained with DAPI using a Focal Adhesion Staining Kit (Merck Millipore).
Samples were visualized and imaged with an Olympus FV1000 confocal mi-
croscope at the Australian Centre for Microscopy & Microanalysis, University
of Sydney. Focal adhesion density per cell was calculated by dividing the
number of pixels corresponding to stained vinculin by the number of cells in
each field of view, then averaged for each sample.

Integrin, FGFR, FAK, or PKB/AKT Inhibition. To block specific integrin activity,
up to 20 μg/mL of anti-αv or anti-αvβ3 integrin antibodies (Abcam) or up to
1:250 dilution of anti-αvβ5 integrin antibody (Abcam) were added to the
media during MSC spreading or proliferation assays. Optimal inhibitory
concentrations were selected for the anti-αv (5 μg/mL), anti-αvβ3 (5 μg/mL),
and anti-αvβ5 (1:500 dilution) integrin antibodies. An anti-β8 integrin (5 μg/mL)
(Abcam) or a nonspecific mouse IgG (5 μg/mL) (Sigma) was also included as a
negative antibody control. To block FGFR activity, up to 20 μM SU-5402 FGFR
inhibitor (Sigma) was added to the media during MSC proliferation. The
integrin and FGFR inhibitors were replenished during every media change. To
block FAK or PKB/AKT activity, up to 10 μM FAK inhibitor 14 (Sigma) or peri-
fosine (Sigma) was added to the culture media during cell proliferation in the
presence or absence of tropoelastin. Optimal inhibitory concentrations of FAK
inhibitor 14 (2.5 μM) or perifosine (10 μM) were selected.

Cell Migration. Polydimethylsiloxane (PDMS) was casted into 3D printedmolds
to create a circular shape with three rectangular cutouts, in which the middle
rectangle was equidistant from the flanking rectangles. The PDMS stencil was
placed inside a well plate and pressed tightly against the well surface to
create a watertight seal. The top and bottom rectangular chambers were
filled with tropoelastin solution (20 μg/mL) and PBS, respectively, and air-
dried overnight. MSCs (1.2 × 106 cells/cm2) were seeded into the middle
chamber and allowed to attach for at least 2 h. The PDMS stencil was re-
moved, and the culture well was covered with normal media. For up to 5 d,
cells were stained daily with NucBlue Live ReadyProbes Reagent (Life Tech-
nologies) for 15 min, washed once with PBS, covered with normal media,
and imaged under fluorescence at 360/460 nm using a Nikon Ti-E Live
Cell Microscope. Cell migration into regions defined by tropoelastin or
PBS coating was quantified via relative fluorescent areas using ImageJ
software.

Chemotaxis was measured using a fluorometric 96-well Boyden chamber
assay system (QCM Chemotaxis Cell Migration Assay; Millipore) according to
the supplier’s instructions. Normal, tropoelastin-supplemented, or growth
factor-supplemented medium was added to the lower chamber of the well
plate, while MSCs were seeded at 14,300 cells/cm2 in normal media into the
upper chamber. Where indicated, integrin-blocking antibodies were added
at optimized concentrations to the upper chamber with the cells. Cells that
migrate through the permeable membrane into the lower chamber were
detached and quantified. Normalized cell migration was calculated by sub-
tracting the extent of undirected cell migration (where no chemoattractant
was added to the lower chamber) from each experimental result.

MSC Verification. MSCs expanded in various substrate and media conditions
were phenotypically and functionally verified by surface marker expression
via flow cytometry and osteogenic, adipogenic, and chondrogenic differ-
entiation (details in SI Appendix).

Statistical Analyses. All data were reported as mean ± SEM (n = 3). Statistical
comparisons were calculated using ANOVA. Significance was set at P < 0.05.
Statistical significance is denoted in figures by asterisks: *P < 0.05, **P <
0.01, and ***P < 0.001.
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