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Fibronectin regulates growth factor signaling and cell
differentiation in primary lens cells
Judy K. VanSlyke, Bruce A. Boswell and Linda S. Musil*

ABSTRACT
Lens epithelial cells are bound to the lens extracellular matrix capsule,
of which laminin is a major component. After cataract surgery, surviving
lens epithelial cells are exposed to increased levels of fibronectin, and
so we addressed whether fibronectin influences lens cell fate, using
DCDML cells as a serum-free primary lens epithelial cell culture system.
We found that culturing DCDMLs with plasma-derived fibronectin
upregulated canonical TGFβ signaling relative to cells platedon laminin.
Fibronectin-exposed cultures also showed increased TGFβ signaling-
dependent differentiation into the two cell types responsible for posterior
capsule opacification after cataract surgery, namely myofibroblasts and
lens fiber cells. Increased TGFβ activity could be identified in the
conditioned medium recovered from cells grown on fibronectin. Other
experiments showed that plating DCDMLs on fibronectin overcomes
the need for BMP in fibroblast growth factor (FGF)-induced lens fiber
cell differentiation, a requirement that is restored when endogenous
TGFβ signaling is inhibited. These results demonstrate how the TGFβ–
fibronectin axis can profoundly affect lens cell fate. This axis represents
a novel target for prevention of late-onset posterior capsule
opacification, a common but currently intractable complication of
cataract surgery.

KEY WORDS: Lens, TGFβ, Epithelial-mesenchymal transition,
Fibrosis, Cataract

INTRODUCTION
The lens consists of a monolayer of epithelial cells on its anterior
face and the crystallin-rich lens fiber cells, both encased in the
acellular lens capsule. After early embryogenesis, all subsequent
growth of the lens results from differentiation of epithelial cells into
so-called secondary fiber cells at the lens equator (Cvekl and
Ashery-Padan, 2014). Formation of fibers in the normal lens is
regulated by fibroblast growth factor (FGF), the levels of which are
higher in the vitreous humor at the rear of the eye than in the
anterior-facing aqueous humor (McAvoy and Chamberlain, 1989;
Robinson, 2006; Zhao et al., 2008).
Growth factors also regulate lens cell fate in pathological

conditions, notably posterior capsule opacification (PCO), the
most common vision-disrupting complication of cataract surgery
(Awasthi et al., 2009; Findl et al., 2010). PCO is caused by residual
lens cells that remain in the lens capsule after cataract removal
undergoing one of two cell fates. Some lens cells become fibrotic
myofibroblasts, whereas others ectopically differentiate into

immature (e.g. still nucleated) lens fiber cells, forming Elschnig
pearls. When either abnormal cell type accumulates at the rear of the
lens capsule, they interfere with transmission of light to the retina
(Apple et al., 1992, 2000, 2011; Wormstone et al., 2009; Vasavada
and Praveen, 2014).

It is known that TGFβ signaling is increased during cataract
surgery, presumably as part of the wound-healing response (Sponer
et al., 2005; Saika et al., 2002). It has long been proposed, and
experimentally supported in primary culture systems, that TGFβ
signaling contributes to myofibroblast differentiation in PCO, as it
does in many fibrotic conditions in other organs (Meacock et al.,
2000; Wormstone et al., 2002, 2006, 2009; Saika, 2004; de Iongh
et al., 2005; Vasavada and Praveen, 2014; Nibourg et al., 2015;
Boswell et al., 2017). We have recently shown that TGFβ induces
some epithelial cells in primary embryonic chick lens cultures
(DCDMLs) to differentiate into myofibroblasts, and other cells in the
same wells to form immature lens fiber cells. The latter process is
distinct from induction of fiber differentiation by FGF in that it does
not require BMP signaling and is only partially reduced by fibroblast
growth factor receptor (FGFR) inhibition (Boswell et al., 2017).

The lens capsule has been referred to as the thickest basement
membrane in the body (Sueiras et al., 2015). Although many
extracellular matrix (ECM) proteins have been identified in the lens
capsule, two are of particular significance for lens cell fate: laminin,
an abundant component of the normal lens capsule, and fibronectin
(FN). There are two major structurally and functionally distinct
classes of FN (To andMidwood, 2011). Plasma fibronectin (plasma
FN) is produced by the liver, and is present in human plasma at
a concentration of ∼300–400 µg/ml and in the plasma-derived
aqueous humor at ∼64 ng/ml (Vesaluoma et al., 1998). Cellular
fibronectin (cFN) is synthesized by many cell types and can be
incorporated into insoluble fibrils in the ECM that play an essential
role in tissue fibrosis induced bywounding and other insults (To and
Midwood, 2011). Although cFN may initiate assembly of
extracellular FN into fibrils, plasma FN is well-known to be able
to be functionally incorporated into such matrices (Hayman and
Ruoslahti, 1979; Oh et al., 1981; Peters et al., 1990; Mao and
Schwarzbauer, 2005; Moretti et al., 2007).

Immunolocalization of FN in the normal adult vertebrate lens has
generally been reported to be concentrated at the outer surface of the
anterior lens capsule (Kohno et al., 1987; Duncan et al., 2000;
Wederell and de Iongh, 2006). This distribution has been attributed
to adsorption of plasma-derived FN in the aqueous humor onto the
capsular surface and an inability of FN to pass through the intact
capsule. In the context of cataract surgery, there are two sources of
FN. The first is from plasma and arises from the fact that the
operation both causes a transient breach of the blood–ocular barrier
and creates a hole in the anterior of the lens capsule that gives
plasma components direct access to residual lens epithelial cells
within the remaining lens capsule (Shah and Spalton, 1994; Laurell
et al., 1998). The second source is cFN produced and secreted by theReceived 27 February 2018; Accepted 23 September 2018
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lens cells themselves, and possibly also by giant cells (Saika et al.,
1993). Although transcripts for cFN are detectable in normal lens
epithelial cells from several species (Wolf et al., 2013; Chauss et al.,
2014; Hoang et al., 2014), expression is strongly increased after
surgical interventions (Medvedovic et al., 2006; Mamuya et al.,
2014), including cataract surgery in humans (Saika et al., 1998a).
This increase is thought to be linked to a rise in TGFβ signaling in
response to wounding (Wormstone et al., 2009). Treatment of
cultured lens cells with active, exogenous TGFβ dramatically
increases the expression of cFN in several lens cell systems
(Mansfield et al., 2004; Dawes et al., 2007; Boswell et al., 2017),
including human lens capsular bags (Wormstone et al., 2002).
In some non-lenticular cell types, it has been shown that ECM

can markedly affect growth factor signaling and its outcomes (e.g.
Edderkaoui et al., 2007; Veevers-Lowe et al., 2011). We report here
that physiologically relevant changes in ECM can profoundly affect
lens cell fate in the absence or presence of exogenous TGFβ. These
findings have therapeutic implications for the surgical treatment of
cataracts, especially for the clinically important issue of delayed-
onset PCO.

RESULTS
Plating lens epithelial cells on plasma-derived fibronectin
upregulates canonical TGFβ signaling
Primary monolayer cultures of embryonic chick lens epithelial cells
(DCDMLs) are plated at subconfluent density on what is referred to
as day 0 of culture in a serum-free minimal medium (M199/BOTS).
Unless stated otherwise, medium is changed, and drugs added or
cells transfected, on the following day (day 1), with medium
changes every two days thereafter (Musil, 2012). We began this
investigation by plating DCDMLs either on 33 µg/ml laminin (our
standard preparation), or on bovine plasma-derived fibronectin
(pdFN) at a concentration (12.5 µg/ml) that is∼1/30 of that reported
in plasma in order to conservatively approximate the levels of pdFN
to which lens cells are transiently exposed when the blood–ocular
barrier is disrupted during cataract surgery (Johnston et al., 1999).
Lens epithelial cells adhered to, and grew on, laminin- or pdFN-
coated plates equally well. Western blot analysis using antibodies
against total or phosphorylated Smad3 (pSmad3) showed a 1.9±
0.23-fold increase (mean±s.e.m.; n=5; P=0.001) in the activation of
this key transducer of canonical TGFβ signaling in DCDMLs plated
on pdFN, relative to laminin-plated cells when assessed on day 3 of
culture. This increase was only modestly less than that obtained
when cells plated on laminin were cultured in the continuous
presence of 4 ng/ml of exogenous active TGFβ1 (Fig. 1A).
Culturing pdFN-plated DCDMLs in the presence of SB431542, a
highly selective small molecule inhibitor of the TGFβ-specific
ALK5 receptor (Inman et al., 2002) (TGFβR1 hereafter) strongly
reduced phosphorylation of Smad3, causally linking Smad3
activation to TGFβ signaling (Fig. 1A). Plating on pdFN also
increased the levels of activated Smad2. These findings were
specific to TGFβ signaling in that plating on pdFN did not induce
activation of BMP-responsive Smad1 (Fig. 1B).
Canonical TGFβ/Smad-mediated gene expression requires

Smad2 or Smad3 to accumulate in the nucleus where they act as
transcriptional cofactors (Massaous and Hata, 1997). We found
markedly higher levels of Smad3 localized to the nucleus in
DCDMLs plated on pdFN compared to on laminin on day 3. As
expected, nuclear localization of Smad3 was abolished when cells
were treated with SB431542 (Fig. 1C).
To directly assess the effect of pdFN on TGFβ-mediated

gene expression, we transiently transfected DCDMLs with

SBE4–luciferase, a well-established reporter of canonical Smad3-
dependent transcription (Jonk et al., 1998; Piek et al., 2001; Boswell
et al., 2017). When normalized to endogenous β-actin, we observed
much higher levels of luciferase in pdFN-plated DCDMLs than in
laminin-plated cells on day 3 (20.9±9.6 fold-change; n=5; P=0.01).
This increase was abolished on treatment with SB431542 (n=3)
(Fig. 1D). Upregulation of Smad3 signaling was also observed on
day 1 after plating on pdFN (Fig. S1).

Fibronectin stimulates myofibroblast differentiation of lens
epithelial cells
Adding 0.4–4 ng/ml exogenous (preactivated) TGFβ to
subconfluent DCDMLs plated on laminin induces expression of
established markers of epithelial–mesenchymal transition (EMT)
and/or epithelial–myofibroblast transition (EMyT) after a >3-day
treatment (Boswell et al., 2010, 2017). Compared to cells plated on
laminin at the same density, cells cultured on pdFN in the absence of
exogenous TGFβ consistently showed a marked increase in staining
on day 7 for procollagen 1 (also known as COL1A1), cFN, and α
smooth muscle actin (αSMA); the latter in stress fibers characteristic
of myofibroblast differentiation (Sandbo and Dulin, 2011) (Fig. 2A;
n=4). Upregulation of αSMA and of FN in pdFN-plated cells was
confirmed using quantitative western blotting (Fig. 2B). Expression
of EMT and EMyT markers in pdFN-plated cells was blocked by
the TGFβR1 inhibitor SB431542 (Fig. 2A,B). The fact that
immunoreactive FN was undetectable when pdFN-plated cells
were cultured with SB431542 confirmed that the anti-chicken FN
monoclonal antibody employed in these experiments does not
recognize the exogenous bovine pdFN upon which the cells were
plated. As expected from its fibrillar staining pattern (Fig. 2A),
∼95% of the cFN produced by DCDMLs plated on pdFN was
insoluble in sodium deoxycholate, a commonly used means to
assess assembly of FN into a mature ECM (Wolanska and Morgan,
2015; Sechler et al., 1996) (Fig. S2). Enhanced expression of
myofibroblast markers in pdFN-plated cells was also observed when
DCDMLs were cultured in unsupplemented M199 instead of in our
standard M199/BOTS medium, demonstrating that these findings
were not dependent on a component of BOTS (2.5 mg/ml bovine
serum albumin, 25 µg/ml ovotransferrin, and 30 nM selenium)
(Fig. 2C).

By tripling the amount of cell lysate used for western blot
analysis, we could detect very low levels of FN in laminin-plated
DCDMLs cultured in the absence, but not in the presence, of
SB431542 (Fig. 2E). By day 3, markedly higher levels of FN were
recovered from cultures plated on pdFN as assessed using either
western blot (Fig. 2E) or immunocytochemistry (Fig. 2D). This is at
least two days before the appearance of appreciable numbers of
myofibroblasts as defined by upregulation of αSMA.

To more closely mimic post-cataract surgery conditions,
DCDMLs plated on laminin on day 0 of culture were incubated in
medium supplemented with 12.5 µg/ml pdFN starting on day 1.
Cells exposed to pdFN in this manner showed increased levels of
TGFβ signaling on day 3 as indicated by elevated levels of pSmad3
and SBE4–luciferase expression (Fig. 3A), albeit to a lesser
extent than when cells were plated on pdFN (see Fig. 1). On day 7,
EMyT was also markedly upregulated as assessed using both
immunocytochemistry of αSMA and procollagen 1 (Fig. 3B), and
western blotting of αSMA and FN (Fig. 3C). Qualitatively similar
results were obtained when pdFN was added to unsupplemented
M199 medium instead of to M199/BOTS (Fig. 3D). Under all
conditions, upregulation of markers of EMT and/or EMyT was
blocked through co-culture of cells with SB431542 (Fig. 3B–D).
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Fibronectin also stimulates lens fiber cell differentiation
We noticed that on day 7 in more confluent regions of the cultures,
cells plated on pdFN versus on laminin often had larger and/or
more numerous lentoids, clusters of enlarged, fiber-like cells that
resemble Elschnig pearls in PCO. To better study this phenomenon,
we plated cells at 0.9×105 instead of 0.45×105 cells per 96-well
plate well, a density at which they were ∼40% confluent.
Immunocytochemistry confirmed that on day 7, lentoids in pdFN-
plated cultures stained strongly for aquaporin-0 (AQP0), a protein
specific to developing and mature lens fiber cells, as well as for the
fiber-differentiation marker δ-crystallin (ASL1) (Fig. 4A). Culture
of pdFN-plated cells in the presence of SB431542 reduced lentoid
size and staining of aquaporin-0 and δ-crystallin to the level
observed in untreated laminin-plated cells.
Quantitation of δ-crystallin, and lens fiber-specific proteins

CP115 (filensin, also known as BFSP1) and CP49 (phakinin, also
known as BFSP2), confirmed an increase in expression in pdFN-
plated cells on day 7, comparable to that obtained through culturing
cells plated on laminin with 4 ng/ml TGFβ (Fig. 4B). Adding TGFβ
to pdFN-plated cells only minimally further increased fiber cell
marker expression, suggesting that near maximal levels of induction
had already been achieved. Upregulation of fiber cell markers in

pdFN-plated cells did not require the presence of BOTS supplement
in the culture medium, and was enhanced in laminin-plated cells by
addition of pdFN to the medium. SB431542 blocked this
upregulation, demonstrating a dependence on TGFβ signaling
(Fig. 4C). Time-course studies showed that levels of CP115 and
CP49 are sharply increased relative to β-actin between day 3 and
day 7 of culture in pdFN-plated cells (Fig. S3). Notably, expression
of αSMA and FN on day 7 was also enhanced in cells plated on
pdFN at 0.9×105 cells/well, albeit not to the same level as in more
sparsely plated cells (Fig. 4D).

Plating lens epithelial cells on uncoated tissue culture
plastic upregulates both myofibroblast and lens fiber cell
differentiation
Next, we asked whether events observed after plating cells on pdFN
could be achieved without adding either exogenous TGFβ or
fibronectin. DCDMLs plated on uncoated tissue culture (TC) plastic
take on the appearance of cells plated on laminin cultured in the
presence of 4 ng/ml exogenous TGFβ, with massive phase-bright
lentoids surrounded by very flat, non-cuboidal cells (Fig. 5A).
Immunocytochemistry on day 7 confirmed that the lentoid
structures expressed high levels of the lens fiber-cell protein

Fig. 1. Lens epithelial cells plated on FN have higher levels of canonical TGFβ signaling than cells plated on laminin. DCDMLs were plated on day 0
of culture in tissue culture wells coated with either laminin or pdFN. On day 1 of culture, the culture medium was replaced with fresh M199/BOTS with or
without 4 ng/ml TGFβ1, the TGFβR1 inhibitor SB431542 (SB4), or TGFβ1 plus SB431542 as indicated. Cells were analyzed on day 3 of culture. (A,B) Whole-cell
lysates were prepared and probed with antibodies specific for total Smad3 (tSmad3) or the phosphorylated (activated) forms of Smad3, Smad2 or Smad1
(pSmad1, pSmad2 or pSmad3) as indicated. (C) Cells were fixed and immunostained for total Smad3 and nuclei counterstained with Hoechst 33258.
(D) DCDMLs were transfected with plasmids encoding either the SBE4–luciferase (SBE4–Luc) reporter construct or β-galactosidase (β-gal) on day 1 of
culture prior to cell lysis on day 3. Expression of pSmad3 (A) and luciferase (D) as assessed using western blot analysis was normalized to β-actin in the same
sample, and plotted as fold-change of expression versus control (ctrl; defined as DCDMLs plated on laminin and cultured in unsupplemented M199/BOTS).
*P≤0.02; other data sets not significantly different from ctrl. B and C are representative of ≥3 experiments.
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aquaporin-0 and were adjacent to αSMA-, procollagen 1- and FN-
positive myofibroblasts (Fig. 5B). Relative to cells plated on laminin
at the same density (1.2×105 cells/well on 96-well plates),
DCDMLs on uncoated TC plastic showed a large increase in
expression of both fiber-cell (CP115, CP49, δ-crystallin) and
EMT/EMyT (FN and αSMA) markers on day 7 (Fig. 5C).
Upregulation of FN, but not of αSMA, was readily apparent on
day 3 (Fig. 5D). This was associated with increased TGFβ signaling
as assessed using pSmad3 immunoblotting and SBE4–luciferase
expression (Fig. 5D).
Addition of SB431542 on day 1 to DCDMLs cultured on

uncoated TC plastic strongly inhibited the expression of FN, αSMA,
pSmad3 and SBE4–luciferase, and partially reduced the levels of
lens fiber cell markers (Fig. 5C,D). Because fiber cell formation is
promoted by cell–cell adhesion in a presumably TGFβ-independent
manner (Okada et al., 1971; Ferreira-Cornwell et al., 2000), the
incomplete block of fiber differentiation may be due to the very high
level of cell–cell contact under these conditions (Fig. 5A, panel c),
which is likely a result of reduced cell–substratum adhesion.

Effect of cell substrate on activation of endogenous TGFβ
One mechanism by which plating DCDMLs on FN could
phenocopy the effects of adding exogenous TGFβ to laminin-
plated cells would be by increasing the level of active TGFβ in the

culture medium. To examine this possibility, we collected
conditioned medium (CM) from DCDMLs plated on either
laminin or pdFN for 48 h, and then used it to incubate for 1.5 h
recipient lens cells plated on laminin. CM from cells plated on pdFN
consistently showed a ∼1.8-fold greater ability to enhance Smad3
activation (pSmad3 levels) than CM from laminin-plated cells
(Fig. 6A). In contrast, BMP signaling was not increased, as
indicated by the level of pSmad1. As expected, upregulation of
pSmad3 was blocked through pretreatment of recipient cells with
SB431542.

Native TGFβ is secreted in a latent form that must be activated to
be able to signal through TGFβ receptors (ten Dijke and Arthur,
2007). Activation of secreted latent TGFβ can be experimentally
achieved through heating cell-conditioned medium for 5–10 min
at 80°C (Brown et al., 1990; Santiago-Josefat et al., 2004)
(Fig. 6C). We collected CM from cells plated on laminin or pdFN.
The total (i.e. detectable after heat treatment) Smad3-
phosphorylating activity of both CM was similar (Fig. 6D). The
increase in pSmad3-inducing activity in unheated medium from
pdFN-plated cells (Fig. 6A) therefore appears to be due to an
increase in the efficiency with which TGFβ was activated in these
cells. CM from cells plated on uncoated TC plastic yielded results
similar to those obtained with CM from pdFN-plated DCDMLs in
the same experiment (Fig. S4).

Fig. 2. Plating on FN induces expression of fibrotic markers. DCDMLs plated on either laminin or pdFN on day 0 were cultured from day 1 to day 7 (A–C) or
from day 1 to day 3 (D,E) with or without 4 ng/ml TGFβ1 and/or SB431542 (SB4). (A,D) Cultures were immunostained for themesenchymal proteins procollagen 1
(procol 1) and fibronectin (FN), or the myofibroblast marker α smooth muscle actin (αSMA). Near-confluent regions of cultures are shown. All markers
assessed in a minimum of three independent experiments with similar results. (B,C,E) Cells were assayed for expression of FN or αSMA using quantitative
western blot. Cells in C were cultured in M199 medium without BOTS supplementation. In E, the amount of cell lysate analyzed was tripled, and western blots
probed for FN and αSMA were scanned at increased intensity. Data for αSMA (normalized to β-actin in the same samples) was quantitated as fold-change
versus the values obtained with cells plated on laminin and cultured without TGFβ or SB4 (ctrl) in the same experiment. *P≤0.009; all other data sets not
significantly different from ctrl. Where expression was high enough to be reproducibly quantitated, FN levels were expressed as arbitrary units (AU) obtained using
infrared imaging, normalized to the value obtained in the same sample for β-actin.
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TGFβ-activating integrins in DCDMLs
In mouse fibroblasts, activation of latent TGFβ requires matrix-
bound FN, α5β1 integrin and αVβ6 integrin (Fontana et al., 2005).
Other αV-containing, reportedly FN-binding, integrins have also
been shown to participate in TGFβ activation in various cell types
(Margadant and Sonnenberg, 2010; Horiguchi et al., 2012). As
already noted, adhesion of DCDMLs to wells coated with pdFN is
comparable with adhesion to laminin. Plating DCDMLs on pdFN
increases autophosphorylation of focal adhesion kinase (FAK) at
Y397 within 45 min relative to cells in suspension or plated on poly-
D-lysine (Fig. 7A). Both observations are indicative of basal
expression of functional FN-binding integrins (Guan and
Shalloway, 1992). Suitable activity-blocking antibodies specific
to α5β1 or αV integrins are not available in chick, a recognized
limitation of the avian system (Endo et al., 2013). We therefore
tested for TGFβ-activating integrins in DCDMLs through: 1)
examining the presence of α5 integrin on the cell surface and 2)
assessing the effect of an αV integrin-selective peptide.
In human and rodent cells, expression of the major FN receptor

α5β1 integrin is low in the absence of TGFβ but is strongly
upregulated in its presence (Wederell and de Iongh, 2006; Dawes
et al., 2007). Strong focal adhesion immunostaining of α5 integrin
in DCDMLs is also only detectable after treatment with TGFβ

(Boswell et al., 2017). To assess whether lower levels of α5β1
integrin are present on the plasma membrane even without addition
of TGFβ, we used the more sensitive technique of cell-surface
biotinylation. As expected (Boswell et al., 2017), a strong α5β1
integrin band was observed on analysis of TGFβ-treated DCDMLs.
A fainter, but distinct and specific band was also detected in cells
cultured without added TGFβ (Fig. 7B).

CWHM12 is an RGD peptidomimetic antagonist selective
for αV integrins, with no activity against RGD-binding (and
FN-binding) αIIbβ3 integrin (Henderson et al., 2013). CWHM12
has been used to block αV-dependent processes both in vivo and
in vitro, including activation of latent TGFβ (Henderson et al.,
2013; Murray et al., 2017). Whereas DCDMLs plated on pdFN
showed ∼2-fold higher levels of Smad3 activation on day 1 relative
to cells plated on laminin, addition of CWHM12 to pdFN-plated
cells abolished this increase (Fig. 7C). Importantly, CWHM12 did
not reduce pSmad3 levels in cells coincubated with exogenous
(active) TGFβ, indicating that the peptide acted by blocking
conversion of endogenous latent TGFβ to an active form (Fig. 7D).

Plating DCDMLs on pdFN increases TGFβ signaling >4 days
before upregulation of EMyT and fiber cell differentiation. If
activation of endogenous TGFβ is required for differentiation of
cells plated on pdFN, then CWHM12 would be expected to block
both myofibroblast and lens fiber cell formation in DCDMLs. This
was the result obtained (Fig. 7E). As for Smad3 activation (Fig. 7C),
both myofibroblast and lens fiber differentiation were rescued when
cells were co-cultured with CWHM12 in the presence of exogenous
TGFβ (Fig. 7F). Taken together, these experiments support the
contention that activation of TGFβ signaling (and subsequent lens
cell differentiation) in pdFN-plated DCDMLs is mediated by
integrins (see Discussion).

Plating lens cells on fibronectin overcomes the requirement
for BMP in FGF-induced fiber cell differentiation
In normal lens development, fiber differentiation requires FGF, not
TGFβ (Beebe et al., 2004; Robinson, 2006; Zhao et al., 2008). We
have shown that upregulation of fiber differentiation by FGF in
DCDMLs grown on laminin is dependent on signaling through
endogenously produced BMP such that blocking the latter with
the BMP2/4/7-specific inhibitor noggin prevents FGF from
upregulating fiber formation when assessed on day 7 (Boswell
et al., 2008) (Fig. 8A; compare lanes 2 and 3). Addition of
exogenous BMP4 to DCDMLs also stimulates fiber marker
expression in a manner blocked by noggin (Fig. 8B) and
independent of FGF signaling. We found that cells plated on
pdFN upregulated fiber cell marker expression on day 7 when
treated with either FGF2 (Fig. 8A, lane 5) or BMP4 (Fig. 8B). As in
laminin-plated cells, noggin abolished the effect of BMP4 (Fig. 8B).
Noggin did not, however, block fiber differentiation in pdFN-plated
cells in response to FGF (Fig. 8A, compare lanes 5 and 6), in marked
contrast to cells plated on laminin (Fig. 8A, lanes 2 and 3).

We next asked whether the higher levels of TGFβ signaling in
cells plated on pdFN versus on laminin could account for this
difference in behavior. pdFN-plated cells cultured with SB431542
continued to upregulate fiber cell marker expression in response to
FGF (Fig. 8A, lane 8), to the level observed in cells plated on
laminin (Fig. 8A, lane 2). The presence of SB431542 did, however,
prevent upregulation of fiber differentiation markers in DCDMLs
cultured with FGF plus noggin (Fig. 8A, lane 7). We conclude that
enhanced TGFβ signaling in pdFN-plated cells confers the ability to
upregulate fiber formation in response to FGF even in the absence of
BMP signaling (results quantitated in Fig. 8C).

Fig. 3. Adding pdFN to the culture medium induces TGFβ signaling and
EMyT in lens cells. DCDMLs were plated on laminin on day 0 and cultured
from day 1 in M199/BOTS (A–C) or M199 (D) medium with or without (ctrl)
12.5 µg/ml pdFN, or with pdFN and SB431542 (pdFN+SB4) as indicated.
(A) Cultures were analyzed on day 3 for pSmad3, total Smad3 (tSmad3), or
SBE4–luciferase (SBE4–Luc) expression as in Fig. 1. (B) Cells were fixed on
day 7 prior to immunostaining for αSMA and procollagen 1 as in Fig. 2. The
(negative) control image from Fig. 2A was repeated in Fig. 3B because these
data were from the same experiment. (C,D) Cells were assayed on day 7 for
expression of fibronectin (FN) or α smooth muscle actin (αSMA) using western
blot as in Fig. 2. All data shown are from the same blot at the same exposure.
(E) Data for αSMA (normalized to β-actin in the same samples) in C,D was
quantitated as fold-change versus the values obtained with cells plated on
laminin and cultured without TGFβ or SB4 (ctrl) in the same experiment.
*P≤0.02; all other data sets, not significantly different from control (P>0.2).
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DISCUSSION
We have used a well-documented purified primary lens epithelial
cell system to study the effect of ECM on growth factor-dependent
cell fate. Specifically, we show that changing the substrate from
one characteristic of the healthy lens (laminin) to one in which
fibronectin is upregulated by cataract surgery-induced ocular
wounding markedly affects lens cell differentiation in either the
absence or presence of exogenous growth factors.

How does plating on fibronectin or on uncoated tissue
culture plastic upregulate TGFβ signaling?
Lens epithelial cells from multiple species constitutively express
TGFβ1, TGFβ2 and TGFβ3, as well as low levels of FN and several
FN-binding integrins, including α5β1 and the αV subunit and many
of its heterodimerization partners (Wolf et al., 2013; Chauss et al.,
2014; Hoang et al., 2014). We propose that exposing DCDMLs to
plasma-derived FN (consisting mostly of plasma FN, but also some
cFN) (To and Midwood, 2011) allows the exogenous FN to become
incorporated into insoluble, mechanically resistant extracellular
fibrils (Dallas et al., 2005). It has long been appreciated that such
fibrils contain cFN but can also incorporate plasma FN, the latter of
which can account for up to 50% of their total protein content in vivo
(Oh et al., 1981; Peters et al., 1990; Moretti et al., 2007). One
mechanism consistent with our results is that this FN, in conjunction
with FN-binding α5β1 integrin and one or more CWHM12-sensitive
αV integrins, acts to induce conformation changes in the

TGFβ–LTBP complex that result in growth factor activation
(Fontana et al., 2005; Annes et al., 2004; Margadant and
Sonnenberg, 2010). Alternatively or in addition, increased
formation of FN fibrils could elevate the amount of latent TGFβ
tethered into the ECM (Dallas et al., 2005), creating a depot of growth
factor from which it could be activated by integrin-dependent and/or
integrin-independent processes (Wipff and Hinz, 2008). Engagement
of mature TGFβwith TGFβ receptors then leads to an upregulation in
expression of FN, αV integrin, α5 integrin and TGFβ, all reported
transcriptional targets of TGFβ in lens cells (Dawes et al., 2007). This
in turn results in further activation of TGFβ. Such a feed-forward loop
has been proposed in other cell types (Fontana et al., 2005;
Margadant and Sonnenberg, 2010) and could serve to amplify and/
or prolong TGFβ signaling. This process may be abetted by increased
expression (Wang et al., 1999) and/or activation (Galliher and
Schiemann, 2006) of TGFβ receptors by FN-binding integrins. The
important role of FN in activation of TGFβ has been supported by the
results of both in vitro (Fontana et al., 2005) and in vivo (Muro et al.,
2008) studies in non-lens systems.

Unlike immortalized lens cell lines, primary lens cells are able
to adhere and spread on uncoated TC plastic (or glass) in the
absence of serum. Such behavior of primary cells has been
attributed to the rapid extracellular deposition of cFN (Grinnell
and Feld, 1979). We were able to detect cFN in extracellular fibrils
within 48 h of plating DCDMLs on uncoated TC plastic (not
shown), 3 days prior to appreciable upregulation of expression of

Fig. 4. FN also induces lens fiber cell differentiation.
DCDMLs were plated on laminin or pdFN at 0.9×105 cells/
96 plate well on day 0 and cultured from day 1 in M199/
BOTS (A,B,D) or M199 (C) medium with or without 4 ng/ml
TGFβ1, 12.5 µg/ml pdFN, and/or SB431542 (SB4) as
indicated. (A) On day 7 of culture, cells were fixed and
double-immunostained for proteins specific to, or highly
enriched in, differentiating lens fiber cells (aquaporin-0,
AQP0; and δ-crystallin, respectively). Representative of ≥4
experiments. (B,C) On day 7 of culture, cells were assayed
for synthesis of the fiber cell differentiation markers
δ-crystallin (by [35S]-methionine labeling), CP115, and
CP49 (by quantitative western blotting). The extent to
which the treatment increased marker expression was
calculated as fold-change versus the values obtained
with cells plated on laminin and cultured with no additions
(ctrl) in the same experiment. *P≤0.018; all other data sets,
not significantly different than control (P>0.2). (D) Cells
were assayed on day 7 for expression of the fibrotic
markers FN and αSMA using quantitative western blot as
in Fig. 2. *P=0.001.
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procollagen 1 and αSMA. We propose that cFN endogenously
synthesized by DCDMLs plated on uncoated plastic promotes
activation of TGFβ in a manner analogous to plating cells on
pdFN. This process may be aided by the ability of FN deposited on
uncoated TC plastic to undergo a conformational change in the
RGD region that mediates the binding of FN to TGFβ-activating
integrins (García et al., 1999; Miller and Boettiger, 2003).

Themost direct evidence that plating lens cells onFNoronuncoated
TC plastic increases the level of biologically active TGFβ is the finding
that conditionedmediumfromcells plated thiswayelevates the level of
pSmad3 in recipient cellswhen compared to recipient cells treatedwith
conditionedmedium fromcells plated on laminin.At least initially, this
increase is likely to be the result of enhanced activation of latent TGFβ
given that plating on pdFNoron uncoatedTCplastic increases the ratio
of active to total (i.e. latent+active) pools of TGFβ recoverable from the
medium within 48 h (day 1–day 3; Fig. 6).

Taliana et al. (2006) developed a model for PCO in which cells in
central epithelial explants prepared from rat lens migrated off the
lens capsule onto TC plastic coated with either laminin or pdFN.
They reported that cells that migrated onto pdFN had a more
fibroblastic cell morphology and increased levels of pSmad2 and/or
Smad3 in the nucleus when compared to cells migrated onto
laminin. The relationship between these events and TGFβ signaling
was not established; indeed, the authors concluded from negative
results with a TGFβ-neutralizing antibody of proven potency that
this effect was independent of TGFβ. In our system, it is clear that
exposure to FN results in higher levels of active TGFβ in the culture
medium and that increased EMyT in FN-exposed cells requires
TGFβR1 activity. The current study is also the first to show that FN
can promote lens fiber cell differentiation. The latter is especially
significant given that formation of abnormal lens fiber cells has been
described as the main cause of clinically important (e.g. vision-
impairing) PCO (Apple et al., 2000; Findl et al., 2010).

Implications for PCO
In the past ∼20 years, the incidence of development of PCO within
1–2 years of cataract surgery has greatly declined, due in large part to
the use of intraocular lenses (IOLs) with square edges that physically
block the movement of lens cells to the posterior capsule. It has,
however, become increasingly apparent that in many cases, this
barrier is overcome ≥2 years after surgery. Such delayed-onset PCO
has been estimated to affect 20–40% of cataract patients and is a
significant burden to healthcare systems worldwide (Dewey, 2006;
Awasthi et al., 2009). Determining the mechanistic basis for this
condition and developing strategies to prevent it are major unmet
goals. Saika and coworkers reported the presence of lens cells
positive for nuclear Smad3 and/or Smad4 (Saika et al., 2002) or for
TGFβ (Saika et al., 2000) in the capsular bags of patients for
8–9 years after cataract surgery. How TGFβ signaling can persist for
so long after the operation-induced wound has healed has been a
mystery. The aforementioned study showed nuclear Smad3-positive
cells in areas of the lens capsule with elevated levels of extracellular
matrix deposition (Saika et al., 2002). Although the composition of
this matrix was not examined, others have reported lens cells in post-
operative capsular bags embedded in FN, likely produced at least in
part by the lens cells themselves in response to wounding (Linnola
et al., 2000). cFN has been found associated with the lens capsule
(Saika et al., 2000) and with explanted human IOLs (Saika et al.,
1998b) 7–8 years after cataract surgery. We propose that this FN acts
to upregulate activation of TGFβ, analogous to how FN enhances
TGFβ activation and signaling in DCDMLs. The resulting increase in
expression of TGFβ target genes (including FN, FN-binding integrins
and TGFβ) leads to enhanced extracellular deposition of FN and other
TGFβ-induced ECM components (e.g. collagen I) involved in tissue
fibrosis. Consequently, more TGFβ becomes activated. Such feed-
forward loops have been proposed to contribute to chronic fibrotic
conditions throughout the body (Kim et al., 2017) and have
previously been proposed for fibrotic PCO (Danysh and Duncan,
2009; Walker and Menko, 2009). Because FN also upregulates lens

Fig. 5. Plating DCDMLs on uncoated tissue culture plastic upregulates
EMyT, fiber cell differentiation and TGFβ signaling.DCDMLs were plated in
uncoated tissue culture wells (or, as a control, in laminin-coated wells) at
1.2×105 cells/96 plate well on day 0. Cells were cultured from day 1 in M199/
BOTS with or without SB431542 (SB4) as indicated. (A) Phase-contrast
images of cultures on day 7; (a,b) show near-confluent regions, whereas (c)
shows two balls of tightly packed cells surrounded by phase-bright cell blebs.
(B) Cultures plated on uncoated plastic were immunostained for aquaporin-0
(AQP0) and the fibrotic markers αSMA, procollagen 1 (procol), and FN. Near-
confluent regions of cultures are shown; inset is a high-magnification view of
NaOH-insoluble FN extracellular fibrils. All markers assessed in a minimum of
three independent experiments with similar results. (C) Cells were assayed on
day 7 for expression of fiber cell and EMT/EMyT markers as in Fig. 4. Note that
the lower number of adherent cells in cultures plated on uncoated TC plastic
and treated with SB431542 resulted in lower levels of β-actin per sample.
(D) Cultures were analyzed on day 3 for FN and αSMA, or for pSmad3, total
Smad3 (tSmad3) and SBE4–luciferase (SBE4–Luc) expression using
quantitative western blot as in Fig. 1. *P≤0.001 compared to untreated cells
plated on laminin (ctrl); all other data sets not significantly different from control
(P>0.2) unless indicated otherwise. ND, not determined.
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fiber cell differentiation in DCDMLs (Fig. 5), this process might also
contribute to the formation of Elschnig pearls several years after
cataract surgery. Interestingly, peptides capable of blocking FN
matrix assembly in vivo have been described and used to prevent
excessive ECM deposition in arteries (Chiang et al., 2009). Based on
our findings, we predict that such an intervention might also be
effective against late-onset PCO.
Duncan and coworkers (Mamuya et al., 2014) have used a mouse

model system for lens wounding in which the fiber cell mass is
physically removed via a holemade in the anterior of the lens capsule.
Within 48 h after this procedure, TGFβ signaling is elevated in the
remaining lens epithelial cells, some of which appear to have
undergone EMyT. In wild-type mice, these events persist for the
longest time examined (5 days). Lens-specific deletion of the FN-
binding, TGFβ-activating αV integrin blocked both TGFβ signaling
and myofibroblast formation after fiber cell removal, demonstrating
its essential role in fibrosis. In a preliminary report (Shihan et al.,
2017), the same authors reported that conditional deletion of cFN
from lens epithelial cells had no effect on normal lens development.
Although TGFβ signaling and myofibroblast differentiation were
increased 48 h after fiber cell removal in such conditional knockout
FN animals, neither was elevated on postoperative day 5.
These results are consistent with our proposed model that
production of FN by lens cells is required for persistent TGFβ
signaling and its downstream consequences.

Effect of FN on FGF-induced fiber cell differentiation
Our findings also indicate that FN-induced elevation of TGFβ
signaling can affect how cells respond to FGF, the major inducer of

lens fiber formation during normal lens development. In laminin-
plated cells (in which endogenous TGFβ signaling is low), FGFR
activity is dependent on BMP signaling, whereas in pdFN-plated
cells, TGFβ signaling may be sufficient for FGFR activity. Based on
our previous studies (Boswell et al., 2008), one possible explanation
for these findings is that TGFβ, like BMP, can act on FGFR activity
(Shirakihara et al., 2011). It is also possible that TGFβ signaling can
bypass the need for BMP signaling downstream of FGFRs.
Facilitation of FGFR signaling by TGFβ has been reported in
cranial suture development (Opperman et al., 2006).

What could the clinical significance of this phenomenon be?
There is ongoing interest in treating cataracts not with implantation
of an IOL, but through regeneration of lens fiber cells after removal
of the affected fiber cell mass (Call et al., 2004; Gwon, 2006; Lin
et al., 2016). One notable difference between lens regeneration and
normal lens development is the abundance of FN in the former
process arising from both disruption of the blood–ocular barrier and
a wounding-induced increase in cFN synthesis (cFN appears to be
the major ECM component rapidly upregulated in lens epithelial
cells after fiber cell removal in mice; Medvedovic et al., 2006).
Exposure to FN could alter the signaling mechanisms bywhich FGF
promotes fiber mass regeneration, analogous to how plating cells on
pdFN changes the role of BMP signaling in FGF-induced fiber
differentiation in DCDMLs. As a consequence, blocking BMP
signaling (to, for example, inhibit ocular angiogenesis; Dai et al.,
2004; Vogt et al., 2006) could reduce fiber differentiation during
normal lens development, but not hinder FGF-dependent lens fiber
cell regeneration. If so, then such mechanistic difference in growth
factor signaling between normal and post-wounding fiber

Fig. 6. Plating lens cells on pdFN increases their ability to activate endogenous TGFβ.Conditionedmediumdonor cells were plated on laminin (LM) or plasma-
derived fibronectin (FN) on day 0. Medium was replaced with fresh M199/BOTS on day 1, and the conditioned medium (CM) collected on day 3. The CM was
then added to recipient DCDMLs plated on laminin and incubated for 1.5 h prior to lysis of recipient cells and western blot analysis of active (phosphorylated) Smad3
and Smad1 (pSmad3/1), or total Smad3 (tSmad3). Where indicated (80°C), CM was heated to 80°C for 6 min to thermally activate endogenous latent TGFβ prior
to addition to recipient cells. In some cases, recipient cells were pretreated with SB431542 for 1 h prior to addition of CM. (A) CM from pdFN-plated cells has
a ∼1.8-fold greater ability to enhance activation of Smad3 than CM from laminin-plated cells. *P<0.000 compared to unheated CM from laminin-plated cells.
(B) Total Smad3 levels did not change during the course of the experiment. (C) Heat treatment of CM from laminin-plated cells increased the level of pSmad3
in recipient cells by 3.88-fold (±0.7; n=4; P=0.004). Mock CM was generated using a 48 h incubation of M199/BOTS in pdFN-coated wells without cells.
pSmad1 levels did not change during the course of the experiment. All data shown are from the same blot at the same exposure. (D) Heated CM was diluted
tenfold with fresh M199/BOTS before addition to recipient cells. This ensured that the pSmad3 signal was not saturated and reflected the level of TGFβ signaling,
as demonstrated by the 1.54-fold increase (±0.12; n=4; P=0.003) in pSmad3 levels when 4 ng/ml (active) TGFβ was added to heated CM. The difference between
the Smad3-activating activity of heated CM from donor cells plated on laminin or pdFN was not significant (P=0.465). Total Smad3 levels did not change during
the course of the experiment.
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differentiation should be taken into account when designing
therapies to promote lens fiber regeneration.

MATERIALS AND METHODS
Materials
Recombinant human TGFβ1, bovine FGF2, mouse noggin/Fc chimera, and
human BMP4 were from R&D Systems (Minneapolis, MN, USA). Mouse
laminin (23017015) and bovine plasma fibronectin (33010-018) were from
Invitrogen (Carlsbad, CA, USA). All experiments in which plasma
fibronectin was added to tissue culture medium were conducted with lot
1437337. Anti-phospho-Smad1 (ser463/465; 9511) and Anti-phospho-
Smad2 (ser465/467; 3108) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Other commercial antibodies used in this
study: anti-luciferase (G7451; Promega, Madison, WI, USA); anti-β-
galactosidase, (Z3781; Promega), anti-phospho-Smad3 (ser423/425;
ab51451; Abcam, Cambridge, MA, USA); anti-total Smad3 (ab84177;
Abcam); anti-α smoothmuscle actin, clone 1A4 fromDako (Carpinteria, CA,
USA); anti-β-actin (clone C4; MilliporeSigma, Darmstadt, Germany); anti-
pFAK (Y397; ABT135; MilliporeSigma), and anti-total FAK (clone 77/
FAK; BD Transduction Laboratories, San Jose, CA, USA). The following
antibodies were from the Developmental Studies Hybridoma Bank,

University of Iowa: anti-chick fibronectin B3/D6 (from Dr Doug
Fambrough, Johns Hopkins University, USA), anti-chick procollagen 1
SP1.D8 (from Dr Heinz Furthmayr, Stanford University, USA), and the anti-
chick α5 integrin antibodies A21F7 and D71E2 (from Dr Alan Horwitz,
University of Virginia, USA). A21F7 and D71E2 yielded comparable results.
Rabbit anti-mouse CP49/phakinin polyclonal serum (899 or 900) for western
blots and affinity-purified C1 for immunocytochemistry were generous gifts
of Dr Paul FitzGerald, University of California, Davis, USA, as was the rabbit
anti-CP115/filensin antiserum (76). Rabbit anti-chicken aquaporin-0/MP28
antibodieswere fromDrRoss Johnson, University ofMinnesota, USA. Sheep
anti-δ-crystallin antibody was produced in the laboratory of Dr Joram
Piatigorsky (NIH) and was a gracious gift of Dr Steve Bassnett (Washington
University School of Medicine, USA). All antibodies were used at a dilution
of ∼1:500 or 1:1000, except for β-actin (1:15,000) and δ-crystallin (1:3000).
SB431542 was from Calbiochem (La Jolla, CA), and CWHM12 was
purchased from Cayman Chemical (Ann Arbor, Michigan, USA). Poly-D-
lysine (P-7886) was from Sigma-Aldrich, as were all other reagents.

Cell culture and treatments
To coat wells with laminin or fibronectin, 96-well tissue culture plate wells
were first incubated overnight in 100 μl/well of 0.5 mg/ml poly-D-lysine in

Fig. 7. FN-binding, TGFβ-activating integrins in DCDMLs. (A) Freshly prepared lens epithelial cells were left in suspension (sp), or plated on tissue culture
wells coated with either poly-D-lysine (PL) or pdFN (FN). After 45 min, cells were lysed and analyzed using quantitative western blot for total FAK (tFAK)
and, in the same sample, FAK autophosphorylated at Y397 (pFAK). (B) DCDMLs plated on either laminin or pdFN were cultured with or without TGFβ. On day 7,
the cultures were subjected to cell-surface biotinylation at 4°C and assessed for α5 integrin on the plasma membrane using western blot. Fold-increase
in cell-surface α5 integrin (normalized to β-actin in the corresponding whole cell lysate) in TGFβ-treated cells was 6.75×±0.2 (n=3; P=0.001). Equal amounts of
total cell lysate from α5 integrin-deficient CHO-B2 cells (B2) (Wu et al., 1993) and α5 integrin-rich HH stage 17 chick embryos (CE) (Muschler and Horowitz, 1991)
were used as negative and positive controls, respectively. (C) DCDMLs were plated on day 0 on either laminin (LM) or pdFN. After 4 h, the medium was
replaced with fresh M199/BOTS with or without 100 µM CWHM12 peptide (CWH). Whole-cell lysates prepared 24 h after plating were analyzed using western
blot for pSmad3 or total Smad3 (tSmad3). *P=0.004; other data set, not significantly different from control (P>0.43). All data shown are from the same blot at the
same exposure. (D) As in C, except DCDMLs were additionally cultured with TGFβ in the presence or absence of CWHM12. NS, data sets not significantly
different from each other (P=0.34). (E) DCDMLs were plated on laminin- or pdFN-coated wells at either 0.9×105 (δ-crystallin, CP49, CP115) or 0.5×105

(αSMA, FN) cells/well on 96-well plates on day 0. Cells were cultured from day 1 with or without 100 µM CWHM12 peptide as indicated. Cultures were assayed
on day 7 for expression of fiber cell and EMT/EMyT markers as in Fig. 5. *P≤0.005; all other data sets, not significantly different from control (P>0.09).
(F) As in E, except DCDMLs were additionally cultured with TGFβ in the presence or absence of CWHM12. NS, data sets not significantly different from
each other (P=0.125).
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0.15 M boric acid buffer, pH 8.4. Wells were rinsed three times with tissue
culture grade dH2O prior to addition of either 33 µg/ml mouse laminin or
12.5 µg/ml bovine plasma fibronectin. Wells were incubated at 37°C for 4 h,
after which they were rinsed 3× with Earle’s Balanced Salt Solution.
Uncoated tissue culture wells were only rinsed in Earle’s Balanced Salt
Solution. All wells were maintained in M199 medium until cell plating.

Cultures were prepared from embryonic day (E)10 chick lenses on day 0
of culture as previously described in Le and Musil (1998). During this
process, cells exterior to the lens capsule are removed and mature lens fiber
cells die, leaving a preparation of purified lens epithelial cells. Cells were
cultured in the absence of serum in M199 medium plus BOTS (2.5 mg/ml
bovine serum albumin, 25 µg/ml ovotransferrin, 30 nM selenium),
penicillin G, and streptomycin (M199/BOTS), with or without additives
at 37°C in a 5% CO2 incubator. Cells were fed every 2 days with fresh
medium. We refer to these cultures as dissociated cell-derived monolayers
(DCDMLs) to distinguish them from related, but functionally distinct,
systems such as central epithelial explants and immortalized lens-derived
cell lines (Musil, 2012; Wormstone and Eldred, 2016). Where indicated,
DCDMLs were incubated starting day 1 of culture with (final concentration)
3 µM SB431542 or 100 µM CWHM12 for 1 h at 37°C prior to addition of
growth factors. Noggin was used at 0.5 µg/ml.

Plasmids and transient transfection of lens cells
One day after plating, DCDML cultures were transfected in M199 medium
without BOTS or antibiotics using Lipofectamine 2000 (GibcoBRL)
following the manufacturer’s suggested protocol. Control experiments
confirmed that the efficiency of transient transfection of DCDMLs is
consistently ∼70% (Boswell et al., 2009). The SBE4–luciferase (SBE4–
Luc) reporter construct (Zawel et al., 1998) was Addgene plasmid 16495
(deposited by Dr Bert Vogelstein, Johns Hopkins University, USA).

Immunofluorescence microscopy
DCDMLs grown on glass coverslips coated with poly-D-lysine followed by
either laminin or fibronectin were fixed in 2% paraformaldehyde in PBS and
processed as previously described (Le and Musil, 1998, 2001), with the
exception of cells incubated at 25°C with 0.1 N NaOH for 10 min prior to
fixation to reveal NaOH-insoluble extracellular FN fibrils (Grinnell and Feld,

1979). Immunofluorescence images were captured using a Leica DM LD
photomicrography system and Scion Image 1.60 software. Cell plated in
uncoated tissue culture plastic wells were fixed and processed for microscopy
within the well and imaged using an inverted stage microscope.

[35S]methionine metabolic labeling
DCDML cultures were labeled at 37°C with [35S]methionine for 4 h in
methionine- and serum-free Dulbecco’s minimum essential medium
(DMEM) (GibcoBRL) and solubilized as previously described (Le and
Musil, 1998, 2001). [35S]methionine incorporation into total cellular
protein and into δ-crystallin was quantitated after SDS-PAGE using a
PhosphorImager (Bio-Rad Molecular Imager FX) and Quantity One
software.

Cell surface biotinylation
DCDMLs were biotinylated at 4°C with sulfo-NHS-SS-biotin. After the
reaction was quenched and the cells lysed in SDS, biotinylated proteins were
precipitated with streptavidin-agarose and analyzed using western blot
(VanSlyke and Musil, 2005).

Immunoblot analysis
Cultures were solubilized directly into SDS-PAGE sample buffer and
boiled. Equal volumes of total cell lysate were transferred to polyvinylidene
fluoride membranes, and the blots probed with primary antibodies.
Immunoreactive proteins were detected using secondary antibodies
conjugated to either IRDye800 (Rockland Immunochemicals, Limerick,
PA, USA) or Alexa Fluor 680 (Molecular Probes, Eugene, OR, USA) and
directly quantified using the LI-COR Biosciences Odyssey infrared imaging
system (Lincoln, NE, USA) and associated software.

Assessment of active TGFβ in conditioned medium
DCDMLs were plated on either laminin-coated, pdFN-coated or uncoated
TC plastic. On day 1, the cells were fed with fresh M199/BOTS medium.
Conditioned medium was collected on day 3 and centrifuged for 5 min at
725 g to sediment potentially contaminating cells without causing their
lysis. Conditioned medium was added to recipient DCDMLs plated on
laminin and the cells incubated for 1.5 h. The recipient cells were then lysed

Fig. 8. Plating DCDMLs on FN renders FGF-induced fiber cell differentiation insensitive to noggin, and sensitivity is restored when TGFβ signaling
is inhibited. DCDMLs were plated on laminin or pdFN on day 0 and cultured from day 1 to day 7 in M199/BOTS with no additions (0), 10 ng/ml FGF2 (A),
or 10 ng/ml BMP4 (B), in the presence or absence of the BMP2/4/7 blocker noggin or SB431542 as indicated. Cells were assayed for synthesis of fiber cell
differentiation markers as in Fig. 4. (C) The extent to which the treatments in A reduced fiber marker expression was calculated as fold-change versus the values
obtained from cells plated on laminin and cultured with FGF in the same experiment. *P≤0.001; all other data sets, P>0.08. Not shown: When plated on either
laminin or pdFN, noggin blocked fiber marker expression in response to BMP4 by ≥95% (n=3).
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and analyzed for total Smad3 and pSmad3 using western blotting. Latent
TGFβwas activated through the heating of conditioned medium for 6 min at
80°C, followed with cooling to room temperature and immediate addition
to recipient cells (Brown et al., 1990; Santiago-Josefat et al., 2004);
unactivated medium was incubated for 6 min at 37°C.

Quantitation
For all western blots, the level of each protein was normalized to the level of
β-actin in the same sample. For pSmad3, SBE4–Luc and fiber cell markers
(δ-crystallin; CP49 and CP115), the extent to which plating on either pdFN
or uncoated TC plastic increased expression was calculated as fold-change
over values obtained with cells plated on laminin and cultured in
unsupplemented M199/BOTS (defined as control conditions; ctrl) in the
same experiment. Levels of αSMAwere relatively consistent under control
conditions when cells were plated at low density, allowing αSMA to be
quantitated in the same manner. Data are graphed as the means±s.e.m.
obtained in the number of experiments indicated in the figure. Data were
analyzed for significance using the two-tailed paired Student’s t-test.
Because the amount of FN in control cultures was very close to the limit of
detection, it was not possible to meaningfully calculate the fold increase in
FN expression induced by pdFN or plating on uncoated TC plastic. The level
of reproducibly quantifiable FN was expressed as arbitrary units (AU)
obtained using the LI-COR Biosciences Odyssey infrared imaging system
software, normalized to the value obtained in the same sample for β-actin.
These values are given only when two samples in the same experiment can
be quantitatively compared (i.e. when two or more samples have an AU
value of≫0.00; e.g. Fig. 2B,E). Unless otherwise indicated, all experiments
were performed aminimum of three times and data from typical experiments
presented.
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