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Abstract

Cataract is a common age-related condition that is caused by progressive clouding of the normally 

clear lens. Cataract can be effectively treated by surgery; however, like any surgery, there can be 

complications and the development of a secondary cataract, known as posterior capsule 

opacification (PCO), is the most common. PCO is caused by aberrant growth of lens epithelial 

cells that are left behind in the capsular bag after surgical removal of the fiber mass. An epithelial-

to-mesenchymal transition (EMT) is central to fibrotic PCO and forms of fibrotic cataract, 

including anterior/posterior polar cataracts. Transforming growth factor β (TGFβ) has been shown 

to induce lens EMT and consequently research has focused on identifying ways of blocking its 

action. Intriguingly, recent studies in animal models have shown that EMT and cataract developed 

when a class of negative-feedback regulators, Sprouty (Spry)1 and Spry2, were conditionally 

deleted from the lens. Members of the Spry family act as general antagonists of the receptor 

tyrosine kinase (RTK)-mediated MAPK signaling pathway that is involved in many physiological 

and developmental processes. As the ERK/MAPK signaling pathway is a well established target 

of Spry proteins, and overexpression of Spry can block aberrant TGFβ-Smad signaling responsible 

for EMT and anterior subcapsular cataract, this indicates a role for the ERK/MAPK pathway in 

TGFß-induced EMT. Given this and other supporting evidence, a case is made for focusing on 

RTK antagonists, such as Spry, for cataract prevention. In addition, and looking to the future, this 

review also looks at possibilities for supplanting EMT with normal fiber differentiation and 

thereby promoting lens regenerative processes after cataract surgery. Whilst, it is now known that 

the epithelial to fiber differentiation process is driven by FGF, little is known about factors that 

coordinate the precise assembly of fibers into a functional lens. However, recent research provides 

key insights into an FGF-activated mechanism intrinsic to the lens that involves interactions 

between the Wnt-Frizzled and Jagged/Notch signaling pathways. This reciprocal epithelial-fiber 

cell interaction appears to be critical for the assembly and maintenance of the highly ordered 

three-dimensional architecture that is central to lens function. This information is fundamental to 
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defining the specific conditions and stimuli needed to recapitulate developmental programs and 

promote regeneration of lens structure and function after cataract surgery.
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regeneration

Cataract is defined as the loss of transparency of the eye lens, and accounts for much of the 

world's blindness. Cataract has widely variable phenotypes and hence several classifications, 

including nuclear, cortical, anterior and posterior polar and total (Francis et al., 1999). 

Cataracts can appear in association with various systemic diseases (Beiran et al., 1994), 

presenting diverse phenotypes; however, by far the most common contributing factor for 

cataract is ageing (Mukesh et al., 2006; Vinson, 2006). Over the years much effort has been 

directed towards understanding the etiology of human cataract. In addition to identifying a 

strong genetic component (as in congenital cataracts), recent progress has been made in 

identifying factors that influence the stability of the long-lived proteins in the lens as well as 

the sites on these proteins that show marked deterioration in age-related cataract. This has 

led to the view that lens opacification is the result of cumulative age-related modifications to 

lens proteins (Truscott and Friedrich, 2014). How to prevent or ameliorate these protein 

modifications provides a major challenge for lens researchers in the future.

To date, the only way to restore visual loss caused by cataract is surgery (Brian and Taylor, 

2001). This is the most common ophthalmic procedure and involves removal of the opaque 

fiber mass followed by implantation of a synthetic intraocular lens (IOL) for restoration of 

vision (Awasthi et al., 2009). While modern surgery is largely effective, it is not without 

complications and the most frequent is posterior capsular opacification (PCO), also referred 

to as secondary cataract (Awasthi et al., 2009; Spalton et al., 2013; see Miyamoto et al., 

2014). Consequently there is a strong drive towards gaining a greater understanding of the 

key cellular processes and molecular mechanisms responsible for PCO. This will provide the 

platform for devising molecular strategies for reducing the incidence of PCO and improving 

the outcome of cataract surgery. Here, we will consider some of the important molecules 

and signaling pathways leading to cataract formation, and the importance of tightly 

regulating them for maintenance of normal lens growth, architecture and function.

Epithelial mesenchymal transition

A common feature of fibrotic PCO and polar cataracts is the loss of lens epithelial cell 

integrity, associated with aberrant proliferation, migration and most significantly a change in 

cell morphology, with cells distancing themselves from their ectodermal epithelial origin 

and transforming into more mesodermal-derived mesenchymal-like cells (see Figure 1). This 

biological process, known as an epithelial to mesenchymal transition (EMT), is normal for 

the early gastrulating embryo, but also presents itself in tissue repair and pathology, 

including cancer and cataract (Kalluri and Neilson, 2003). EMT characteristics include the 

acquisition of a spindle-shaped cellular morphology that is accompanied by accumulation of 

α-smooth muscle actin (αSMA) and redistribution of actin stress fibers, loss of cell polarity 
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and epithelial markers such as cytokeratin and ZO-1, loss of E-cadherin and expression of 

transcription factors including Snail (Snai1), Slug (Snai2) and Twist (Figure 2; Zeisberg and 

Neilson, 2009). αSMA is a common marker of active fibroblasts, but it is not specific for 

fibroblasts (Zeisberg and Neilson, 2009). It is one of six actin family members, and its 

expression has been shown to correlate with the EMT process that occurs during normal 

development, fibrosis or in cancer progression (Kalluri and Weinberg, 2009). E-cadherin is a 

calcium-dependent membrane-associated cell-cell adhesion molecule (van Roy and Berx, 

2008), predominantly present in epithelial cells (Takeichi, 1991). Localised to the plasma 

membrane, E-cadherin complexes with β-catenin and αE-catenin, key functional 

components of adherens junctions (van Roy and Berx, 2008; Wijnhoven et al., 2000); hence, 

its loss or change in distribution promotes a loss of epithelial phenotype, characteristic of the 

EMT process. The newly established mesenchymal cell type also possesses elevated 

migratory and invasive properties, increased resistance to apoptosis, and exaggerated 

production of extracellular matrix (ECM) components (Kalluri and Weinberg, 2009). It is 

through this process that we see fibrosis in the lens, characterized primarily by the 

accumulation of excess connective tissue that obliterates not only normal lens structure but 

most importantly its function.

Growth factors trigger EMT

EMT can be triggered by aberrant signaling of various molecules, such as epidermal growth 

factor (EGF), fibroblast growth factor (FGF), insulin-like growth factor (IGF-II), hepatocyte 

growth factor (HGF), and Notch (Savagner et al., 1997; Morali et al., 2001; Strutz et al., 

2002; Timmerman et al., 2004; Ahmed et al., 2006); however, it is transforming growth 

factor beta (TGFβ) that is the most well-known EMT inducer in both normal and 

pathological conditions (Figure 2; Zavadil and Bottinger, 2005). The TGFβ superfamily 

comprises over 30 TGFβ-related members, that include TGFβ isoforms, activins, inhibins, 

bone morphogenic proteins (BMPs), and many other structurally related factors, in 

vertebrates, insects and nematodes (Massague et al., 1994; Moustakas et al., 2001). TGFβ is 

involved in the regulation of cell growth, differentiation, migration, adhesion, organization, 

senescence and extracellular matrix production. Its signaling normally promotes growth and 

development during early embryogenesis, whereas in mature tissues, they usually induce 

either cytostatic or apoptotic responses, depending on the type and state of the cell 

(Massague and Wotton, 2000). There are 28 genes encoding these members (Venter et al., 

2001) and they all show sequence similarity to the prototype TGFβ 1 (Massague et al., 

1994), which naturally occurs as a secreted homodimeric protein. Three isoforms of TGFβ, 

namely TGFβ1, TGFβ2 and TGFβ3, have been identified in mammals, and all 3 have been 

localised in the lens (Jampel et al., 1990; Cousins et al., 1991; Pelton et al., 1991, de Iongh 

et al., 2001a), with TGFβ2, the predominant isoform in the ocular media (Connor et al., 

1989).

TGFβ is secreted as a biologically inactive complex, comprised of a disulfide-bonded 

homodimer of the mature TGFβ, and another disulfide-bonded homodimer of a prodomain 

peptide termed the TGFβ latency-associated peptide (LAP; Zhu and Burgess, 2001). The 

biological activity of TGFβ in the aqueous and vitreous has been reported to be variable in 

different species, and also in different states of health (Connor et al., 1989; Granstein et al., 
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1990; Cousins et al., 1991; de Boer et al., 1994; Kurosaka and Nagamoto, 1994; Tripathi et 

al., 1994). Members of the TGFβ superfamily mediate important processes involved in the 

development of the eye, including the lens, promoting various stages of lens development 

and differentiation of lens fiber cells (Belecky-Adams et al., 2002; de Iongh et al., 2001a; de 

Iongh et al., 2001b; Obata et al., 1999; Yoshikawa et al., 2000). TGFβ1 and TGFβ2 are 

expressed by lens cells and are abundantly available in the ocular media (Gordon-Thomson 

et al., 1998) in their latent, inactive forms (Cousins et al., 1991). The activation of these 

TGFβs is tightly regulated (see Tocharus et al., 2004) and upon deregulation TGFβ has been 

shown to induce pathological changes in lens epithelial cells similar to those seen in human 

anterior subcapsular cataract (Srinivasan et al., 1998; Lovicu et al., 2002), the focus of this 

review.

TGFß Signaling

TGFβ family signaling is propagated by the combinatorial interactions of the heteromeric 

type I (TβRI) and type II (TβRII) serine/threonine kinase receptors and downstream 

phosphorylation of receptor-regulated Smads (R-Smads), including Smad2 and Smad3 

(Massague, 1998; 2000), that acquire an elevated affinity for Smad4 forming heteromeric 

complexes (Baker and Harland, 1997; Xu et al., 2000) to induce an assembly of active 

nuclear transcriptional complexes (Massague, 2000; Massague and Wotton, 2000; 

Moustakas et al., 2001; Derynck and Zhang, 2003; Dijke and Hill, 2004). The Smads shuttle 

between the cytoplasm and the nucleus, with the cytoplasmic distribution of Smad2 and 

Smad3 mediated by interactions with a protein termed Smad anchor for receptor activation 

(SARA; Tsukazaki et al., 1998; Itoh et al., 2000). SARA physically limits Smad movement, 

and also occludes a region of Smad2 that is responsible for its nuclear translocation (Xu et 

al., 2000). In accordance, phosphorylation of Smad2 decreases its affinity for SARA, 

allowing its release. Once translocated upon TGFβ simulation, the Smad complexes remain 

in the nucleus for several hours, with the activation of TGFβ receptor signaling sustained for 

at least three hours following stimulation (Inman et al., 2002). Two other molecules, Snai1 

and Snai2, that belong to the Snail family of zinc-finger transcription factors are 

downstream effector proteins of the TGFβ signaling pathway, functioning as repressors 

(Nieto et al., 1992; Savagner et al., 1997; Kataoka et al., 2000; Nakakura et al., 2001). A 

conserved function of the Snail proteins is regulation of cell motility. Snai1 is known to be 

located both in the nucleus and cytoplasm of a cell, with its nuclear location controlling its 

activity (Dominguez et al., 2003). In contrast, Snai2 is mostly detected in the cell nucleus; 

however, may also shuttle between the cell nucleus and cytoplasm (Mingot et al., 2009). 

This Smad signaling pathway can be regulated by a distinct subclass of inhibitory Smads (I-

Smads), namely Smad6 and Smad7, that act as antagonists, directly interfering with the 

phosphorylation of the R-Smads (Massague, 2000).

Marked increases in TGFβ levels occur in some eye diseases (Connor et al., 1989), and 

during cataract surgery (Jampel et al., 1990), and it is elevated TGFβ signaling that causes 

lens epithelial cells to undergo an EMT that bears morphological and molecular resemblance 

to some forms of human cataract, including anterior subcapsular cataract (ASC) and fibrotic 

PCO, respectively. Many in vitro studies have reported that TGFβ can induce a cataractous 

phenotype in lens cultures, characterized by an EMT of the lens epithelial cells (Hales et al., 
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1995; Hales et al., 1994; Liu et al., 1994; Saika et al., 2004), mimicking cells of ASC that 

acquire a spindle-shaped morphology (Font and Brownstein, 1974). This aberrant TGFβ 

signaling in lens epithelial cells also induces the expression of α-SMA (a marker for 

myofibroblastic cells), normally absent in these cells (Hales et al., 1995; Hales et al., 1994), 

as well as extensive accumulation of extracellular matrix (ECM; including expression of 

Type I and III collagens and fibronectin), hallmarks of a fibrotic response (Figure 2). The 

ECM intersperses between these newly transdifferentiated lens cells, resulting in lens 

capsule remodeling and wrinkling and apoptotic cell death (Hales et al., 1995; Liu et al., 

1994). Many of these characteristics were similarly observed in human ASC and PCO (Font 

and Brownstein, 1974; Novotny and Pau, 1984; Hatae et al., 1993; Miyamoto et al., 2014).

In vivo models confirmed that aberrant TGFβ signaling in the lens results in the induction of 

lens EMT to form a multilayered plaque of myofibroblastic cells, accompanied also by 

capsule remodeling, that closely resembled human ASC and features of PCO. Whether it 

was ectopic overexpression of the active form of TGFβ in transgenic mouse lens (Srinivasan 

et al., 1998; Lovicu et al., 2002), intravitreal injection of TGFβ in the rat eye (Hales et al., 

1999), or adenoviral gene delivery of TGFβ into the anterior chamber of the mouse eye 

(Robertson et al., 2007), all resulted in cataract formation, displaying key EMT features. 

Interestingly, more recent studies in mice demonstrated a very similar phenotype to TGFß-

induced EMT and cataract when a class of negative-feedback regulators, Sprouty1 and 

Sprouty2, were conditionally deleted from the lens (see Shin et al., 2012).

Sprouty: Negative Regulator of RTK signaling pathways

Members of the Sprouty (Spry) family act as general antagonists of the receptor tyrosine 

kinase (RTK)-mediated MAPK signaling pathway, involved in many physiological and 

developmental processes (reviewed in Li et al., 2003; Cabrita and Christofori, 2008; Mason 

et al., 2006). Numerous studies have indicated that the interacting partners of Spry remain 

variable depending on the biological context. In general, gain- or loss-of-function of various 

components of the MAPK pathway have revealed that Spry acts downstream of receptor 

tyrosine kinases (RTK) and upstream of the extracellular-regulated MAPKs, ERK1/2 (Casci 

et al., 1999; Kim and Bar-Sagi, 2004). However, such RTK-ERK/MAPK signaling can be 

linked to several other pathways (Kim and Bar-Sagi, 2004; Mason et al., 2006). The strength 

and duration of RTK/MAPK activation plays an important role in determining cell fate, and 

this has been clearly shown in the lens (see Iyengar et al., 2007; 2009). As a mediator of this 

important signaling pathway, Spry proteins have been shown to regulate cell proliferation, 

migration and differentiation in multiple cell types and many developmental processes 

(Minowada et al., 1999; Tefft et al., 1999; Gross et al., 2001; Yigzaw et al., 2001; Mailleux 

et al., 2001; Lee et al., 2004; Chi et al., 2004). Moreover, deregulation of Spry expression is 

also seen in many different cancer types (Lo et al., 2006).

Members of the Spry family are expressed throughout lens morphogenesis, with strong 

expression retained in the lens epithelium postnatally (Boros et al., 2006). As mentioned 

briefly above, conditional knockout of Spry from the lens of mice using different 

independent Crerecombinase expressing lines, leads to ASC (Shin et al., 2012), very similar 

to that seen with overexpression of TGFß (Srinivasan et al., 1998; Lovicu et al., 2004). The 
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Spry-deficient anterior subcapsular plaques that formed in the postnatal lens of these mice 

were comprised of disorganised myofibroblastic cells with an abundant, aberrant 

accumulation of ECM. Subpopulations of ASC cells expressed αSMA, with a concurrent 

loss of E-cadherin, phenotypes shared with lens cells of TGFβ-induced ASC and PCO (Font 

and Brownstein, 1974; Novotny and Pau, 1984; Hatae et al., 1993). TGFβ induces αSMA 

expression in lens epithelial cells that undergo EMT (Hales et al., 1995; Srinivasan et al., 

1998; Wormstone et al., 2004) and can repress E-cadherin expression, indicating loss of 

epithelial phenotype (de Iongh et al., 2005). Such downregulation of E-cadherin by TGFβ1 

can be mediated through elevation of Snai1 and Snai2 transcription, in a Smad-independent 

manner (Dominguez et al., 2003; Peinado et al., 2003; Choi et al., 2007; Mingot et al., 2009; 

Li et al., 2013). Similarly, an established wound healing (lens puncture injury) model in 

murine lens also presents a lens epithelial-derived EMT and fibrotic response, which is 

reported to be Smad3-dependent (Saika et al., 2004); in contrast to other murine models of 

TGFß-induced ASC where Smad3-signaling is required (Banh et al., 2006). Alternate modes 

of TGFß-signaling accounting for these differences have recently been proposed (see Shirai 

et al., 2014). It was reported that ASC can also result from the absence of lens Spry proteins, 

with aberrant TGFβ signaling prior to cataractogenesis, evident by increased nuclear 

localization of phosphorylated Smad2, Snai1 and Snai2 in the lens epithelial cells (Shin et 

al., 2012). Taken together, the aberrant onset of EMT in Spry-deficient lenses resulting from 

dysregulation of the TGFß signaling pathway, suggests that Spry may be involved in the 

direct and/or indirect regulation of TGFβ signaling.

Noteworthy, in Spry-deficient ASC plaques, amongst the myofibroblastic cells that had 

undergone an EMT are subpopulations of cells negative for αSMA that accumulate β-

crystallin, indicating aberrant differentiation into lens fiber-like cells (personal 

communication). This is consistent with earlier findings showing that TGFβ-induced ASC 

also contain β-crystallin-positive cells (Lovicu et al., 1998). PCO can be attributed to a 

fibrotic response leading to EMT as discussed earlier, as well as a ‘pearl-type’ PCO derived 

from aberrant fiber cell differentiation (see de Iongh and Duncan, 2014). Residual lens 

epithelial cells that do not undergo an EMT post-surgery can differentiate into fibers, 

resulting in the formation of Soemmering's ring or Elschnig's pearls (see Figure 1). Normal 

lens fiber differentiation depends on FGF-mediated RTK-ERK/MAPK signaling (see Lovicu 

and McAvoy, 2005; Wang et al., 2010) and hence it is not overly surprising that in the 

absence of RTK-antagonists that aberrant fiber differentiation ensues. It should also be noted 

that FGF2, in the absence of TGFβ stimulation, can induce αSMA expression in non-lens 

tissue (meniscal fibrochondrocytes; Cucchiarini et al., 2009), and that FGF2 can enhance the 

EMT responses of TGFβ in lens cells (Cerra et al., 2003). Thus Spry-mediated modification 

of FGF signaling may in itself contribute to EMT formation, which may or may not involve 

interactions with the TGFβ-Smad pathway.

It has been shown that in the Spry-deficient lens there is deregulation of TGFβ signaling that 

leads to EMT and cataract (see Figure 3; Shin et al., 2012), indicating that Spry normally 

plays a role in the negative regulation of the TGFβ signaling pathway. Given there is much 

‘cross-talk’ between various intracellular signaling pathways, Spry may affect other 

signaling pathways like Smad signaling (either directly or indirectly), besides its known 

ERK1/2 signaling target (Kim and Bar-Sagi, 2004). It has been reported that overexpression 
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of Spry in lens cells, both in vitro and in vivo, can block the effects of TGFß leading to an 

EMT and cataract. Epithelial cells overexpressing Spry1 in lens explants are less responsive 

to TGFß and do not undergo an EMT when compared to cells not overexpressing Spry (see 

Figure 3; Shin et al., 2012). This was validated by overexpressing Spry1 in transgenic mice 

that overexpress TGFß specifically in the lens. This co-expression of TGFß and Spry was 

shown to promote lens transparency, with TGFß failing to stimulate any EMT or cataract in 

these mice (Shin et al., 2012). These findings are supported by recent studies that indicate 

involvement of Spry proteins in the inhibition of EMT in other systems. In tooth, Spry 

proteins are able to prevent the establishment of FGF-mediated EMT for proper incisor 

morphogenesis (Klein et al., 2008). In lung cancer models, Spry4 can reverse the EMT 

phenotypes of tumour cells (Tennis et al., 2010). Conversely, Spry levels were reduced in an 

environment involving EMT. Spry2 was downregulated in fibrotic lung fibroblasts (Renzoni 

et al., 2004), where TGFβ is consistently associated with progressive fibrosis (Broekelmann 

et al., 1991; Sime et al., 1997). This indicates that Spry2 is a target of TGFβ-induced 

fibrosis. Consistent with this, Spry seems to have an inverse relationship with TGFβ. Spry1 

and Spry2 transcripts were downregulated in response to TGFβ in human lens epithelial 

cells (Dawes et al., 2007). In mesenchymal cells, Spry2 expression was also reduced by 

TGFβ exposure (Ding et al., 2007). Furthermore, Spry1 (Kwabi-Addo et al., 2004; Lo et al., 

2004), Spry2 (Lo et al., 2004; Tsavachidou et al., 2004; McKie et al., 2005; Fong et al., 

2006; Sutterluty et al., 2007) and Spry4 (Wang et al., 2006; Tennis et al., 2010) are 

downregulated in a variety of cancer types, including breast, prostate, liver, lung and skin 

cancers, especially in the metastatic malignant stage involving EMT (Kwabi-Addo et al., 

2004; Lo et al., 2004; McKie et al., 2005; Fong et al., 2006; Tennis et al., 2010; Assinder et 

al., 2014). Taken together, this indicates that Spry proteins possess tumour-suppressing 

ability (Lo et al., 2004; Shaw et al., 2007; Lee et al., 2008; Tennis et al., 2010).

As the ERK/MAPK signaling pathway is a well established target of Spry proteins, and 

overexpression of Spry can block aberrant TGFβ-Smad signaling responsible for EMT and 

ASC, this indicates a role for the ERK/MAPK pathway in TGFß-induced EMT. Whilst 

TGFβ responses mostly occur through the canonical Smad signaling cascade, they become 

more complicated, versatile and diversified through interactions with other intracellular 

signaling pathways (Zhang, 2009), including ERK/MAPK, p38 MAPK (Bakin et al., 2002; 

Bhowmick et al., 2001; Hanafusa et al., 1999) and JNK cascades (Wang et al., 1997; 

Yamaguchi et al., 1995). It is known that the ERK/MAPK pathway can respond to TGFβ1 

stimulation and coordinate the TGFβ-Smad signaling pathway in many cellular contexts 

(Ross et al., 2007), including that leading to EMT (Xie et al., 2004). The interaction between 

TGFβ and ERK signaling pathways appears to be cell type- and target gene-specific, since 

ERK signaling has been reported to be capable of enhancing (Blanchette et al., 2001; de 

Caestecker et al., 1998; Hartsough et al., 1996; Stratton et al., 2002; Watanabe et al., 2001; 

Yue and Mulder, 2000), as well as inhibiting (Calonge and Massague, 1999; Kretzschmar et 

al., 1999; Sowa et al., 2002) Smad2/3 activity TGFβ1 and TGFβ2 have been reported to 

rapidly and directly activate Ras (a known intermediate in TGFβ1-activation of MEK1; Ross 

et al., 2007) and ERK1, in a concentration-dependent manner in TGFβ-sensitive 

untransformed epithelial cells (Hartsough and Mulder, 1995; Mulder and Morris, 1992; Yan 

et al., 1994). Raf is also rapidly phosphorylated by TGFβ1 (Lee et al., 2007). In some cell 
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lines; however, TGFβ-induced ERK activation was delayed, suggesting an involvement of 

an indirect response requiring protein translation (Simeone et al., 2001). TGFβ3 was shown 

to activate ERK2 in TGFβ-sensitive breast cancer cells, but not in TGFβ-resistant cells (Frey 

and Mulder, 1997). TGFβ1 was also reported to activate ERK in various cell types, 

including human mesangial cells (Hayashida et al., 2003) and human skin keratinocytes 

(Davies et al., 2005), with a relatively modest phosphorylation (2-fold increase) of TGFβ-

induced-ERK sufficient for downstream cellular effects (Mulder, 2000).

Thus, MAPK signaling can enhance TGFβ-Smad signaling and in this context both appear to 

be necessary to induce EMT. Consistent with this, we highlight that Spry, a negative 

regulator of FGF-mediated ERK/MAPK signaling pathway, is able to also inhibit TGFβ-

induced EMT in lens epithelial cells, and consequent ASC in situ. This is confirmed by a 

reverse relationship between TGFβ and Spry. Spry does not directly inhibit TGFβ receptors 

nor the Smad proteins; instead, it directly binds and inhibits Grb2 and Raf, which in turn 

represses the linking of ShcA (phosphorylated by activated TGFβ receptor) and to Grb2-

Sos-Ras-Raf-MEK-ERK/MAPK signaling pathway. In addition, to being able to prevent 

ASC formation, Spry may also be a promising target gene of study in impeding other eye 

diseases involving markedly elevated TGFβ signaling (Connor et al., 1989; Srinivasan et al., 

1998; Wormstone et al., 2004), with some concomitant increases in FGF signaling, such as 

PCO. As FGF potentiates the cellular effects of TGFβ (Hayashida et al., 2003), FGF 

inhibitors (that indirectly block ERK1/2 signaling), may also have the potential to protect 

the lens against TGFβ-induced eye pathologies. Furthermore, Spry may also be a promising 

investigative target for addressing various tumour types and anti-fibrosis diseases involving 

aberrant TGFβ signaling.

Whilst a good case can be made for focusing on RTK antagonists, such as Spry, for cataract 

prevention, the pathological processes involved in TGFß-induced EMT unquestionably 

involves other levels of regulation and these should be considered as potential targets. For 

example, tighter control of downstream mediators and regulators of TGFß/Smad-signaling, 

including connective tissue growth factor (CTGF) and gremlin (Ma et al., 2014) may have a 

role in controlling lens pathology. Similarly, interfering with other downstream molecules 

involved in TGFß-mediated EMT, such as matrix metalloproteinases (Korol et al., 2014), 

the production of reactive oxygen species (Chamberlain et al., 2009; Wang et al., 2014) and 

even specific integrins (αv; Mamuya et al., 2014) may also contribute to prevention 

strategies. Other gene regulators, such as miRNA-204-5p and miRNA-26b, which are 

reduced in PCO and cataract, and have been shown to repress TGFß-induced EMT in human 

lens epithelial cells (Dong et al., 2014; Wang et al., 2013), may also serve as effective 

modulators of pathological events.

Maintenance of the epithelial phenotype after cataract surgery and 

possibilities for promoting normal regenerative processes

Continued growth in understanding the role of various key molecules such as Spry, that can 

modulate pathological events, will open up possible strategies for maintaining the epithelial 

phenotype after cataract surgery. The challenge will then be to take the next logical step and 

promote lens regenerative processes. It is already clear that fiber differentiation can occur 
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after cataract surgery, as evidenced by the formation of Soemmering's ring or Elschnig's 

pearls (see Figure 1); however, for effective regeneration of function the differentiating 

fibers need to assemble into the three-dimensional ordered arrangement as in the normal 

lens. It is now well established that epithelial to fiber differentiation is initiated by FGF 

(Lovicu and McAvoy, 2005; Robinson et al., 2006; Zhao et al., 2008; Qu et al., 2011; Cvekl 

and Ashery-Padan, 2014). Whilst, much progress has been made in elucidating FGF 

triggered signaling pathways and regulation of key events in the fiber differentiation 

process, little is known about the mechanisms that regulate the coordinated behavior of the 

differentiating fibers so that they assemble into the characteristic spheroidal lens structure.

Whilst this area of research is relatively new, there are now several reports that illustrate the 

feasibility of generating nearly normal sized lenses from the residual epithelial cells after 

mock cataract surgery in animal models (e.g., Call et al., 2004; Huang and Xie, 2010; Gwon 

and Gruber, 2010; Lois et al., 2010). As already alluded to, one of the challenges in 

regenerating a functional lens is to consistently reproduce the orderly alignment/orientation 

of the differentiating fibers so that the lens develops the correct curvature that is required for 

its optical function. Research in this area has been fragmentary and, at least until recently, 

little information was available on molecular mechanisms that regulate these key 

morphogenetic processes that are critically important for lens function. Now, recent research 

points to the planar cell polarity (PCP) signaling pathway, with Wnt ligands and Frizzled 

receptors playing critical roles in regulating an interaction between epithelial and fiber cells 

that influences the polarized behavior of differentiating fibers (Sugiyama et al, 2010). Rat 

lens epithelial explant studies show that FGF upregulates Wnt-Fz signaling and that this 

involves translocation of Fz and the centrosome to the leading edge (apical tip) of similarly 

polarized groups of elongating fiber cells (Dawes et al, 2013). This polarized/oriented 

behaviour of elongating fibers in FGF-treated epithelial explants is coordinated by islands of 

epithelial cells (Dawes et al, 2014). Moreover, these epithelial cells express Wnt5A (Dawes 

et al., 2014; Hoang et al, 2014), and there are indications that Wnt5A (or another member of 

the Wnt family) could be the source of the fiber-polarizing cue. In turn, studies both in vivo 

and in vitro have revealed a reciprocal interaction between differentiating fibers and 

epithelial cells. Early differentiating fibers express the Notch signaling pathway ligand, 

Jagged1, and this drives the Notch signaling in the epithelium that is required for 

maintaining the proliferating population of epithelial cells in the germinative zone (Jia et al, 

2007; Rowan et al., 2008; Le et al, 2009; Saravanamuthu et al, 2009; Saravanamuthu et al., 

2012; Dawes et al., 2014). Taken together, this provides key insights into a self-regulatory 

mechanism intrinsic to the lens. These reciprocal interactions between epithelial cells and 

fiber cells appear to be critical for the formation and maintenance of the two lens cell 

compartments. Furthermore, evidence from earlier experiments with rat lens epithelial 

explant pairs (O'Connor and McAvoy, 2008), indicate that through their interactions 

(probably mediated by the Wnt-Fz and Notch signaling pathways described above) lens 

epithelial and fiber cells can assemble into the highly ordered three-dimensional spheroidal 

polarized structure that is central to lens function.

In this context it is also interesting that Gwon and Gruber (2010) noted that the regeneration 

of a complete epithelial layer after mock cataract surgery in rabbits was the key to 

regenerating the most functional lenses. This observation fits with the results from the 
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explant experiments described earlier, i.e. that epithelial cells provide an important 

polarizing cure for the differentiating fibers. Therefore, to achieve the goal of regenerating 

functional lens structure, two steps may be envisaged. First, it will be critical to block EMT 

and maintain a normal epithelial layer. This blockade would need to be applied early 

because lens epithelial cells are exquisitely sensitive to TGFß, and sensitivity increases with 

age (Hales et al., 2000). Given the success of fiber differentiation after mock surgery in 

animal models (presumably from the FGF-induced differentiation stimulus provided by the 

FGF-rich vitreous), in humans the main requirement will be to block TGFß until the fiber 

differentiation response is underway. One way of achieving this would be to impregnate the 

IOL with a slow release form of an appropriate TGFß blocking agent. The in vivo 

environment would then promote fiber differentiation and the epithelium would provide the 

polarizing cue needed to coordinate the assembly of aligned and similarly polarized fibers 

(see Figure 4). The IOL would also need to be designed to facilitate this process as some 

IOL materials have been shown to be better than others at blocking PCO (Eldred et al., 

2014), and promoting normal regenerative processes (Gwon and Gruber, 2010). In this case 

the partial regeneration of the equatorial region of the lens would serve the important 

function of holding the IOL in place and in addition, unlike the progressive fibrosis that can 

lead to PCO, maintain lens clarity.

It could be argued that such a prospect of partial lens regeneration after cataract surgery is 

overly optimistic, particularly at the advanced ages when most cataract surgery is conducted; 

however, some evidence from analysis of capsular bags with implanted IOLs indicates that 

it may indeed be a feasible proposition. Marcantonio et al (2000) conducted a detailed light 

and electron microscopic analysis of capsular bags from patients ranging from 57-87 years 

of age that were collected 4 months to 13 years following cataract surgery. In any one 

capsular bag they identified a variety of cell types, with fibroblastic cells and associated 

extracellular matrix common in some regions, whereas in other regions the normal epithelial 

phenotype predominated. At the equatorial region of each bag variable amounts of fiber-like 

cells were also commonly found. Significantly, in some cases, the cells were well organized 

and similarly polarized in apposition to an overlying layer of cobblestone-packed epithelial 

cells; also fiber cells in these regions appeared structurally similar to fibers in the bow 

region of normal lenses. In short, this morphological analysis showed that conditions in the 

equatorial niche of the capsular bag favored normal patterns of growth and differentiation. 

This observation is consistent with the finding that the epithelial cells provide a polarizing 

cue that is important for the alignment and orderly arrangement of lens fibers. With this in 

mind, and given continued progress towards understanding of mechanisms and molecules 

that drive this orderly assembly of lens cells, it is foreseeable that it will eventually be 

possible to replicate the conditions needed to recapitulate normal developmental processes. 

Thus, the ultimate aim would be to supplant the fibrotic growth that leads to PCO after 

cataract surgery with normal growth that leads to regeneration of lens structure and function.
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Highlights

• EMT and cataract developed when a class of negative-feedback regulators, 

Spry1 and Spry2, were conditionally deleted from the lens.

• As the ERK/MAPK signaling pathway is a target of Spry proteins, and 

overexpression of Spry can block aberrant TGFβ-Smad signaling responsible for 

EMT and cataract, this indicates a role for the ERK/MAPK pathway in TGFß-

induced EMT.

• Reciprocal interactions between the Wnt-Frizzled and Jagged/Notch signaling 

pathways between epithelial-fiber cells appears to be critical for the assembly 

and maintenance of the highly ordered three-dimensional architecture that is 

central to lens function.

• A better understanding of TGFß-signaling regulation, together with promoting 

regeneration of lens structure and function after cataract surgery, may lead to the 

prevention of PCO.
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Figure 1. 
Complications following cataract surgery primarily lead to posterior capsular opacification 

(PCO). PCO results from residual lens epithelial cells (a), left behind following fiber cell 

extraction, that undergo an epithelial to mesenchymal transition (b) and/or aberrant 

differentiation into fiber cells (c) more commonly referred to as Soemmering's ring and 

Elschnig's pearls. The resultant myofibroblasts (d), also migrate posteriorly to populate and 

cover the posterior capsule, invading the visual axis as they further lay aberrant extracellular 

matrix (e) and modulate the underlying capsule, causing it to fold and wrinkle (f).
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Figure 2. 
TGFß induces an epithelial to mesenchymal phenotype in lens epithelial cells. In the 

process, cells lose many of their normal epithelial markers and characteristics as they 

dissociate from each other to acquire a more myofibroblastic, migratory phenotype. Some of 

the specific markers now expressed include alpha smooth muscle actin (α-SMA), as well as 

excessive levels of extracellular matrix molecules, including fibronectin and collagens type I 

and III. It is this cellular process that contributes to lens pathology, especially the fibrotic 

changes leading to polar cataracts and posterior capsular opacification. Included are 

representative lens epithelial explants prepared from postnatal-day-15 murine lens exposed 

to either no TGFß (A) or 50pg/ml TGFß2 (B) for up to 5 days, immunolabeled for α-SMA 

(green), with cell nuclei counterstained with propidium iodide (red). With TGFß, lens 

epithelial cells undergo an EMT, highlighted by α-SMA-labeled myofibroblasts. Scale bar; 

20μm.
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Figure 3. 
TGFß-signaling via the Smad/Snai molecules results in a lens EMT that contributes to 

fibrotic forms of cataract. This process also involves (either directly or indirectly) MAPK/

ERK1/2 signaling, possibly by downregulating specific RTK antagonists, such as Spry that 

are normally expressed in the lens epithelium. In Spry-deficient lenses, phosphorylated 

ERK1/2 levels are elevated and pSmads and Snai1 and Snai2 are translocated to the cell 

nuclei, leading to an EMT/cataract, similar to that induced by TGFß. Overexpression of 

Spry in lens cells can effectively block TGFß-induced lens EMT (see Shin et al., 2012).
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Figure 4. 
Whilst complications following cataract surgery may lead to PCO (A), an alternative 

approach to preventing PCO (B) is to promote normal lens architecture and growth. This 

latter approach would first require blocking aberrant TGFß-signaling at the time of surgery 

(that may maintain Spry levels in the lens), hence maintain the normal phenotype of lens 

epithelia (a). The normal in vivo ocular environment could then regenerate the lens fiber 

mass (b) by promoting the coordinated assembly and alignment of the differentiating 

secondary fiber cells. This partial regeneration of the equatorial region of the lens may also 

serve to hold the intraocular lens in place and in addition, unlike the progressive fibrosis that 

leads to PCO and capsular wrinkling, maintain lens clarity (c).
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