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Calponin-3 deficiency augments 
contractile activity, plasticity, 
fibrogenic response and Yap/Taz 
transcriptional activation in lens 
epithelial cells and explants
Rupalatha Maddala1, Maureen Mongan2, Ying Xia2 & Ponugoti Vasantha Rao1,3*

The transparent ocular lens plays a crucial role in vision by focusing light on to the retina with loss of lens 
transparency leading to impairment of vision. While maintenance of epithelial phenotype is recognized 
to be essential for lens development and function, knowledge of the identity of different molecular 
mechanisms regulating lens epithelial characteristics remains incomplete. This study reports that 
CNN-3, the acidic isoform of calponin, an actin binding contractile protein, is expressed preferentially 
and abundantly relative to the basic and neutral isoforms of calponin in the ocular lens, and distributes 
predominantly to the epithelium in both mouse and human lenses. Expression and MEKK1-mediated 
threonine 288 phosphorylation of CNN-3 is induced by extracellular cues including TGF-β2 and 
lysophosphatidic acid. Importantly, siRNA-induced deficiency of CNN3 in lens epithelial cell cultures 
and explants results in actin stress fiber reorganization, stimulation of focal adhesion formation, 
Yap activation, increases in the levels of α-smooth muscle actin, connective tissue growth factor and 
fibronectin, and decreases in E-cadherin expression. These results reveal that CNN3 plays a crucial role 
in regulating lens epithelial contractile activity and provide supporting evidence that CNN-3 deficiency 
is associated with the induction of epithelial plasticity, fibrogenic activity and mechanosensitive Yap/Taz 
transcriptional activation.

The avascular transparent ocular lens plays a crucial role in vision by focusing incident light on to the retina and 
aberrations in lens transparency (cataract) impair vision. Cataract is a leading cause of blindness in the ageing 
population throughout the world, and surgical replacement of opaque or cloudy lens with artificial lenses is the 
only treatment option available for restoration of vision in patients1,2. Thus, a detailed understanding of lens 
growth and function would provide insights into developing medical therapies to delay lens opacification. The 
ocular lens is located behind the cornea and iris in the anterior chamber of eye, suspended by zonules attached to 
the ciliary muscle. Following its development from the surface ectoderm, the lens continues to grow throughout 
life, with the adult lens being composed of an epithelial monolayer covering the anterior surface and fiber cells 
differentiated from the equatorial epithelium constituting the bulk of the lens3,4. The lens is encapsulated by a 
thick basement membrane termed the capsule and consisting of extracellular matrix. Cuboidal epithelial cells in 
the adult lens maintain characteristic E-cadherin and N-cadherin-based cell-cell junctions, tight junctions and 
apical and basal polarity3. Cytoskeletal and cytoskeletal-interacting proteins including actin, myosin, spectrin, 
integrins, catenins, scaffolding proteins and signaling proteins regulating the actin cytoskeleton networks have 
been demonstrated to be required for maintenance of lens epithelial phenotype, proliferation, differentiation and 
survival3,5–7. Although dysregulation of actomyosin organization, cell adhesion and cell-cell junctions is recog-
nized to influence lens epithelial plasticity and result in transdifferentiation of lens epithelial cells into matrix 
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producing myofibroblasts (EMT), there are gaps in our understanding of the proteins that interact with and 
regulate the organization and contractile characteristics of actin and myosin8–12.

Calponin is a well-characterized actin, myosin, tropomyosin and calcium/calmodulin binding contractile pro-
tein that inhibits actin-dependent activity of myosin Mg2+ ATPase13,14. Calponin exists as three isoforms (basic, 
CNN1; neutral, CNN2 and acidic, CNN3) encoded by independent genes13. These isoforms exhibit a molecular 
mass ranging between 33 to 37 kDa and share a conserved N-terminal calponin homology domain, actin binding 
regulatory domain, repeat region and C-terminal variable region13. The C-terminal domain of CNN-3 is longer 
than those of CNN1 and CNN213. Calponin isoforms reveal cell-type and tissue-specific distribution; with CNN1 
being expressed only in smooth muscle tissues while CNN2 and CNN3 are expressed in both smooth muscle and 
non-muscle tissues, and CNN3 being expressed abundantly in the brain tissues13,15,16. CNN3 is recognized as a 
downstream target gene of Otx2 transcription factor which is required for eye development17. Interestingly, while 
CNN1 and CNN2 null mice grow and breed normally13, CNN3 null mice display embryonic and neonatal lethal-
ity with severe defects in brain development15, indicating distinct roles for different calponin isoforms despite 
their shared biological roles in actin cytoskeletal networks, signaling and contraction13. Calponins are known to 
be serine/threonine phosphorylated by various kinases including protein kinase C, Ca2+/calmodulin kinase II, 
Rho kinase (CNN3) and MEKK1 (CNN3), with phosphorylation being reported to decrease actin interaction and 
suppression of the inhibitory effect of calponin on myosin Mg2+ATPase activity13,18–22. CNN3 has been shown to 
be involved in trophoblast cell fusion, wound healing and neural tube morphogenesis largely through its role in 
actin cytoskeletal organization15,22,23. A definitive role has also been recently demonstrated for CNN3 in regulat-
ing contractile activity and force generation in different types of cells21,24.

Our recent cDNA microarray and RNA-seq based analysis of gene expression profiles of neonatal and adult 
mouse lenses revealed relatively high level expression of acidic calponin (CNN3) with little to no expression of 
basic (CNN1) and neutral (CNN2) calponin isoforms25. Intrigued by this observation, we initiated studies to 
understand the significance of what appears to be tissue-specific expression profile of CNN-3 in the lens, and to 
evaluate a possible role for CNN3 in lens function. To this end, we evaluated the distribution pattern of CNN3 and 
found that this protein localizes predominantly to the lens epithelium, co-localizing with F-actin. Knockdown of 
CNN3 expression using siRNA in lens epithelial cultures and explants led to reorganization of actin stress fibers, 
increase in focal adhesions and epithelial transdifferentiation, and enhanced Yap/Taz transcriptional activity, 
revealing an important role for CNN3 in maintaining the lens epithelial phenotype.

Results
Preferential and abundant expression of the acidic calponin isoform (CNN3) in mouse lens, and 
CNN3 localization to the lens epithelium.  Our laboratory has had a longstanding interest in under-
standing the role of actin cytoskeletal organization and cell adhesive mechanisms in lens development, growth 
and function7,9,26,27. In recent cDNA microarray25 and RNA-seq (unpublished)-based analyses of the mouse lens 
transcriptome profile we discovered that the actin, myosin, tropomyosin and calcium/calmodulin binding con-
tractile protein CNN3, was expressed at high levels in the mouse lens relative to CNN1 and CNN2. While CNN1 
expression was not detectable in these lenses, CNN2 was found to be expressed at levels that less than one per-
cent of that of CNN3 in both neonatal and adult mouse lenses. Based on RNA-seq data (from two independent 
samples; unpublished), the expression level of CNN3 is ranked at 103 of a total of ~15,000 genes expressed in one 
month old mouse lenses, indicating a relatively high level of expression of the CNN3 gene relative to the total 
transcriptome profile. The cDNA microarray and RNA-seq-based observations have been confirmed by RT-PCR 
and q-RT-PCR analysis of neonatal (P2) and P21 mouse lenses as shown in Fig. 1A,B, respectively. Consistent 
with the cDNA microarray and RNA-seq data, CNN1 was not detected while CNN2 was barely detectable relative 
to the robust expression of CNN3 in P2 and P21 mouse lenses (Fig. 1A,B).

To characterize the distribution of CNN3 in mouse lens we then performed immunoblotting and immuno-
fluorescence analyses using a polyclonal antibody directed against CNN3. Immunoblotting analysis of lens epi-
thelial and fiber mass protein fractions (10 μg) derived from P23 mice detected CNN3 primarily in the epithelial 
fraction with little to none evident in the fiber mass fraction (Fig. 1C; shows data for two independent samples). 
CNN3 levels were found to be abundant in the lens membrane fraction relative to the soluble fraction (Fig. 1D). 
Further, based on immunofluorescence analysis of embryonic 12.5, 16.5 and P28 mouse lenses, CNN3 was found 
to localize predominantly and intensely to the epithelium (Fig. 1F). Even in the early developing lens (E12.5), 
CNN3 was noted to localize preferentially to the anterior lens vesicle that eventually becomes the lens epithelium 
(Fig. 1F). In addition to its presence in the epithelium, CNN3 was also seen in early elongating and differentiating 
secondary fibers in E16.5 lenses, being detected only at the transition zone of the lens but not in the maturing or 
differentiated fibers (Fig. 1F). Within the lens epithelium, CNN3 was noted to exhibit a predominantly cytosolic 
distribution with some localization to the lateral membrane, and to basal and apical regions of the cell body. 
Inserts in Fig. 1F show the magnified images of the boxed areas. Human lenses (obtained from a 56 year-old 
donor) were also analyzed by immunoblotting for the expression and distribution profiles of CNN3 using lysates 
(800 × g supernatants) derived from microdissected layers of the lens. As shown in Fig. 1E, CNN3 was detected 
mainly in fraction 1 (lens capsule containing the epithelium), with some being evident in fraction 2 (outer cortical 
fibers) but none detected in fractions from the inner cortical (fraction 3), outer nuclear (fraction 4) and central 
nuclear regions (fraction 5). It is possible that the human lens fraction 2 includes some epithelial contamination, 
since the samples were prepared from cadaver lenses received 24 hours following enucleation.

Colocalization with F-actin and distribution of CNN3 to the primary cilium of the lens epithelial 
cultures and explants, respectively.  We also examined the distribution of CNN3 in cultured primary 
lens epithelial cells (derived from the postnatal mouse lenses and passaged 2–6 times and maintained in DMEM 
medium containing 10% fetal bovine serum) and freshly isolated mouse lens epithelial explants (derived from 
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P21 mouse lens) by immunofluorescence analysis. In primary lens epithelial cells, CNN3 was found to exhibit 
a distribution pattern very similar to that of actin stress fibers and to colocalize with F-actin filaments (labelled 
with TRITC-phalloidin, Fig. 2A). In these cultured epithelial cells, CNN3 immunofluorescence staining distrib-
utes intensely to the cell cortical region (Fig. 2A, arrows). In contrast, CNN3 localizes predominantly to the cell 
lateral membrane and primary cilium in lens epithelial explants (Fig. 2B), colocalizing with F-actin at the lat-
eral membrane (long arrows) and in the primary cilium (Fig. 2B; short arrows; inserts show magnified images). 
Immunoblot analyses confirmed readily detectable CNN3 protein in mouse lens epithelial cell cultures (Fig. 3).

LPA and TGF-β2 increase CNN3 protein levels and CNN3 Threonine 288 phosphorylation in 
mouse lens epithelial cell cultures.  For this, we used lens epithelial primary cultures derived from P21 
mice (passage of 2–6). Cells cultured on gelatin coated (2%) glass coverslips or plastic plates were serum starved 
for 24 hours, stimulated with lysophosphatidic acid (LPA) (20 μM) or TGF-β2 (10 ng/ml) for 24 hours prior to 
fixation or use in cell lysate preparation, respectively. Both LPA and TGF-β2 treated lens epithelial cells exhibited 
a contractile morphology with firm and stiffer cell borders compared to the relaxed morphology of control cells 

Figure 1.  Preferential expression and discrete distribution of acidic calponin (CNN3) to the epithelium in 
mouse lenses. Evaluation of relative levels of expression of calponin isoforms (CNN1, CNN2 and CNN3) by RT-
PCR (A) and qRT-PCR (B) analyses in P2 and P21 mouse lenses reveals preferential expression of the CNN3 
isoform. (C) Representative immunoblot showing detection of CNN3 in the lens epithelium but not in fibers 
based on analysis of two independent samples. (D) Relative abundance of CNN3 in the insoluble/membrane 
fraction compared to the soluble fraction from mouse lens based on immunoblotting analysis. LC; Loading 
control. (E) Immunoblotting analysis of microdissected human lens fractions detects CNN3 predominantly 
in the epithelial fraction (1), with some present in the outer cortical fraction (2) but none evident in the inner 
cortical (3), outer nuclear (4) or central nuclear (5) fractions. GAPDH was immunoblotted as a loading control. 
(F) Immunofluorescence distribution analysis of developing (E12.5 and E16.5) and mature (P28) mouse lenses 
reveals preferential localization of CNN3 to the anterior lens vesicle in E12.5 and to the lens epithelium in 
E16.5 and P28 specimens. Inserts show magnified images of the indicated regions. Scale bars indicate image 
magnification.

https://doi.org/10.1038/s41598-020-58189-y


4Scientific Reports |         (2020) 10:1295  | https://doi.org/10.1038/s41598-020-58189-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

(Fig. 3A,B). The change in cell morphology of LPA and TGF-β2 treated cells was associated with increased immu-
nofluorescence for CNN3 and its stress fiber- like distribution. Consistent with these observations, CNN3 protein 
levels were increased significantly (P < 0.01; n = 4) following a 24-hour period of stimulation of lens epithelial 
cells with LPA or TGF-β2 as evidenced by immunoblotting analysis (Fig. 3C–E). Immunoblotting data were nor-
malized relative to the levels of the house keeping protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Having found that both LPA and TGF- β2 induce CNN3 expression and contractile morphology in lens epi-
thelial cells and in light of the knowledge that LPA and TGF-β2 are present in the aqueous humor and therefore 
accessible to the lens epithelium28–30, we examined whether CNN3 threonine (Thr) 288 phosphorylation status is 
altered by LPA and TGF-β2 treatment of mouse lens epithelial cells. We focused on assessing this attribute since 
CNN3 Thr288 phosphorylation has not only been shown to be regulated by MEKK1 (Mitogen-Activated Protein 
Kinase Kinase Kinase1) which is known to be responsive to LPA and TGF- β2 stimulation in various cell types, 
but to also induce contractile activity21,31–33. As shown in Fig. 3C,D, both LPA and TGF- β2 significantly (P < 0.01) 
increased the levels of CNN3 Thr288 phosphorylation relative to control cells based on immunoblot analysis 
using a polyclonal antibody specific to Thr288 phosphorylated CNN3 (Fig. 3E). We also confirmed the detection 
of Thr288 phosphorylated CNN3 in the lens epithelial explant lysates (10 µg protein, two independent samples) 
derived from P1 and P27 mice by immunoblot analysis (Fig. 4).

MEKK1 exhibits a discrete distribution to the mouse lens epithelium.  Since CNN3 Thr288 phos-
phorylation has been shown to be regulated by MEKK1,21 we examined the expression and distribution profile 
of MEKK1 in the mouse lens. After confirming expression of MEKK1 by RT-PCR analysis using RNA derived 
from P1 and P30 mouse lenses (Fig. 4A), we evaluated the distribution of MEKK1 protein in mouse lens using 
a well-characterized mouse model which expresses a catalytically inactive N-terminal domain of MEKK1 fused 
to β-galactosidase whose expression is regulated by a normal MEKK1 promoter. Expression and distribution of 
MEKK1 was analyzed in P7 mouse eyes using the β-galactosidase substrate X-Gal, as described earlier32,34. The 
ex-vivo detection of MEKK1-β-gal fusion protein expression in P7 mouse lens revealed positive staining (blue 
stain) distributing discretely to the lens epithelium but not to fiber cells (Fig. 4C). In contrast, P7 control mouse 
lenses did not exhibit positive staining for β-galactosidase activity in either the lens epithelium or fiber mass 
(Fig. 4C). These data together with those shown in Fig. 1 regarding the distribution of CNN3 in the lens imply 
that both CNN3 and MEKK1 localize preferentially to the epithelium in mouse lens.

Figure 2.  Distribution of CNN3 to the actin stress fibers, lateral membranes and primary cilia in mouse 
lens epithelial cells and explants. (A) CNN3 exhibits a stress-fiber like intense cortical distribution (green 
immunofluorescence; arrows), colocalizing with F-actin (red TRITC-phalloidin staining) in mouse 
lens epithelial primary cell cultures. (B) In mouse lens epithelial explants, CNN3 distributes (green 
immunofluorescence) to the epithelial lateral membranes (long arrows) and primary cilia (short arrows) where 
it colocalizes with F-actin (red TRITC-phalloidin staining). Inserts show magnified images of a small region of 
the same specimen. Merged images are used to indicate colocalization between CNN3 and F-actin. Scale bars 
indicate image magnification.
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CNN3 deficiency induces contractile morphology, actin cytoskeletal reorganization and focal 
adhesions formation in lens epithelial cell cultures.  Because MEKK1-mediated CNN3 phospho-
rylation is linked to decrease actin interaction and suppression of the inhibitory effect of calponin on myosin 
Mg2+ATPase activity13,18–22, we evaluated the effects of siRNA-mediated suppression of CNN3 expression in lens 
epithelial primary cell cultures on cell shape, actin cytoskeletal organization and focal adhesions compared to 
cells treated with scrambled control siRNA. Lens epithelial cells treated for 48 hours with CNN3-specific siRNA 
and maintained under serum free conditions (24 hours) exhibited alterations in cell morphology from hexagonal 
to elongated fibroblast like shape compared to control cells treated with scrambled control siRNA (Fig. 5A; phase 
contrast images). Immunoblotting analysis of lysates derived from CNN3 siRNA treated lens epithelial cells con-
firmed a significant decrease (by 70%; n = 6) in the levels of CNN3 protein relative to control cells (Fig. 5B,C).

CNN3 siRNA treated lens epithelial cells exhibited a dramatic reorganization of the actin cytoskeleton, from 
the cortical ring like distribution observed under control conditions to a spreading and filamentous profile 
extending between the anterior to posterior poles throughout the cell body (Fig. 5D). This reorganization of 
actin filament in CNN3 deficient lens epithelial cells was associated with a robust increase in focal adhesions 
formation based on increased immunofluorescence staining of phospho-paxillin and phospho-focal adhesion 
kinase (pFAK) compared to control cells (Fig. 5D). Significant increases in protein levels of phospho-paxillin, 
phospho-FAK and phospho-MYPT1 (myosin phosphatase subunit) were also observed in CNN3 deficient lens 
epithelial cells relative to control cells (Fig. 5E,F). No differences were noted however, in the total levels of paxillin, 
FAK and total myosin light chain (MLC) in CNN3 deficient cells relative to control cells treated with scrambled 
siRNA (Supplemental Material; Fig. S1).

Although we observed prominent changes in actin cytoskeletal organization and increased focal adhesions 
formation together with phosphorylation of MYPT1, a known substrate of Rho kinase in CNN3 deficient lens 
epithelial cells, there were no significant changes in the levels of phosphorylated MLC and total MLC in these cells 
based on immunoblotting analysis (Figs. 5E,F and S1). Further, CNN3 deficiency was associated with decreased 
immunostaining for E-cadherin and β-catenin. Consistent with these results, we also observed a significant 
decrease in the levels of both E-cadherin and β-catenin in CNN3 deficient relative to control lens epithelial cells 
(Fig. 5E,F).

Figure 3.  LPA and TGF-β2 induced expression and phosphorylation of CNN3 in mouse lens epithelial cultures. 
Serum starved mouse lens epithelial cells stimulated either with LPA (20 μM; Panel A) or TGF-β2 (10 ng/ml; 
Panel B) for 24 hours exhibit a contractile cell morphology with increased CNN3 immunofluorescence and its 
stress fiber like organization compared to untreated control cells. Moreover, there was a significant increase 
(*P < 0.01; n = 4; Student t test) in the protein levels of CNN3 and Thr288 phosphorylated CNN3 in both LPA 
and TGF-β2 (Panels C–E) treated samples compared to control cells based on immunoblotting analysis and 
densitometric quantification. Data are shown for two individual representative samples in immunoblots (C,D). 
GAPDH was immunoblotted as a loading control. Scale bars indicate image magnification.
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CNN3 deficiency induces Yap/Taz transcriptional activity in lens epithelial cells.  Since CNN3 
deficiency was noted to trigger alterations in cellular contractile morphology and actin cytoskeletal organiza-
tion, and formation of focal adhesions in lens epithelial cells, all of which collectively indicate an increase in cell 
tension, we asked whether these changes impact mechanical force-linked transcriptional mechanisms in lens 
epithelial cells. To address this question, we analyzed the activation status of Yap (Yes-associated protein) and Taz 
(transcriptional coactivator with a PDZ-binding domain), two closely related transcriptional coactivator proteins 
recognized to play a key role in integrating mechanical cues with regulation of gene expression35. CNN3 deficient 
lens epithelial cells exhibited a significant decrease in the levels of phospho-Yap and increase in the levels of Taz 
relative to control cells treated with a scrambled siRNA (Fig. 6A,B). Moreover, although there was a significant 
decrease in the levels of Yap in CNN3 deficient lens epithelial cells, there was a robust increase in nuclear translo-
cation of Yap in these cells, indicating an activation of Yap/Taz compared to the respective control cells (Fig. 6C). 
Based on the results suggesting activation of Yap/Taz, we evaluated whether there were corresponding changes 
in the expression of Yap/Taz target gene- connective tissue growth factor (CTGF) and fibronectin, by immunob-
lotting analysis of CNN3 deficient and control lens epithelial cells. The levels of both CTGF and fibronectin were 
significantly increased in CNN3 deficient lens cells compared to control cells (Fig. 6D,E). The fibronectin immu-
noblot also showed additional immunopositive bands other than the prominent 280 kDa protein which appear to 
be the aggregated and fragmented products of fibronectin (Fig. 6D). The changes in fibronectin expression under 
CNN3 deficiency in lens epithelial cells were further validated by immunofluorescence staining (Fig. 6F).

CNN3 knockdown induces epithelial plasticity and fibrogenic activity in association with 
Yap activation in lens epithelial explants.  The effect of siRNA-mediated CNN3 deficiency was also 
evaluated using lens epithelial explants derived from postnatal mice (P21). Treatment with CNN3 siRNA for 
72 hours in the absence of serum consistently led to curling of lens epithelial explants compared to epithelial 

Figure 4.  Expression and distribution of MEKK1 in mouse lens and detection of Thr288 phosphorylated 
CNN3 in lens epithelium. (A) RT-PCR based demonstration of MEKK1 expression in two individual samples 
of P1 and P30 mouse lenses. GAPDH was amplified in the same samples to confirm normalization of cDNA in 
both samples analyzed. (B) Immunoblot based detection of Thr288 phosphorylated CNN3 and CNN3 in two 
individual P1 and P27 mouse lens capsule/epithelial samples (10 µg protein). (C) Similar to the distribution 
profile observed for CNN3 (Fig. 1F), MEKK1 was found to be distributing discretely to the lens epithelium 
based on detection of β-galactosidase activity (blue stain, using X-gal substrate) in P7 MEKK1 mutant and wild 
type mice as described in the Methods section. Magnified images of the boxed areas in the left panels are shown 
in the middle and right panels. β-galactosidase activity (blue) was detected only in MEKK1 mutant mouse lens 
specimens but not in wild type samples. The eye specimens were counter stained with Eosin (red). Scale bars 
indicate image magnification.
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explants treated with scrambled control siRNA, presumably due to increased contractile activity. The appearance 
of folds and wrinkles in CNN3 deficient explants interfered with a thorough imaging analysis of these speci-
mens. Immunoblotting analysis was used to confirm downregulation of CNN3 protein levels (by 74%; n = 4) 
in lens epithelial explants treated with CNN3-specific siRNA relative to control explants treated with scrambled 
siRNA (Fig. 7B,C). There was a dramatic reorganization of actin cytoskeleton and phosphorylated MLC in CNN3 
deficient lens epithelial explants (Fig. 7A). CNN3 deficient lens explants also showed an obvious reduction in 

Figure 5.  Downregulation of CNN3 expression induces changes in cell shape, reorganization of the actin 
cytoskeleton, increase focal adhesions and decreases in E-cadherin and β-catenin in lens epithelial cell 
cultures. (A) siRNA-mediated downregulation of CNN3 expression in serum starved mouse lens epithelial 
cells exhibit an altered, elongated and contractile morphology (phase contrast images) compared to control 
cells. (B,C) Downregulation of CNN3 expression in siRNA treated mouse lens epithelial cells was confirmed 
by a significant (*P < 0.01; Student t test) decrease in CNN3 protein levels relative to cells treated with 
scrambled control siRNA, as evidenced by immunoblotting analysis. (D) CNN3 deficient epithelial cells 
reveal reorganization of actin stress fibers, and increased focal adhesions formation based on increased 
immunofluorescence of phospho-paxillin and phospho-FAK. These cells also reveal a decrease in cell-cell 
adhesion based on the decrease in E-cadherin and β-catenin immunofluorescence relative to control cells. 
Additionally, CNN3 deficient lens epithelial cells reveal significant (*P < 0.01; Student t test) increases in the 
levels of p-paxillin, P-FAK and p-MYPT1 with a concomitant decrease in E-cadherin and β-catenin levels but 
no change in phospho-MLC relative to controls, based on immunoblotting analyses (Panel E) and densitometric 
quantification (Panel F). GAPDH was probed as a loading control. Sc and Scr siRNA: Scrambled siRNA. Scale 
bars indicate image magnification.
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Figure 6.  CNN3 deficiency induces activation of the Yap/Taz and fibrogenic responses in lens epithelial cell 
cultures. siRNA-mediated downregulation of CNN3 expression in mouse lens epithelial cells as described in 
the Methods section results in significant decreases (*P < 0.01; Student t test) in the levels of phospho-Yap and 
total Yap, together with significant increase (*P < 0.01; Student t test) in the protein levels of Taz compared to 
controls cells treated with scrambled siRNA, based on immunoblotting analysis (panel A) and densitometric 
quantification (panel B). There was robust nuclear translocation of Yap in CNN3 deficient lens epithelial cells 
based on immunofluorescence analysis (panel C). Significant increases (*P < 0.05; Student t test) were also 
observed in the levels of CTGF and fibronectin (immunoblotting, panel D and densitometry, panel E) and 
fibronectin production (immunofluorescence; panel F) in CNN3 deficient lens epithelial cells compared to 
respective control cells. Scale bars indicate image magnification and GAPDH was immunoblotted for loading 
control. Sc and Scr siRNA: Scrambled siRNA.
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E-cadherin immunofluorescence in association with increased α-SMA and fibronectin immunofluorescence 
staining compared to control specimens (Fig. 7A). Similar to F-actin organization, αSMA also exhibits stress 
fiber like distribution in the CNN3 deficient explants. In control specimens, there was very little αSMA and 
fibronectin immunofluorescence staining (Fig. 7A). Most significantly, immunofluorescence analysis confirmed 
robust translocation of Yap into the epithelial cell nucleus in CNN3 deficient lens explants, relative to the respec-
tive controls (Fig. 7A). A significant increase was also documented in the levels of αSMA and fibronectin (n = 4) 
and decrease in E-cadherin (n = 2; by 90%) in CNN3 deficient lens epithelial explants compared to control spec-
imens (Fig. 7B,C). Collectively, these lens epithelial explant observations are consistent with those noted in lens 
epithelial cell cultures.

Figure 7.  CNN3 knockdown by siRNA treatment of lens epithelial explants induces reorganization of actin 
stress fibers, and increases α-SMA and fibronectin in association with increased Yap nuclear translocation 
and decreased E-Cadherin. (A). Treatment of mouse lens epithelial explants with CNN3 siRNA for 72 hours 
induces changes in cell morphology from the epithelial hexagonal shape to an elongated morphology with 
reorganization of actin stress fibers (TRITC-phalloidin staining) distributing transversely throughout the cell 
body, reorganization of p-MLC similar to actin stress fibers, a robust increase in α-SMA and fibronectin levels 
and translocation of Yap into the nucleus and decrease in E-cadherin staining compared to cells treated with 
a scrambled siRNA as evidenced by immunofluorescence evaluation. Scale bars indicate image magnification. 
(B,C) Immunoblot based quantification under the above described conditions showed a significant decrease 
(*P < 0.05; n = 4; Student t test) in CNN3 and ~90% (n = 2) decrease in E-cadherin protein levels, and an 
increase in the levels of α-SMA and fibronectin (n = 4; *P < 0.05; Student t test) in CNN3 siRNA treated 
epithelial explants compared to the respective controls. GAPDH was immunoblotted as a loading control. Data 
for two representative samples (Lanes 1 and 2) are provided in panel B. Sc and Scr siRNA: Scrambled siRNA.
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Discussion
Although the actin cytoskeleton and actomyosin contractile activity have been recognized to play a crucial role 
in lens epithelial morphogenesis and maintenance, the identity of various proteins that interact with and regulate 
organization of the actin cytoskeleton and actomyosin contraction in the lens are not well characterized5,10. In 
this regard, and for the first time to the best of our knowledge, this study reports the acidic isoform of calponin 
(CNN3) is preferentially and abundantly expressed in the ocular lens, distributing predominantly to the lens epi-
thelium. CNN3 colocalizes with F-actin, with the two proteins distributing to the plasma membrane in the lens 
epithelium. Although CNN3 expression in the lens epithelium is induced by external cues (LPA and TGF-beta2), 
its Thr288 phosphorylation is also up-regulated, likely mediated through MEKK1. This phosphorylation is pre-
sumed to suppressing the inhibitory effects of CNN3 and leads to the increase of the myosin Mg2+ATPase activity 
and contractility21. Consequently, the effects of CNN3 Thr 288 phosphorylation are expected to be similar as 
CNN3 deficiency. Downregulation of CNN3 expression in lens epithelial cells was found to induce changes in cell 
shape, reorganization of actin cytoskeleton and formation of focal adhesions resulting in activation of mechano-
sensitive transcription factor Yap and to stimulate the production of CTGF, αSMA and fibronectin in association 
with decreased E-cadherin and β-catenin in the lens epithelium. These observations reveal that both CNN3 and 
MEKK1-mediated phosphorylation of CNN3 play a crucial role in regulation of contractile force and mainte-
nance of the lens epithelial phenotype. Based on these observations we speculate that dysregulation of CNN3 
expression and phosphorylation induces EMT and fibrogenic activity in lens epithelial cells by the contractile 
mechanical force augmented activation of Yap/Taz transcriptional activity and cell plasticity (Fig. 8).

Lens epithelial morphogenesis, polarity and cell-cell junction integrity have been demonstrated to be regu-
lated by actin cytoskeletal organization, non-muscle myosin II, integrins, ankyrin-G and Rho, Rac and Rap1 GTP
ases3,6,8–12,26,36. Additionally, disruption of lens epithelial actin cytoskeletal organization, polarity and cell-cell 
junctional integrity have been recognized to impair epithelial morphogenesis, induce EMT and increase pro-
duction of extracellular matrix8,9,12,37. Interestingly, development of posterior capsular cataracts (PCO) is a very 
common secondary pathology in patients with intraocular lenses, and is associated with altered lens epithelial 
plasticity and EMT38,39. However, the causes underlying susceptibility of lens epithelial cells to undergo EMT 
and become plastic and fibrogenic are far from understood38. This also raises a question regarding the iden-
tity of unique molecular mechanisms governing maintenance of lens epithelial phenotype and polarity. Towards 
addressing these questions and having recognized the importance of various signaling pathways and proteins in 
regulating actin cytoskeletal organization and cell-cell junctions, we initiated an assessment of the transcriptome 
profile of various actin and actomyosin interacting proteins in the mouse lens based on RNA-seq and cDNA 
microarray analyses. In initial analyses, we recognized that CNN3 was expressed not only preferentially but abun-
dantly in the lens relative to the CNN1 and CNN2 isoforms, and also that phosphorylation of CNN3 residue 
Thr288 was readily detected in lens epithelium.

Based on the above observations we proceeded to determine the cellular localization of CNN3 in both mouse 
lens epithelial cultures and epithelial explants. As has been shown in other cell types21,24, in lens epithelial cultures, 
CNN3 was found to colocalize with F-actin and distribute to actin stress fibers, whereas in lens epithelial explants, 
CNN3 was noted to distribute predominantly to the plasma membrane, and colocalize with F-actin in this region. 
Additionally, in the lens epithelial explant, CNN3 exhibited an intense distribution to the primary cilium which 
has been shown to be involved in planar cell polarity and maintaining lens polarity and alignment of fibers cells 
along the lens anterior to posterior axis40,41. Studies have demonstrated that lens fiber cells possess an apically 
situated cilium and polarized towards the anterior pole, and also that when lens epithelial explants are isolated, 
the primary cilium containing apical portion of fiber cells breaks down with the broken part retained by epithelial 
cells of explants, as found in this study40. In the lens primary cilium, CNN3 exhibits colocalization with F-actin. 
The actin cytoskeleton and actin cytoskeletal regulatory proteins along with microtubules are well-recognized 
components of the primary cilium42. Although we do not currently have experimental evidence, it appears quite 

Figure 8.  Schematic illustration of CNN3 deficiency and phosphorylation induced changes in lens epithelial 
cell shape in association with reorganization of actin stress fibers and increased focal adhesions and a decrease 
in E-cadherin-based cell-cell junctions, leading to stimulation of Yap/Taz transcriptional activity, and 
expression of markers of epithelial to mesenchymal transition (EMT) including accumulation of extracellular 
matrix. These observations collectively imply a critical role for CNN3 in maintaining the lens epithelial 
phenotype. Upward and downward pointing arrows indicate upregulated and downregulated responses, 
respectively. The red and blue stains depict organization of actin filaments and focal adhesions, respectively.
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likely that based on its distribution profile to the primary cilium, CNN3 may play a critical role in maintenance of 
lens epithelial and fiber cell polarity and the apical-apical interaction between these two types of cells in the lens.

Interestingly, in this study we found evidence for the ability of LPA and TGF-β2 to stimulate an increase 
in CNN3 levels in lens epithelial cultures, indicating that the expression of CNN3 is subject to regulation by 
growth factors and extracellular cues. Additionally, the contractile activity of calponin is known to be negatively 
regulated in part via Protein kinase C-mediated phosphorylation, and that phosphorylated calponin by protein 
kinase C has been demonstrated to suppress its inhibitory activity of the Mg2 + ATPase of myosin II18,19. Rho 
kinase and MEKK1 have also been reported to regulate CNN3 phosphorylation in various cell types. Although 
Rho kinase-mediated phosphorylation of CNN3 has been shown to increase actin stress fiber formation and 
regulate wound healing and trophoblast cell fusion, a definitive involvement of CNN3 in this response was not 
clear22–24. On the other hand, MEKK1 regulated phosphorylation of CNN3 residue Thr288 and decreased CNN3 
expression have been demonstrated to increase contractile activity in C2C12 and U2OS cells, respectively21,24. In 
this study, we confirmed not only Thr288 phosphorylation of CNN3 in the lens epithelium, but also the induction 
of CNN3 phosphorylation by LPA and TGF-β2, stimuli that also known to activate MEKK1 signaling32,34. We 
further demonstrated that MEKK1 exhibits a distribution profile like that of CNN3, with both proteins localizing 
discretely to the lens epithelium. No other kinases have been found to mediate phosphorylation of CNN3 on 
amino acid residue Thr28821. It is also important to note that MEKK1 has been demonstrated to regulate actin 
stress, focal adhesions formation and phosphorylation of myosin light chain43–46, with CNN3 being reported to 
partially account for MEKK1-regulated actin cytoskeletal changes21.

Our results show that siRNA-mediated deficit of CNN3 expression in lens epithelial cultures and epithelial 
explants is associated with a reorganization of actin stress fibers together with an increase in focal adhesion for-
mation indicating enhanced contractile activity. This observation is consistent with increased contractile activity 
of actin stress fibers reported in U2OS osteosarcoma cells under deficiency of CNN324. More importantly, we 
found convincing evidence for stimulation of Yap transcriptional activity in CNN3 deficient lens epithelial cells 
as evidenced by decreased levels of phosphorylated Yap and increased Yap nuclear translocation, and recorded 
an increase in levels of CTGF, a well-recognized Yap regulated target gene35. Together with these observations, we 
also obtained evidence for a decrease in E-cadherin and β-catenin levels in CNN3 deficient lens epithelial cultures 
and epithelial explants. Yap/Taz transcriptional activators are recognized to be regulated by cell shape and polar-
ity, actin cytoskeletal integrity, cell adhesion, Rho GTPases and mechanical forces35,47,48, while the Hippo-Yap 
pathway is known to play a crucial role in regulating organ size, growth and cell proliferation35. Therefore, it is 
possible that altered cell polarity, cell-cell junctions and increased contractile force generated under deficiency of 
CNN3 activates Yap/Taz transcriptional activity in the lens epithelium, leading to induction of CTGF expression, 
αSMA and fibronectin all markers of a fibrogenic response associated with EMT (Fig. 8). LPA is recognized to 
regulate Yap/Taz activity via inactivation of LATS1/2,49 a Hippo pathway kinase, and we have also demonstrated 
a definitive association between LPA, LPA receptor-mediated increase in contractile activity and activation of 
Yap/Taz and fibrotic responses in trabecular meshwork cells50. TGF-β has similarly been shown to mediate cross-
talk between Yap/Taz transcription and Wnt signaling and induce EMT and fibrogenic response51. Although 
deficiency of CNN3 is reported to induce neuronal stem cell proliferation via increased nuclear translocation of 
β-catenin and Wnt activation15, we did not detect nuclear translocation of β-catenin in lens epithelial cells and 
explants.

In conclusion, this study indicates an important role for CNN3 in regulating the lens epithelial phenotype and 
reveals that CNN3 deficiency induces changes in cell shape, cell adhesion, polarity and an increase in contractile 
activity leading to Yap/Taz activation and EMT. In future experiments it is necessary to investigate the role of 
CNN3 in lens development and function by developing a conditional knockout model and to decipher regulation 
of CNN3 expression and phosphorylation in the context of EMT, which is considered to play a crucial role in 
PCO38.

Methods
Mice.  All studies using mice (male and female animals of the C57BL/6J strain; MEKK1 mutant and CD1 
strain) were carried out in accordance with the recommendations of the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Duke University School of Medicine.

Cell culture and treatments.  Primary epithelial cells were isolated by collagenase IV digestion of lens 
capsule/epithelium derived from postnatal (P21 to P30) mice. Briefly, mouse lenses were microdissected using a 
dissecting microscope to isolate the capsules/epithelium, cut into tiny pieces and digested for 90 minutes at 37 °C 
in medium 199 (Gibco) containing 1.5 mg/ml collagenase IV and 0.2 mg/ml albumin. The digested contents were 
centrifuged (at 2500 rpm) for 10 minutes at 37 °C, and the cell pellet was suspended in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum (FBS), and plated on gelatin (2%) coated petri plates. Cells 
derived using this protocol and passages between 2–6 times were used for immunoblotting and immunofluores-
cence analyses. Confluent cell cultures grown either on 2% gelatin coated glass coverslips or plastic petri plates 
as described above were serum starved for 24 hours prior to being treated with LPA (20 μm; Cayman chemicals) 
or TGF-β2 (10 ng/ml; Millipore-Sigma) for 24 hours. For siRNA treatment, lens epithelial cells grown on gelatin 
coated glass coverslips or plastic petri plates (80% confluent) as described above were treated with Opti-MEM 
(Gibco) containing Lipofectamine® RNAiMAX transfection reagent (ThermoFisher Scientific) and 50 pmoles 
of CNN3 siRNA or scrambled siRNA (Santa Cruz Biotechnologies) for 30 minutes prior to supplementation 
with media containing 10% FBS and continued incubation for 48 hours. Cells were then incubated for another 
24 hours in serum free medium prior to use in immunostaining or immunoblotting analyses.
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Lens epithelial explants and treatments.  To isolate lens epithelial explants, mouse (P21) lenses were 
dissected and rinsed. After carefully making a small nick at the posterior side of the capsule, 4 to 5 flaps of capsule 
were peeled away as described by Sugiyama et al.40. These epithelial explants were either fixed immediately with 
4% buffered paraformaldehyde for immunostaining or treated with CNN3 siRNA as described above for lens 
epithelial cell cultures. Following siRNA treatment, explants were fixed for immunofluorescence analysis or used 
to prepare lysates for immunoblot analysis.

RT-PCR and q-RT-PCR.  Expression profiles of calponin isoforms and MEKK1 in mouse lens tissue was 
initially performed by RT-PCR (Reverse transcription polymerase chain reaction) analysis of total RNA extracted 
from mouse lenses (P2, and P21-day-old) using the RNeasy Micro kit (Qiagen). The Advantage RT-for-PCR 
Kit (Clontech) was used to synthesize first-strand cDNA from total RNA isolated. First strand cDNA and the 
Advantage® 2 PCR Kit (Clontech) were used to quantitate expression of calponin isoforms (CNN1, 2 & 3) and 
MEKK1 genes. The following mouse oligonucleotide primer sets (forward/reverse) were used in PCR reactions:

Calponin-1: 5′-GCCCAGAAATACGACCATCA-3/5′-GTACCCAGTTTGGGATCATAGAG-3′; product size 
(518 bp).

Calponin-2: 5′-CAGAACTCCGAAGCTGGATAG-3′/5′-CGCTCTCGAACAGGTCATT-3′; product size 
(249 bp).

Calponin-3: 5′-GGACTCGGAGGCATCTTTATG/5′-CCCATACACGCTCATTCCTT-3′; product size: 
(239 bp).

MEKK1: 5′-GTGGTGAAGCCAATCCCTATTA-3′/5′-CTGTCTCCTCCAATCAGGAAAG-3′; product size 
(712 bp).

PCR products were sequenced to confirm identity.
Real-time PCR (qRT-PCR) quantitation of calponin isoforms was performed using CFX96 Touch™ qPCR 

system (Bio-Rad). Briefly, the first strand cDNA pools from P2 and P21 were normalized to the levels of house-
keeping gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase). PCR reactions were carried out in triplicate 
using iQ™ SYBR® Green Supermix, (Bio-Rad). The fold difference in gene expression of calponin isoforms was 
calculated by the comparative threshold (CT) method, as described by the manufacturer.

Immunofluorescence and Imaging.  Lens frozen sections.  Embryonic heads (E12.5 and E16.5) and adult 
P28 day-old mouse eyes, were fixed in 4% buffered paraformaldehyde, cryoprotected, embedded in OCT (opti-
cal cutting temperature) compound and 10 μm sections were cut in sagittal plane using Microm HM 550 as 
described by us earlier9. Cryosections were incubated overnight with CNN3 rabbit polyclonal antibody (details 
are described in Table S1; Supplemental material) as we described earlier9. Following this, sections were washed 
and incubated with Alexa Fluor® 488 goat anti-rabbit secondary antibody (Invitrogen) before image capture 
using an Eclipse 90i confocal laser scanning microscope (Nikon Instruments, Inc.)9.

Lens epithelial explants.  Lens epithelial explants treated with either CNN3 siRNA or scrambled siRNA 
as described above were fixed for 30 minutes with 4% buffered paraformaldehyde before being perme-
abilized and blocked as described for lens cryosections. Explants were then stained for F-actin using TRITC 
(Tetramethylrhodamine)-Phalloidin (1:500 dilution) and immunostained for p-MLC, E-Cadherin, α-SMA, 
fibronectin and YAP using the respective antibodies (Table S1). Images were acquired using an Eclipse 90i con-
focal laser scanning microscope.

Lens epithelial cells.  Mouse lens primary epithelial cell cultures grown on glass cover slips with 10% FBS 
media as outlined above were fixed, permeabilized and immunostained for CNN3 alone or co-stained with 
TRITC-Phalloidin as described earlier27. Similarly, cells treated either with CNN3 siRNA or scrambled siRNA 
were fixed, permeabilized and immunostanied for p-FAK, p-Paxillin, E-Cadherin, β-catenin, fibronectin and 
YAP using respective antibodies (Table S1) in conjunction with appropriate secondary antibodies27. Coverslips 
were mounted on glass slides with Immu-mount and images were captured using an Eclipse 90i confocal laser 
scanning microscope.

X-gal immunostaining.  MEKK1 mutant and CD-1 wild type (Albino) postnatal (P7) eye samples were 
immersion fixed in 2% paraformaldehyde, 0.2% glutaraldehyde for 20 minutes at room temperature and washed 
in 1X PBS three times at 10 minutes each. Samples were immersed in stain solution containing 100 mM NaHPO4 
(pH 7.3), 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, 2 mM MgCl2, 0.02%NP40, 1 mg/ml X-gal and incubated over-
night at 37 °C as described earlier34. Stained samples were immersion fixed in 4% paraformaldehyde overnight 
at 4 °C and processed to paraffin and sectioned at 8–14 μm. Sections were counterstained by brief immersion in 
diluted Eosin, and mounted with xylene mounting medium and a coverslip for imaging. Images were captured 
using an AxioScope.A1 (Zeiss).

Immunoblots.  Lens tissue and epithelial cell lysates.  Wild type mouse lenses (P21 day-old) were homoge-
nized in hypotonic buffer, separated the soluble and insoluble (membrane-enriched) fractions and protein con-
centration was estimated as described earlier25. To determine the presence of CNN3 in human lens, a 56-year-old 
human donor lens (Miracles In Sight, NC, USA), was microdissected into five regions (L1: capsule/epithelium, 
L2: outer cortical region, L3: inner cortical region, L4: outer nucleus and L5: central nucleus), homogenized in 
hypotonic buffer as described above. The 800 × g supernatants generated from each region was immunoblotted. 
Additionally, freshly extracted mouse lenses from weaned mice were microdissected to separate the capsule/
epithelium and fiber cell mass using a dissecting microscope. Dissected tissue fractions were homogenized in 
hypotonic buffer as mentioned above, and equal amounts of protein from the 800 × g supernatants were used in 
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immunoblotting analyses. Similarly, mouse lens epithelial explants transfected with CNN3 siRNA and scram-
bled siRNA were homogenized in 8 M urea buffer containing 20 mM Tris, 23 mM glycine, 10 mM dithiothreitol 
and saturated sucrose containing protease and phosphatase inhibitors25. The 800 × g supernatants derived from 
explants were used for immunoblotting analyses.

For the mouse lens epithelial cell cultures, cells subjected to different treatments were rinsed with cold phos-
phate buffered saline (PBS) and extracted with cold 10% trichloroacetic acid. The cell precipitates (derived from 
the centrifugation at 13,000 rpm) were washed with cold PBS and dissolved in 8 M urea buffer described above 
using sonication. Protein content was determined using Pierce™ 660 nm Protein Assay Reagent.

Immunoblot analyses.  Equal amounts of protein from both treated and untreated or soluble and membrane 
fractions described above were resolved by SDS-PAGE (Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis) using gels consisting of an appropriate percent of acrylamide depending on the proteins to be analyzed. 
Proteins were electrophoretically transferred to nitrocellulose membrane which was then blocked with 5% milk 
protein in Tris buffered saline (TBS) containing 1% Tween-20 for 2 hours prior to being incubated overnight at 
4 οC with the primary antibodies of interest (Table S2; Supplemental Material) in blocking buffer25. Membranes 
were washed with TBS buffer containing 1% Tween 20 and incubated with appropriate secondary antibodies 
for 2 hours at room temperature. Immunoblots were developed by enhanced chemiluminescence (Millipore 
Sigma, St. Louis, MO), followed by scanning and analysis using ChemiDoc Touch imaging and Image Lab™ 
Touch Software (Bio-Rad Laboratories, Hercules, Ca), respectively25. Densitometry analyses were carried out 
using Image J software. For determining the distribution of CNN3 between the soluble and insoluble (membrane 
enriched) fractions of the mouse lens described in Fig. 1, protein loading was normalized using a common pro-
tein band indicated in Fig. 1 as loading control (LC). For this, equal amounts of protein (10 µg) from both the 
soluble and insoluble fractions were separated on SDS-PAGE and separated proteins stained with Gelcode blue 
stain. A protein band which exhibited equal distribution between the two samples was used as a loading control, 
and staining intensity was assed using Image J.

Statistical analyses.  All data are reported as mean ± SEM (standard error of the mean) values based upon 
analysis of at least 4 independent samples, until otherwise mentioned. Comparisons between groups were per-
formed using the Student’s t-test, with values of *P < 0.05 being considered statistically significant.

Received: 21 March 2019; Accepted: 9 January 2020;
Published: xx xx xxxx

References
	 1.	 Pascolini, D. & Mariotti, S. P. Global estimates of visual impairment: 2010. The British journal of ophthalmology 96, 614–618, https://

doi.org/10.1136/bjophthalmol-2011-300539 (2012).
	 2.	 Asbell, P. A. et al. Age-related cataract. Lancet 365, 599–609, https://doi.org/10.1016/S0140-6736(05)17911-2 (2005).
	 3.	 Cvekl, A. & Zhang, X. Signaling and Gene Regulatory Networks in Mammalian Lens Development. Trends in genetics: TIG 33, 

677–702, https://doi.org/10.1016/j.tig.2017.08.001 (2017).
	 4.	 McAvoy, J. W., Chamberlain, C. G., de Iongh, R. U., Hales, A. M. & Lovicu, F. J. Lens development. Eye 13(Pt 3b), 425–437, https://

doi.org/10.1038/eye.1999.117 (1999).
	 5.	 Cheng, C., Nowak, R. B. & Fowler, V. M. The lens actin filament cytoskeleton: Diverse structures for complex functions. Experimental 

eye research 156, 58–71, https://doi.org/10.1016/j.exer.2016.03.005 (2017).
	 6.	 Sue Menko, A. Lens epithelial cell differentiation. Experimental eye research 75, 485–490 (2002).
	 7.	 Rao, P. V. & Maddala, R. The role of the lens actin cytoskeleton in fiber cell elongation and differentiation. Seminars in cell & 

developmental biology 17, 698–711, https://doi.org/10.1016/j.semcdb.2006.10.011 (2006).
	 8.	 Rasiah, P. K., Maddala, R., Bennett, V. & Rao, P. V. Ankyrin-G regulated epithelial phenotype is required for mouse lens 

morphogenesis and growth. Developmental biology 446, 119–131, https://doi.org/10.1016/j.ydbio.2018.12.016 (2019).
	 9.	 Maddala, R., Nagendran, T., Lang, R. A., Morozov, A. & Rao, P. V. Rap1 GTPase is required for mouse lens epithelial maintenance 

and morphogenesis. Developmental biology 406, 74–91, https://doi.org/10.1016/j.ydbio.2015.06.022 (2015).
	10.	 Chauhan, B., Plageman, T., Lou, M. & Lang, R. Epithelial morphogenesis: the mouse eye as a model system. Current topics in 

developmental biology 111, 375–399, https://doi.org/10.1016/bs.ctdb.2014.11.011 (2015).
	11.	 Pontoriero, G. F. et al. Co-operative roles for E-cadherin and N-cadherin during lens vesicle separation and lens epithelial cell 

survival. Developmental biology 326, 403–417, https://doi.org/10.1016/j.ydbio.2008.10.011 (2009).
	12.	 Korol, A., Taiyab, A. & West-Mays, J. A. RhoA/ROCK signaling regulates TGFbeta-induced epithelial-mesenchymal transition of 

lens epithelial cells through MRTF-A. Molecular medicine 22, 713–723, https://doi.org/10.2119/molmed.2016.00041 (2016).
	13.	 Liu, R. & Jin, J. P. Calponin isoforms CNN1, CNN2 and CNN3: Regulators for actin cytoskeleton functions in smooth muscle and 

non-muscle cells. Gene 585, 143–153, https://doi.org/10.1016/j.gene.2016.02.040 (2016).
	14.	 Rozenblum, G. T. & Gimona, M. Calponins: adaptable modular regulators of the actin cytoskeleton. The international journal of 

biochemistry & cell biology 40, 1990–1995, https://doi.org/10.1016/j.biocel.2007.07.010 (2008).
	15.	 Junghans, D. & Herzog, S. Cnn3 regulates neural tube morphogenesis and neuronal stem cell properties. The FEBS journal 285, 

325–338, https://doi.org/10.1111/febs.14338 (2018).
	16.	 Ferhat, L. et al. Acidic calponin cloned from neural cells is differentially expressed during rat brain development. The European 

journal of neuroscience 8, 1501–1509 (1996).
	17.	 Morgan, R. et al. Calponin modulates the exclusion of Otx-expressing cells from convergence extension movements. Nature cell 

biology 1, 404–408, https://doi.org/10.1038/15635 (1999).
	18.	 Winder, S. J. & Walsh, M. P. Calponin: thin filament-linked regulation of smooth muscle contraction. Cellular signalling 5, 677–686 

(1993).
	19.	 Tang, D. C., Kang, H. M., Jin, J. P., Fraser, E. D. & Walsh, M. P. Structure-function relations of smooth muscle calponin. The critical 

role of serine 175. The Journal of biological chemistry 271, 8605–8611 (1996).
	20.	 Kaneko, T. et al. Identification of calponin as a novel substrate of Rho-kinase. Biochemical and biophysical research communications 

273, 110–116, https://doi.org/10.1006/bbrc.2000.2901 (2000).
	21.	 Hirata, H. et al. MEKK1-dependent phosphorylation of calponin-3 tunes cell contractility. Journal of cell science 129, 3574–3582, 

https://doi.org/10.1242/jcs.189415 (2016).

https://doi.org/10.1038/s41598-020-58189-y
https://doi.org/10.1136/bjophthalmol-2011-300539
https://doi.org/10.1136/bjophthalmol-2011-300539
https://doi.org/10.1016/S0140-6736(05)17911-2
https://doi.org/10.1016/j.tig.2017.08.001
https://doi.org/10.1038/eye.1999.117
https://doi.org/10.1038/eye.1999.117
https://doi.org/10.1016/j.exer.2016.03.005
https://doi.org/10.1016/j.semcdb.2006.10.011
https://doi.org/10.1016/j.ydbio.2018.12.016
https://doi.org/10.1016/j.ydbio.2015.06.022
https://doi.org/10.1016/bs.ctdb.2014.11.011
https://doi.org/10.1016/j.ydbio.2008.10.011
https://doi.org/10.2119/molmed.2016.00041
https://doi.org/10.1016/j.gene.2016.02.040
https://doi.org/10.1016/j.biocel.2007.07.010
https://doi.org/10.1111/febs.14338
https://doi.org/10.1038/15635
https://doi.org/10.1006/bbrc.2000.2901
https://doi.org/10.1242/jcs.189415


1 4Scientific Reports |         (2020) 10:1295  | https://doi.org/10.1038/s41598-020-58189-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	22.	 Shibukawa, Y. et al. Calponin 3 regulates actin cytoskeleton rearrangement in trophoblastic cell fusion. Molecular biology of the cell 
21, 3973–3984, https://doi.org/10.1091/mbc.E10-03-0261 (2010).

	23.	 Daimon, E., Shibukawa, Y. & Wada, Y. Calponin 3 regulates stress fiber formation in dermal fibroblasts during wound healing. 
Archives of dermatological research 305, 571–584, https://doi.org/10.1007/s00403-013-1343-8 (2013).

	24.	 Ciuba, K. et al. Calponin-3 is critical for coordinated contractility of actin stress fibers. Scientific reports 8, 17670, https://doi.
org/10.1038/s41598-018-35948-6 (2018).

	25.	 Maddala, R. & Rao, P. V. Switching of alpha-Catenin From Epithelial to Neuronal Type During Lens Epithelial Cell Differentiation. 
Investigative ophthalmology & visual science 58, 3445–3455, https://doi.org/10.1167/iovs.17-21539 (2017).

	26.	 Maddala, R. et al. Rac1 GTPase-deficient mouse lens exhibits defects in shape, suture formation, fiber cell migration and survival. 
Developmental biology 360, 30–43, https://doi.org/10.1016/j.ydbio.2011.09.004 (2011).

	27.	 Maddala, R., Reddy, V. N., Epstein, D. L. & Rao, V. Growth factor induced activation of Rho and Rac GTPases and actin cytoskeletal 
reorganization in human lens epithelial cells. Molecular vision 9, 329–336 (2003).

	28.	 Rao, P. V. Bioactive lysophospholipids: role in regulation of aqueous humor outflow and intraocular pressure in the context of 
pathobiology and therapy of glaucoma. Journal of ocular pharmacology and therapeutics: the official journal of the Association for 
Ocular Pharmacology and Therapeutics 30, 181–190, https://doi.org/10.1089/jop.2013.0194 (2014).

	29.	 Jampel, H. D., Roche, N., Stark, W. J. & Roberts, A. B. Transforming growth factor-beta in human aqueous humor. Current eye 
research 9, 963–969 (1990).

	30.	 Honjo, M. et al. Autotaxin-Lysophosphatidic Acid Pathway in Intraocular Pressure Regulation and Glaucoma Subtypes. Investigative 
ophthalmology & visual science 59, 693–701, https://doi.org/10.1167/iovs.17-23218 (2018).

	31.	 Liu, S. et al. FAK is required for TGFbeta-induced JNK phosphorylation in fibroblasts: implications for acquisition of a matrix-
remodeling phenotype. Molecular biology of the cell 18, 2169–2178, https://doi.org/10.1091/mbc.e06-12-1121 (2007).

	32.	 Zhang, L. et al. A role for MEK kinase 1 in TGF-beta/activin-induced epithelium movement and embryonic eyelid closure. The 
EMBO journal 22, 4443–4454, https://doi.org/10.1093/emboj/cdg440 (2003).

	33.	 Yujiri, T. et al. MEK kinase 1 gene disruption alters cell migration and c-Jun NH2-terminal kinase regulation but does not cause a 
measurable defect in NF-kappa B activation. Proceedings of the National Academy of Sciences of the United States of America 97, 
7272–7277, https://doi.org/10.1073/pnas.130176697 (2000).

	34.	 Xia, Y. et al. MEK kinase 1 is critically required for c-Jun N-terminal kinase activation by proinflammatory stimuli and growth 
factor-induced cell migration. Proceedings of the National Academy of Sciences of the United States of America 97, 5243–5248 (2000).

	35.	 Piccolo, S., Dupont, S. & Cordenonsi, M. The biology of YAP/TAZ: hippo signaling and beyond. Physiological reviews 94, 1287–1312, 
https://doi.org/10.1152/physrev.00005.2014 (2014).

	36.	 Simirskii, V. N., Wang, Y. & Duncan, M. K. Conditional deletion of beta1-integrin from the developing lens leads to loss of the lens 
epithelial phenotype. Developmental biology 306, 658–668, https://doi.org/10.1016/j.ydbio.2007.04.004 (2007).

	37.	 de Iongh, R. U., Wederell, E., Lovicu, F. J. & McAvoy, J. W. Transforming growth factor-beta-induced epithelial-mesenchymal 
transition in the lens: a model for cataract formation. Cells, tissues, organs 179, 43–55, https://doi.org/10.1159/000084508 (2005).

	38.	 Wormstone, I. M. & Eldred, J. A. Experimental models for posterior capsule opacification research. Experimental eye research 142, 
2–12, https://doi.org/10.1016/j.exer.2015.04.021 (2016).

	39.	 Nibourg, L. M. et al. Prevention of posterior capsular opacification. Experimental eye research 136, 100–115, https://doi.
org/10.1016/j.exer.2015.03.011 (2015).

	40.	 Sugiyama, Y. et al. Secreted frizzled-related protein disrupts PCP in eye lens fiber cells that have polarised primary cilia. 
Developmental biology 338, 193–201, https://doi.org/10.1016/j.ydbio.2009.11.033 (2010).

	41.	 Sugiyama, Y. et al. Non-essential role for cilia in coordinating precise alignment of lens fibres. Mechanisms of development 139, 
10–17, https://doi.org/10.1016/j.mod.2016.01.003 (2016).

	42.	 Farina, F. et al. The centrosome is an actin-organizing centre. Nature cell biology 18, 65–75, https://doi.org/10.1038/ncb3285 (2016).
	43.	 Zhang, L. et al. MEKK1 transduces activin signals in keratinocytes to induce actin stress fiber formation and migration. Molecular 

and cellular biology 25, 60–65, https://doi.org/10.1128/MCB.25.1.60-65.2005 (2005).
	44.	 Christerson, L. B., Vanderbilt, C. A. & Cobb, M. H. MEKK1 interacts with alpha-actinin and localizes to stress fibers and focal 

adhesions. Cell motility and the cytoskeleton 43, 186–198, 10.1002/(SICI)1097-0169(1999)43:3<186::AID-CM2>3.0.CO;2-1 (1999).
	45.	 Deng, M., Ding, W., Min, X. & Xia, Y. MLCK-independent phosphorylation of MLC20 and its regulation by MAP kinase pathway 

in human bladder smooth muscle cells. Cytoskeleton 68, 139–149, https://doi.org/10.1002/cm.20471 (2011).
	46.	 Cuevas, B. D. et al. MEKK1 regulates calpain-dependent proteolysis of focal adhesion proteins for rear-end detachment of migrating 

fibroblasts. The EMBO journal 22, 3346–3355, https://doi.org/10.1093/emboj/cdg322 (2003).
	47.	 Elbediwy, A. & Thompson, B. J. Evolution of mechanotransduction via YAP/TAZ in animal epithelia. Current opinion in cell biology 

51, 117–123, https://doi.org/10.1016/j.ceb.2018.02.003 (2018).
	48.	 Dupont, S. Role of YAP/TAZ in cell-matrix adhesion-mediated signalling and mechanotransduction. Experimental cell research 343, 

42–53, https://doi.org/10.1016/j.yexcr.2015.10.034 (2016).
	49.	 Yu, F. X. et al. Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell 150, 780–791, https://doi.

org/10.1016/j.cell.2012.06.037 (2012).
	50.	 Ho, L. T. Y., Skiba, N., Ullmer, C. & Rao, P. V. Lysophosphatidic Acid Induces ECM Production via Activation of the 

Mechanosensitive YAP/TAZ Transcriptional Pathway in Trabecular Meshwork Cells. Investigative ophthalmology & visual science 
59, 1969–1984, https://doi.org/10.1167/iovs.17-23702 (2018).

	51.	 Piersma, B., Bank, R. A. & Boersema, M. Signaling in Fibrosis: TGF-beta, WNT, and YAP/TAZ Converge. Frontiers in medicine 2, 
59, https://doi.org/10.3389/fmed.2015.00059 (2015).

Acknowledgements
This study was supported by a grant from the National Institutes of Health (R01EY025096; Bethesda, MD, USA). 
The authors thank Kelly Buddin and Jianming Qiu for their technical help in this project, and Yasuhiro Sawada, 
M.D., Ph.D from National Rehabilitation Center for Persons with Disabilities, Japan for his generous gift of 
MEKK1 Thr288 phospho-specific antibody.

Author contributions
R.M. carried out the experiments and analyzed the data; M.M. and Y.X. provided the MEKK1 data; P.V.R. initiated 
the project and analyzed the data. P.V.R., R.M. and Y.X. prepared the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58189-y.

https://doi.org/10.1038/s41598-020-58189-y
https://doi.org/10.1091/mbc.E10-03-0261
https://doi.org/10.1007/s00403-013-1343-8
https://doi.org/10.1038/s41598-018-35948-6
https://doi.org/10.1038/s41598-018-35948-6
https://doi.org/10.1167/iovs.17-21539
https://doi.org/10.1016/j.ydbio.2011.09.004
https://doi.org/10.1089/jop.2013.0194
https://doi.org/10.1167/iovs.17-23218
https://doi.org/10.1091/mbc.e06-12-1121
https://doi.org/10.1093/emboj/cdg440
https://doi.org/10.1073/pnas.130176697
https://doi.org/10.1152/physrev.00005.2014
https://doi.org/10.1016/j.ydbio.2007.04.004
https://doi.org/10.1159/000084508
https://doi.org/10.1016/j.exer.2015.04.021
https://doi.org/10.1016/j.exer.2015.03.011
https://doi.org/10.1016/j.exer.2015.03.011
https://doi.org/10.1016/j.ydbio.2009.11.033
https://doi.org/10.1016/j.mod.2016.01.003
https://doi.org/10.1038/ncb3285
https://doi.org/10.1128/MCB.25.1.60-65.2005
https://doi.org/10.1002/cm.20471
https://doi.org/10.1093/emboj/cdg322
https://doi.org/10.1016/j.ceb.2018.02.003
https://doi.org/10.1016/j.yexcr.2015.10.034
https://doi.org/10.1016/j.cell.2012.06.037
https://doi.org/10.1016/j.cell.2012.06.037
https://doi.org/10.1167/iovs.17-23702
https://doi.org/10.3389/fmed.2015.00059
https://doi.org/10.1038/s41598-020-58189-y


1 5Scientific Reports |         (2020) 10:1295  | https://doi.org/10.1038/s41598-020-58189-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to P.V.R.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58189-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Calponin-3 deficiency augments contractile activity, plasticity, fibrogenic response and Yap/Taz transcriptional activation ...
	Results

	Preferential and abundant expression of the acidic calponin isoform (CNN3) in mouse lens, and CNN3 localization to the lens ...
	Colocalization with F-actin and distribution of CNN3 to the primary cilium of the lens epithelial cultures and explants, re ...
	LPA and TGF-β2 increase CNN3 protein levels and CNN3 Threonine 288 phosphorylation in mouse lens epithelial cell cultures. 
	MEKK1 exhibits a discrete distribution to the mouse lens epithelium. 
	CNN3 deficiency induces contractile morphology, actin cytoskeletal reorganization and focal adhesions formation in lens epi ...
	CNN3 deficiency induces Yap/Taz transcriptional activity in lens epithelial cells. 
	CNN3 knockdown induces epithelial plasticity and fibrogenic activity in association with Yap activation in lens epithelial  ...

	Discussion

	Methods

	Mice. 
	Cell culture and treatments. 
	Lens epithelial explants and treatments. 
	RT-PCR and q-RT-PCR. 
	Immunofluorescence and Imaging. 
	Lens frozen sections. 
	Lens epithelial explants. 
	Lens epithelial cells. 

	X-gal immunostaining. 
	Immunoblots. 
	Lens tissue and epithelial cell lysates. 
	Immunoblot analyses. 

	Statistical analyses. 

	Acknowledgements

	Figure 1 Preferential expression and discrete distribution of acidic calponin (CNN3) to the epithelium in mouse lenses.
	Figure 2 Distribution of CNN3 to the actin stress fibers, lateral membranes and primary cilia in mouse lens epithelial cells and explants.
	Figure 3 LPA and TGF-β2 induced expression and phosphorylation of CNN3 in mouse lens epithelial cultures.
	Figure 4 Expression and distribution of MEKK1 in mouse lens and detection of Thr288 phosphorylated CNN3 in lens epithelium.
	Figure 5 Downregulation of CNN3 expression induces changes in cell shape, reorganization of the actin cytoskeleton, increase focal adhesions and decreases in E-cadherin and β-catenin in lens epithelial cell cultures.
	Figure 6 CNN3 deficiency induces activation of the Yap/Taz and fibrogenic responses in lens epithelial cell cultures.
	Figure 7 CNN3 knockdown by siRNA treatment of lens epithelial explants induces reorganization of actin stress fibers, and increases α-SMA and fibronectin in association with increased Yap nuclear translocation and decreased E-Cadherin.
	Figure 8 Schematic illustration of CNN3 deficiency and phosphorylation induced changes in lens epithelial cell shape in association with reorganization of actin stress fibers and increased focal adhesions and a decrease in E-cadherin-based cell-cell junct




