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Abstract
Hyaluronan is an oligosaccharide found in the pericellular matrix of numerous cell types and
hyaluronan induced signaling is known to facilitate fibrosis and cancer progression in some tissues.
Hyaluronan is also commonly instilled into the eye during cataract surgery to protect the corneal
endothelium from damage. Despite this, little is known about the distribution of hyaluronan or its
receptors in the normal ocular lens. In this study, hyaluronan was found throughout the mouse lens,
with apparently higher concentrations in the lens epithelium. CD44, a major cellular receptor for
hyaluronan, is expressed predominately in mouse secondary lens fiber cells born from late
embryogenesis into adulthood. Surgical removal of lens fiber cells from adult mice resulted in a
robust upregulation of CD44 protein which preceded the upregulation of α-smooth muscle actin
expression typically used as a marker of epithelial-mesenchyme transition in this model of lens
epithelial cell fibrosis. Mice lacking the CD44 gene had morphologically normal lenses with a
response to lens fiber cell removal similar to wildtype, although they exhibited an increase in cell
associated hyaluronan. Overall, these data suggest that lens cells have a hyaluronan containing
pericellular matrix whose structure is partially regulated by CD44. Further, these data indicate that
CD44 upregulation in the lens epithelium may be an earlier marker of lens injury responses in the
mouse lens than the upregulation of α-smooth muscle actin.

Introduction
The ocular lens is a transparent, cellular tissue whose major function is to focus light onto the
retina (1). The anterior surface of the lens is composed of a monolayer of flattened, polarized
cells denoted the lens epithelium, while the remainder of the lens is made up of the lens fibers,
elongated polarized cells which are formed from lens epithelial precursors (2). The lens is
surrounded by the lens capsule, a thickened basement membrane which provides basal
attachment sites for both lens epithelial and fiber cells (3). The precise arrangement of lens
cells is important for lens transparency and loss of this organization is one of many causes of
cataract (4), the major cause of blindness worldwide (5-7).

Over the past thirty years, phacoemulsification has become the standard of care for cataract
treatment. In this method, the central lens epithelium and lens fiber cells are removed, leaving
the bulk of the lens capsule and peripheral lens epithelium behind. Refraction is then restored
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by the implantation of a foldable intraocular lens (IOL) into the empty capsular bag (8). While
current surgical methods have great benefits over prior cataract treatments, the residual lens
epithelial cells often change phenotype into a mixture of dysgenic lens fibers and migratory
myofibroblasts (9,10). If these cells migrate into the visual axis, posterior capsular
opacification (PCO) develops, and the patient’s vision is again impaired. While the overall rate
of PCO requiring medical treatment has declined in recent years due to improved surgical
methods and new IOLs which trap migrating lens cells at the periphery, it still occurs in 3-40%
of operated eyes (11,12). Further, accommodating intraocular lenses (IOL) implanted after
cataract surgery can rapidly lose their function since the entrapped lens epithelial cells nearly
always form new lens fibers at the periphery of the capsular bag (Soemmering’s ring) which
prevents force transmission to the accommodating IOL. Thus, understanding the molecular
mechanisms mediating lens responses to cataract surgery leading to both PCO and
Soemmering’s ring is important to improve visual outcomes including the restoration of
accommodation following cataract surgery (13).

Most evidence suggests that PCO forms due to a combination of increased proliferation of the
residual lens epithelial cells, the epithelial-mesenchymal transition (EMT) of these cells to
migratory myofibroblasts followed in some cases by the partial transition of these cells to a
lens fiber cell phenotype (9,10) which can swell to form Elschnig’s pearls (10). It is likely that
TGFβ induced signaling is important for the EMT response of lens cells (9). However, it is
apparent that the signaling leading to PCO is complex and requires cross talk between several
pathways including those induced by fibroblast growth factor (14,15), osteopontin (16),
hepatocyte growth factor (17), epidermal growth factor (18), integrins (19), and Wnts (20).
Overall, it is likely that the full extent of the pathways regulating PCO is not known.

CD44 was originally described as a cellular receptor for hyaluronan (21), a complex
oligosaccharide found in the pericellular matrix of numerous cell types (22) as well as both the
aqueous humor (23) and vitreous gel (24) of the eye. CD44 signaling induced by hyaluronan
engagement has been implicated in numerous fibrotic conditions (25-27) as well as the loss of
epithelial markers and enhanced cell migration in cancer (28). CD44 also functions as a
platform to assemble growth factors and MMPs at the cell surface and can serve as a co-receptor
for several receptor tyrosine kinases including TGFβ receptor type I, cMet, and ERBB (21,
29-31). Notably, CD44 expression has been detected in both human lens epithelial cells
obtained from cataractous lenses and PCO material (32) while function blocking CD44
antibodies reduced human lens epithelial cell proliferation/migration in vitro (33). However,
the distribution and function of CD44 in the normal lens has not been previously assessed. This
study describes the developmental expression pattern of CD44 and its ligand hyaluronan in the
mouse lens, the dynamics of its expression in the mouse lens following lens fiber cell removal
and whether deletion of the CD44 gene leads to any alterations in lens architecture or its
response to injury.

Materials and Methods
Animals

All experiments using animals were approved by the University of Delaware Institutional
Animal Care Committee and conform to the ARVO statement on the use of animals in
ophthalmic research. The wild type mice used in these experiments are derived from strain
C57Bl/6NHsd mice obtained from Harlan Laboratories (Indianapolis, Indiana) and were
produced in house at the University of Delaware animal facility. Homozygous null CD44 null
STOCK Cd44tm1Hbg/J mice (34) were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA) and bred in house. Mice with β1-integrin conditionally deleted from the lens were created
by mating mice harboring a floxed β1-integrin allele (35) with mice transgenic for MLR10-
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CRE (36) as described (37). Embryos were staged by defining noon of the day on which the
semen plug was observed as 0.5 days post-coitum (dpc).

Immunofluorescence
All immunofluorescence experiments were carried out as previously described (38). Briefly,
tissues were removed from mice that were sacrificed by carbon-dioxide inhalation, and
embedded in OCT (Sakura). Sections were obtained on a cryostat, mounted on slides and fixed
in 1:1 acetone:methanol at −20 °C for 20 minutes. The sections were air dried and blocked for
one hour at room temperature in 1% bovine serum albumin/phosphate buffered saline (PBS).
Primary antibodies were then applied to the slide and incubated for one hour at room
temperature. Following three room temperature washes in PBS, the slides were incubated in a
1:2000 dilution of Draq5 (Biostatus, Leicestershire, United Kingdom) with the addition of
appropriate AlexaFluor 568 labeled secondary antibodies (Invitrogen, Carlsbad, California)
for one hour at room temperature. The slides were washed, cover slipped and imaged with a
Zeiss LSM 510 VIS Confocal Microscope (Carl Zeiss, Inc., Gottingen, Germany) configured
with Argon/Krypton (488 and 568 nm excitation lines) and Helium Neon (633 nm excitation
line) lasers. All comparisons of staining intensity between specimens were done on sections
stained simultaneously and the imaging for each antibody was performed using identical laser
power and software settings to ensure validity of intensity comparisons.

Antibodies
The fluorescein labeled mouse monoclonal anti-α-smooth muscle actin antibody (clone 1A4,
#F3777, Sigma-Aldrich (St. Louis, Missouri) was used at a concentration of 10 μg/ml. CD44
was detected with a 1:400 dilution of a rat monoclonal antibody raised against CD44 (clone
IM7, #14-0441, eBioscience, San Diego, CA).

Hyaluronan detection
Hyaluronan was detected by a method similar to that previously described (39). Frozen sections
of unfixed eyes were prepared and fixed in 1:1 acetone:methanol as for immunofluorescence.
The sections were first blocked for non-specific protein binding with 1% BSA in PBS for one
hour at room temperature then the tissue bound biotin was blocked with a strepavidin/biotin
blocking kit (Vector Laboratories, Burlingame, CA) using the manufacturer’s protocol.
Biotinylated hyaluronic acid binding protein (2μg/mL in PBS, #0361C1703, Sigma-Aldrich,
St. Louis, Missouri) was overlaid onto the sections and incubated for one hour at room
temperature. The sections were washed twice for 10 minutes each in PBS, then overlaid with
a 1:200 dilution of streptavidin conjugated to AlexaFluor 488 (Invitrogen, #S11223) in PBS
with Draq5 (Biostatus) added at a 1:2000 dilution. Following a one hour room temperature
incubation, the slides were washed twice in PBS, the sections cover slipped and imaged as
above. Control slides were treated similarly except that biotinylated hyaluronic acid binding
protein was omitted.

Surgical removal of lens fiber cells
Lens fiber cell extraction was performed on living mice using a modification of a protocol first
described by Call et al. (40). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine
hydrochloride ophthalmic solution (Schein), then the mice were anesthetized with ketamine/
xylazine. The eye to be operated on was rinsed with balanced salt solution (BSS) and an
ophthalmic knife was used to make a 2-3 mm incision in the center of the cornea reaching to
the anterior lens capsule. The lens fiber cells were separated from the lens capsule with BSS,
then pressure was applied on both sides of the eye to express the lens fiber mass. The remaining
lens capsule was washed with BSS to remove residual cells and to inflate the anterior chamber
to its original depth. The corneal incision was closed with a single 10-0 nylon suture, and BSS
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was used to bring the anterior chamber back to its original depth. Erythromycin ophthalmic
ointment was applied topically and the mouse allowed to awaken. For analysis, mice were
sacrificed by carbon-dioxide inhalation 0, 6, 12, 24, and 48 hours after surgery and the operated
eyes removed for immunofluorescence and RNA isolation. At least three independent animals
were analyzed for each experiment.

Reverse transcription PCR (rt-PCR)
RNA was isolated from the cells remaining in the capsular bag following fiber cell removal
(four capsular bags were pooled for each sample) using the SV total RNA Isolation System
(Promega, Madison WI). Conventional rt-PCR was performed using the Qiagen One-Step RT-
PCR kit (Qiagen, Valencia, CA) while controls lacking reverse transcriptase were performed
using Hot Star DNA Polymerase (Qiagen). The CD44 forward primer used was derived from
exon 5 of the CD44 gene (5′- AGC AGC GGC TCC ACC ATC GAG A-3)′ while the CD44
reverse primer was from exon 16 (5′- TCG GAT CCA TGA GTC ACA GTG-3′). The cycling
conditions were 30 minutes at 50 °C, 15 minutes at 95 °C then 22 cycles of 94 °C, 30 seconds,
65 °C, 30 seconds; 72 °C, 90 seconds. RNA concentration was normalized against the
expression level of β2-microglobulin (βMG2) by rt-PCR analysis using primers 5′ TGG TGC
TTG TCT CAC TGA CC 3′ and 5′ TCA CAT GTC TCG ATC CCA GT 3′.

For quantitative, real-time rt-PCR, the mRNA was converted into cDNA using the RT2 PCR
array first strand synthesis kit using the protocol provided by the manufacturer (SuperArray
Bioscience, Frederick, MD). Real time PCR was performed on this cDNA with the above
primers for CD44, while the primers for four housekeeping genes: Hprt1 (hypoxanthine
guanine phosphoribosyl transferase 1), Gusb (beta glucuronidase) and Tbp (TATA box binding
protein) were obtained from SuperArray Bioscience (Frederick, MD). A total volume of 25
μl of PCR mixture, which included 12.5 μl of RT2 Real-Time SYBR Green/ROX PCR master
mix from SuperArray Bioscience (containing HotStart DNA polymerase, SYBR Green dye,
and the ROX reference dye), 1 μl of each primers, 1 μl of template cDNA, and 9.5 μl of
nuclease-free H2O was added to each well of a 96-well plate. All reactions were performed in
triplicate with appropriate negative controls. The real time PCR was performed using an
ABI7000 PCR machine (Applied Biosystems, Foster City, CA) with an initial 10minute step
at 95 °C followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. The cycle
threshold (Ct) data were imported into an Excel database and analyzed using the comparative
ΔCt method with normalization of the raw data to housekeeping genes. Statistical significance
of the data was analyzed with a two-tailed, non-paired Student’s t test. The presence of a single
product was confirmed by melting curve analysis and gel electrophoresis.

Results
CD44 protein is a late lens fiber cell marker in the normal mouse lens

Previously, CD44 mRNA and protein have been detected in adult human lens epithelial cells
(32,33,41,42), however, the expression pattern of CD44 during lens development has not been
previously reported. In the mouse lens, the first detectable CD44 protein was seen in newly
forming cortical lens fiber cells at 16.5 dpc (Figure 1B) while it was absent from the lens prior
to that point (Figure 1A, data not shown for earlier stages). CD44 protein levels remain high
in lens cortical fibers from birth (Figure 1C) into adulthood (Figure 1D, E) while it is not
detected in the lens epithelium (Figure 1B-E; Figure 3B) or embryonic lens nucleus (Figure
1C, D, E). The specificity of the antibody for CD44 was confirmed by the lack of staining in
adult lenses from CD44 null mice (Figure 1F).
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Hyaluronan is found in the lens and is increased following deletion of CD44
CD44 is a major receptor for hyaluronan, an oligosaccharide found in both extracellular and
pericellular matrices (22). Thus, we used hyaluronan binding protein affinity histochemistry
to determine the localization of hyaluronan in the lens. In the developing mouse lens, we
detected hyaluronan in/on all lens cells, even at stages prior to the onset of CD44 expression
(Figure 2A, data not shown). In the adult lens, hyaluronan was associated with both the lens
epithelium and fibers in a distribution consistent with its presence in the pericellular matrix
(see inset Figure 2B). In CD44 null mice, lens hyaluronan staining was consistently more
intense in both lens epithelial and fiber cells (Figure 2C) as compared to the wildtype lens
(Figure 2B).

CD44 protein levels upregulate prior to α smooth muscle actin in the lens epithelium
following fiber cell removal

In other tissues, CD44 is involved in the pathogenesis of fibrosis (26,27). Further, CD44 can
serve both as a scaffold for TGFβ activation by MMPs (30) and as a modulator of TGFβRI
phosphorylation (29,31). However, our immunolocalization data suggested that CD44 protein
was not found at appreciable levels in the mouse lens epithelium (Figure 1), although it has
been reported in human lens epithelium obtained from cataract surgeries (32,33). Thus, we
investigated whether CD44 protein levels upregulate in the lens epithelium during epithelial-
mesenchymal transition in vivo using a mouse cataract surgery model. Directly after lens fiber
cell removal, neither CD44 (Figure 3B) nor αSMA (Figure 3A) were detected in the lens
epithelial cells remaining in the eye. However, CD44 protein levels were consistently
upregulated strongly by 12 hours after fiber cell removal (Figure 3D) and remained high at 24
(Figure 3F) and 48 hours (Figure 3H) and 5 days (Figure 3J). In contrast, we never detected
an upregulation of αSMA protein levels prior to 24 hours after fiber cell removal (Figure 3C).
At 24 hours after fiber cell removal, elevated levels of αSMA protein were detected in many
cases (Figure 3E) although this upregulation was not consistently detected until 48 hours after
fiber cell removal (Figure 3G). At five days post fiber cell removal, high levels of both αSMA
(Figure 3I) and CD44 (Figure 3J) protein are found throughout the capsular plaque.

CD44 protein levels upregulate in the lens epithelium after αSMA in the β1-integrin null lens
We have previously shown that deletion of β1-integrin from the mouse lens using a CRE-LOX
approach results in the upregulation of αSMA expression in the lens epithelium followed by
destruction of these cells by apoptosis (37). Since the dynamics of CD44 expression in the lens
following fiber cell removal (Figure 3) suggested that CD44 upregulation could be an early
marker of lens EMT, we investigated the expression of CD44 in the β1-integrin null lens (Figure
4). As previous reported (37), the first expression of αSMA in the β1-integrin null lens
epithelium occurs at around 16.5 dpc (figure 4B), however the only CD44 expression detected
in the β1-integrin null lens at that stage was in the newly forming cortical fibers similar to that
detected in the wildtype lens (Figure 1B, 4A). At birth, most of the CD44 detected in the β1-
integrin null lens is in the cortical fibers (Figure 4D) similar to the wildtype lens (Figure 4C),
however, elevated levels of CD44 protein were detected in the β1-integrin null lens epithelium
that also expresses elevated levels of αSMA (Figure 4D, F) while no CD44 nor αSMA protein
was detected in the wildtype newborn lens epithelium (Figure 4C, E).

CD44standard (CD44s) is the major CD44 splice form found in the lens
The CD44 gene can produce a large diversity of mRNA transcripts. The CD44 standard
(CD44s) isoform directly splices exon 5 to exon 16, while most of the other isoforms include
one or more of the 10 variant exons that are spliced out of the CD44s form (43). Since the
inclusion of these variant exons alters the structure of the CD44 cytoplasmic domain changing
its affinity for hyaluronan and other ligands, we investigated the structure of the CD44 mRNA
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found in the normal mouse lens and following lens fiber cell removal (Figure 5). Conventional
reverse transcriptase PCR using primers generated from exon 5 and exon 16 and a long
extension time generated a single product of 180 bp consistent with the CD44s isoform being
the sole variant expressed in all samples studied including the intact lens, the lens epithelium
immediately after fiber cell removal as well as lens cells remaining attached to the lens capsule
24 and 48 hours after fiber cell removal. Quantitative real time rt-PCR analysis of CD44 mRNA
levels 24 and 48 hours after fiber cell removal detected small, but statistically significant
changes in CD44 levels compared to the lens epithelium immediately following fiber cell
removal (Figure 5).

CD44 is not essential for the induction of αSMA expression in the lens epithelium following
fiber cell removal

Lenses from CD44 null mice remained transparent past one year of age and did not exhibit any
detectable morphological alterations (data not shown). However, it was previously shown that
antibodies against CD44 can inhibit human lens epithelial cell proliferation and/or migration
in vitro (33), while we found that CD44 expression upregulates in the lens epithelium following
fiber cell removal in mice (Figure 2). Thus, we removed the fibers from the CD44 null mouse
lens and followed the induction of αSMA expression in response to this procedure (Figure 6).
Overall, the kinetics of αSMA induction in the CD44 null lens were similar overall to that
observed in the normal lens (Figure 2). We were able to consistently detect an upregulation of
αSMA expression in CD44 null lens epithelia 48 hours after lens fiber cell removal (Figure
6C), while we often also detected αSMA expression as early as 24 hours after surgery (Figure
6B) although that finding was not consistent animal to animal.

Discussion
Hyaluronan (hyaluronic acid or sodium hyaluronate; HA) is a linear glycosaminoglycan
comprised of 2,000-25,000 repeating units of the disaccharide D-glucuronic acid/N-
acetylglucosamine. This molecule was first recognized as a component of extracellular
matrices whose ability to interact with water is important for the physical properties of
numerous structures including the dermis and vitreous body (44). Further, the viscoelastic
behavior of HA along with its biocompatibility have led to its widespread use as a protectant
for the corneal endothelium during both extracapsular lens extraction and phacoemulsification
based cataract surgeries (45).

However, HA is also a component of the pericellular matrix of many cell types that facilitates
the reorganization of this matrix during cell migration and division (22). Further, HA can
interact with cell surface hyaluronan receptors (hyaladherins) leading to diverse direct and
indirect effects on the signal transduction status of cells (44). HA is produced in vertebrates
by a family of transmembrane enzymes, the hyaluronan synthases (HAS), which synthesize
HA on the cytoplasmic face of the plasma membrane then extrude this molecule to the
pericellular matrix (46). Deletion of the major HAS expressed in embryos (HAS2) from the
mouse genome leads to lethality at 9.5-10.5 dpc, partially due to a lack of epithelial-
mesenchymal transition (EMT) during heart morphogenesis (47). The role of HA in EMT
responses is further supported by the observation that overexpression of HASes in epithelial
cells sufficient to drive EMT while the ability of β-catenin and HGF overexpression to drive
EMT is HA dependent (48).

CD44 is probably the best characterized HA receptor in vertebrates and it is known to mediate
many of the effects of HA on cellular phenotype (21,49). While CD44 mRNA and protein have
been described in the diseased human lens (32) and high concentrations of anti-CD44
antibodies block the proliferation and migration of cultured human lens epithelia (33), little
was known about the normal expression pattern or function of either CD44 or HA in the in
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vivo lens. Thus, it was not possible to ascertain whether CD44 expression was constitutive or
a marker of lens pathology. Here we show that CD44 protein expression initiates in newly
forming cortical lens fiber cells of the mouse lens during late embryogenesis and it is
maintained in cortical fiber cells until adulthood. Its absence from both the primary lens fibers
derived from elongation of the cells of the posterior lens vesicle and most secondary fibers
formed prenatally is consistent with other observations that nuclear lens fibers formed during
embryogenesis have a very different pattern of gene expression than cortical fiber cells forming
later in development (50-54).

Since CD44 protein is expressed in lens fiber cells, we then investigated the distribution of its
major ligand, HA in the lens using hyaluronan affinity histochemistry (Figure 2). We found
that HA was present in embryonic lenses and evenly distributed between epithelial and fiber
cells. This is consistent with the high levels of hyaluronan synthase 2 (HAS2) mRNA detected
in the lens pit of mouse embryos (55). In the normal adult lens, HA is still found throughout
the lens in a distribution consistent with its location in the pericellular matrix although lens
epithelial cells stained more intensely than fibers. It is possible that the presence of HA in the
lens prior to the onset of CD44 expression and in the adult lens epithelium reflects HA
association with the extracellular domain of HAS2 or conversely, the embryonic lens may
express other hyaladherins besides CD44 (22). HA has been found to be an important support
for membrane extrusions on epithelial cells (56) raising the possibility that one function of HA
in the lens could be to support the membrane extrusions found at the lateral surfaces of the
fiber cell plasma membrane. In contrast to our results, it had been previously reported that HA
was absent from lenses of aged mice (57). The most likely explanation for this discrepancy is
that the fluorescent assay used in this study was more sensitive than the technique used
previously. Alternatively, it is possible that HA is found at higher levels in the embryonic and
young adult lenses used in this study compared to the aged (15 month old) lenses investigated
previously.

Despite the constitutive expression of CD44 in lens fiber cells, lenses from CD44 null mice
remained clear until at least one year of age and did not show any histological defects (data
not shown) suggesting either that CD44 is not important for lens morphogenesis/homeostasis
or that this function in compensated for in the CD44 null lens. It was previously hypothesized
that functional compensation for CD44 loss does not occur by inducing the expression of other
hyaladherins; instead cells lacking CD44 accumulate hyaluronan on their cell surfaces leading
to enhanced signaling through other hyaladherins preexisting in the tissue (58). Notably, we
do detect elevated levels of hyaluronan in the CD44 null lens (Figure 2) consistent with this
hypothesis. It is currently unclear which hyaladherins besides CD44 are present in the lens,
however, prior microarray analysis has indicated that RHAMM (receptor for hyaluronan
mediated motility) is preferentially expressed in human lens fiber cells compared to the lens
epithelium (41) while stabilin-2, a hyaladherin highly expressed in the liver, was also found to
be highly expressed in the adult mouse lens epithelium by immunohistochemistry (59).

While we did not detect high levels of CD44 protein in the normal lens epithelium, in other
tissues, CD44 mediates the pathogenesis of fibrosis (27,60), while in cancer, high levels CD44
protein on the cell surface are associated with the loss of epithelial characteristics and increased
tumor aggressiveness (28,61,62). Further, in metastatic cancer, the CD44 gene is alternately
spliced leading to the production of variant isoforms with differing affinity for hyaluronan and
other CD44 ligands as compared to the CD44s form produced by normal cells (43). Thus, we
investigated CD44 expression and splicing in the lens epithelium as it undergoes EMT in
response to fiber cell removal. Notably, we found a robust upregulation of CD44 protein
expression in the lens epithelium following lens fiber cell removal which occurred 12-24 hours
earlier than observable increases in αSMA expression. It appears that this upregulation of CD44
protein levels is controlled posttranscriptionally, since we actually detected a modest
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downregulation of CD44 mRNA levels in the lens epithelium at 12 hours after fiber cell
removal (Figure 5). Further, we did not detect any CD44 splice variants in either the intact lens
or in lens epithelial cells following lens fiber cell removal suggesting that CD44 in the lens
epithelium is mostly modulated by increases in protein expression. Overall, our data do not
allow us to definitively state whether CD44 expression changes in the lens epithelium in
response to the onset of EMT, fiber cell differentiation responses or both. This, along with the
known complex mechanisms regulating CD44 expression and splicing (63,64) will make it
difficult to use CD44 expression as an injury response marker in the human lens.

We then took advantage of the availability of the CD44 null mouse to investigate whether
CD44 was essential for the elevation in αSMA actin expression commonly associated with
EMT responses in the lens. However, we did not note any observable differences in the extent
or timing of αSMA expression in the CD44 null lens as compared to wildtype animals following
lens fiber cell extraction. However, it is still possible that hyaladherins are important for lens
EMT since we did detect highly elevated levels of hyaluronan in the CD44 null lens epithelium.
Additional work is necessary to determine whether communication between hyaluronan
receptors and growth factor receptors is important for lens EMT or not.

Since these data suggested that CD44 protein upregulation in the lens epithelium could be an
earlier marker for the injury response of the rodent lens epithelium than αSMA upregulation,
we then investigated CD44 expression in the β1-integrin null lens which we previously reported
disintegrates around birth due to EMT then apoptosis of the lens epithelium (37). Increased
CD44 levels were detected in newborn β1-integrin null lens epithelial cells expressing αSMA,
however, in the 16.5 dpc lens, we detected elevated αSMA levels but not CD44 in the β1-
integrin null lens epithelium. This could reflect differences in the signaling pathways activated
in response to lens fiber cell removal versus the loss of β1-integrins from the lens epithelium.
Alternatively, since CD44 expression is only just initiating in the lens fiber cells of the 16.5
dpc lens, the CD44 gene may be epigenetically silenced in the embryonic lens epithelium at
this age. While it is tempting to suggest that elevation of CD44 protein expression is a robust,
early marker of EMT responses in the mouse lens epithelium, it should be emphasized that
CD44 protein is abundant in normal mouse lens fiber cells. Further work will be necessary to
determine whether CD44 expression is an early EMT marker for lens epithelial cells or a marker
of the bipotential of lens epithelial cells to produce both fiber cells and myofibroblasts
following lens fiber cell removal (9,13,40)

Overall, this study demonstrates that CD44 protein is present in normal mouse lens fiber cells
and its ligand hyaluronan is found in the lens as well. We also demonstrated that CD44 protein
levels upregulate quickly in the mouse lens epithelium following fiber cell removal suggesting
that understanding the molecular mechanisms of this observation would give insight into the
early injury responses of the lens epithelium. However, it should be emphasized that the
regulation of CD44 gene expression and mRNA splicing is complex (63,64) which may make
it difficult to elucidate the mechanistic connection between lens injury and alterations in CD44
expression in the human lens. Further work is necessary to determine the importance of
hyaluronan/hyaladherins in lens biology and the pathogenesis of posterior capsular
opacification following cataract surgery.
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Figure 1.
CD44 expression initiates in cortical lens fiber cells at around 16.5 dpc in the mouse lens and
is absent from the embryonic lens nucleus A) 14 dpc eye showing a lack of CD44 staining (red)
in both the primary and early secondary lens fibers as well as the lens epithelium B) 16.5 dpc
lens showing the early onset of CD44 expression in the newly forming secondary fibers. C)
newborn lens showing the further upregulation of CD44 protein expression in cortical lens
fibers and its absence in the lens epithelium D) 2 weeks postnatal lens showing maintained
CD44 expression in cortical lens fibers and its absence in the lens epithelium E) 7 weeks
postnatal lens showing maintained CD44 expression in cortical lens fibers and its absence in
the lens epithelium F) 7 weeks postnatal CD44 null stained as in panel E demonstrating the
specificity of the CD44 antibody used in this study. Abbreviations: c, cornea; e, lens epithelium;
f, lens fibers. Blue, nucleic acid stain; Red, CD44. Scale bars A=108 μm; B,C,D,E,F=77 μm
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Figure 2.
Hyaluronic acid is found in the pericellular matrix of the lens and increases in the absence of
CD44. A) 14.5 dpc mouse lens showing hyluronan staining in all lens cells prior to the onset
of CD44 expression B) Wildtype adult lens showing hyaluronan staining in both the lens
epithelium and fibers. Inset shows a higher magnification of the lens fibers showing staining
along the lateral lens fiber cell membrane. C) CD44 null adult lens showing elevated
hyaluronan staining in both the lens epithelium and fibers D) CD44 null lens with hyaluronic
acid binding protein omitted from the staining reaction as a negative control. Blue, nucleic acid
stain; Green, hyaluronic acid. Scale bars all equal 77 μm.
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Figure 3.
CD44 protein levels upregulate in the lens epithelium prior to α smooth muscle actin after fiber
cell removal. A, B- the lens epithelium time zero after fiber cell removal showing a little CD44
(B) or α-smooth muscle actin staining (A); C, D- lens epithelial cells remaining in the eye 12
hours after fiber cell removal showing CD44 staining (D) but no upregulation of α-smooth
muscle actin protein expression(C) ; E, F-lens epithelial cells 24 hours after fiber cell removal
showing increased levels of CD44 (F) and α-smooth muscle actin protein (E) ; G, H-Lens
epithelial cells 48 hours after fiber cell removal showing robust CD44 (H) and α-smooth muscle
actin protein (G) expression; I, J lens capsular bag five days after lens fiber cell removal
showing a fibrotic mass of cells staining positive for both α-smooth muscle actin (I) and CD44
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protein (J) Red, CD44; Blue, nucleic acid stain; Green, α-smooth muscle actin; Scale bars- 24
μm
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Figure 4.
CD44 protein levels increase after the upregulation of α-smooth muscle actin in lens epithelial
cells lacking β1-integrin. A) 16.5 dpc wildtype mouse lens showing little CD44 or αSMA
staining B) 16.5 dpc β1-integrin null lens showing upregulation of αSMA but little to no D44
staining in the lens epithelium; C) Transition zone of a mewborn wildtype lens showing
upregulation of CD44 expression in cortical fibers. D) Transition zone of a newborn β1-integrin
null lens showing CD44 in both the cortical fibers and in lens epithelial cells also expressing
αSMA. E) high magnification view of the lens epithelium of the wildtype newborn lens shown
in C showing a lack of both CD44 and αSMA staining in the lens epithelium. F) high
magnification view of the β1-integrin null lens epithelium shown in D showing both CD44

Desai et al. Page 16

Differentiation. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and αSMA staining; Red, CD44; Blue, nucleic acid stain; Green, α-smooth muscle actin; Scale
bars-Panels A-D=77 μm, E,F=24 μm
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Figure 5.
CD44 splicing is not altered following fiber cell removal. rt-PCR analysis of CD44 expression
in the whole lens and the lens epithelium after lens fiber extraction using primers that amplify
across the major region of CD44 alternate splicing. The canonical form of CD44 which does
not utilize the variable exons gives a product of 180 bp (arrow). The differences in CD44 level
in the lens epithelium following surgery were then determined by quantitative real time rt-PCR
by the ΔΔcT method and are expressed as fold differences in expression level from samples
collected immediately after surgery (0 hr). All of the post surgery samples were found to be
significantly different than the 0 hr time point with p≤0.02. The conventional rt-PCR was
controlled by performing controls lacking reverse transcriptase (-rt) and amplification of the
samples with primers for β2-microglobulin (β2MG). M- marker; L- entire adult mouse lens;
12 hr- twelve hours following fiber cell extraction; 24 hr- 24 hours following fiber cell
extraction; 48 hr- 48 hours following fiber cell extraction.
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Figure 6.
CD44 is not essential for α-smooth muscle actin expression in the lens following injury. A)
CD44 null lens epithelium immediately following fiber cell removal; B) CD44 null lens
epithelium 24 hours after fiber cell removal; C) CD44 null lens epithelium 48 hours after fiber
cell removal showing robust αSMA upregulation. Green- α-smooth muscle actin; Blue-nucleic
acid stain; Scale bars= 77 μm
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