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Purpose: CD44 plays major roles in multiple physiologic processes. The ectodomain concentration of the CD44 receptor,
soluble CD44 (sCD44), is significantly increased in the aqueous humor of primary open-angle glaucoma (POAG). The
purpose of this study was to determine if adenoviral constructs of CD44 and isolated 32-kDa sCD44 change intraocular
pressure (IOP) in vivo and aqueous outflow resistance in vitro.

Methods: Adenoviral constructs of human standard CD44 (Ad-CD44S), soluble CD44 (Ad-sCD44), and empty viral
c¢DNA were injected into the vitreous of BALB/cJ mice, followed by serial IOP measurements. Overexpression of CD44S
and sCD44 was verified in vitro by enzyme-linked immunosorbent assay (ELISA) and western blot analysis. Anterior
segments of porcine eyes were perfused with the isolated sCD44. sCD44-treated human trabecular meshwork (TM) cells
and microdissected porcine TM were examined by confocal microscopy and Optiprep density gradient with western blot
analysis to determine changes in lipid raft components.

Results: Intravitreous injection of adenoviral constructs with either Ad-CD44S or Ad-sCD44 vectors caused prolonged
ocular hypertension in mice. Eight days after vector injection, Ad-CD44S significantly elevated IOP to 28.3£1.2 mmHg
(mean+SEM, n=8; p<0.001); Ad-sCD44 increased IOP to 18.5+2.6 mmHg (n=8; p<0.01), whereas the IOP of uninjected
eyes was 12.7+0.2 mmHg (n=16). The IOP elevation lasted more than 50 days. Topical administration of a y-secretase
inhibitor normalized Ad-sCD44-induced elevated IOP. sCD44 levels were significantly elevated in the aqueous humor
of Ad-CD44S and Ad-sCD44 eyes versus contralateral uninjected eyes (p<0.01). Anterior segment perfusion of isolated
32-kDa sCD44 significantly decreased aqueous outflow rates. Co-administration of isolated sCD44 and CD44 neutral-
izing antibody or of y-secretase inhibitor significantly enhanced flow rates. sCD44-treated human TM cells displayed
cross-linked actin network formation. Optiprep density gradient and western blot analysis of human TM cells treated
with sCD44 showed decreased annexin 2 expression and increased phosphorylated annexin 2 and caveolin 1 expression.
Conclusions: Our data suggest that sCD44 increases outflow resistance in vivo and in vitro. Viral overexpression of
both CD44S and sCD44 is sufficient to cause ocular hypertension. Infusion of sCD44 in porcine anterior segment eyes
significantly decreased flow rates. Notably, sCD44 enhanced cross-linked actin network formation. The elevated sCD44
levels seen in POAG aqueous humor may play an important causative role in POAG pathogenesis.

Primary open-angle glaucoma (POAG) is a common
neurodegenerative disease characterized clinically by optic
nerve damage and visual field loss. POAG is one of the four
major causes of blindness and visual disability in the United
States [1]. Elevated intraocular pressure (IOP) is a causative
risk factor in POAG and the only treatable factor to date.
One potential biologic marker of POAG is CD44, which is
an adhesion/homing molecule. Direct evidence for CD44’s
role in POAG includes: 1) aqueous humor of POAG patients
contains increased amounts of the soluble extracellular
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32-kDa fragment of CD44 (sCD44) in comparison with the
aqueous humor of age-matched normal individuals [2]; 2)
increased levels of sSCD44 in the aqueous correlates with
the extent of visual field loss in POAG patients [3]; and 3)
sCD44, particularly hypo-phosphorylated sCD44, is a potent
and protein specifically toxic to trabecular meshwork (TM)
cells [4].

CD44 is an 80 to 250-kDa transmembrane protein that
is expressed in the majority of mammalian cell types. The
CD44 ectodomain is released as sCD44 (Figure 1). CD44
is multifunctional due to sequence differences arising from
alternate splicing of mRNA, as well as numerous post-
translational modifications. CD44S (standard) is the most
common form, comprising exons 1-5 and 15-19 [5]. CD44
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splice variants containing variable exons are designated
CD44v. CD44 proteins are differentially phosphorylated and
glycosylated [6]. Notably, CD44S participates in the uptake
and degradation of hyaluronic acid (HA) [7]. Ezrin, radixin,
moesin (ERM) family members and ankyrin are located
just beneath the plasma membrane and act as molecular
linkers between the cytoplasmic domain of CD44 and actin-
based cytoskeleton [8]. CD44 plays major roles in multiple
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physiologic processes including innate immunity [9], auto-
immunity [10], phagocytosis [11], cell survival [12], and
immunological synapses [13], and it functions as a “platform”
for growth factors and matrix metalloproteinases (MMPs)
including MT1-MMP, MMP-7, and MMP-9 [5]. The structure
of CD44 is remarkable for its versatility. It is a molecule with
a thousand faces due to its surprising number of functions,
interactions, and alternate splicings [14].
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Figure 1. Schematic representation of CD44S. A: The extracellular (blue), transmembrane (red), and cytoplasmic (green) domains are
illustrated for standard CD44S. The extracellular domain is characterized by cysteine residues that form disulfide bonds (maroon beads),
including the two signature disulfide bonds that form the backbone of the link domain. Several extracellular putative phosphorylation sites
as well as docking sites for MMP-9 and cleavages of CD44 by MT1-MMP (in conjunction with ADAMs 10 and 17) in the CD44 stem region
and the transmembrane region by y-secretase are shown. The cytoplasmic domain is characterized by three cytoplasmic phosphorylation sites
(purple arrows) that modulate CD44 ezrin linking [46,47]. Note the extracellular f amyloid-like fragment and the nuclear and mitochondrial
trafficking signals. Abbreviations for putative phosphorylation sites are: PK A, protein kinase A; PKC, protein kinase C; CKII, casein kinase
IT; SRC, sarcoma tyrosine kinase; INSR, insulin receptor kinase; ERM, ezrin, radixin, moesin. B: Gene structure of canonical CD44 with
invariant exons 1-5, variable spliced exons 6—14, invariant exons 15—16 forming stem region, transmembrane exon 17, and cytoplasmic
domain exon 19 is illustrated. Note exon 18 is spliced out [48]. Adenoviral constructs were the standard (Ad-CD44S) and truncated soluble
(Ad-sCD44) isoforms; the isolated sCD44 is depicted for comparison to the constructs.
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The sCD44 32-kDa ectodomain fragment of CD44 is
released by proteolytic cleavage [7]. The sCD44 is shed from
the cell surface in response to ligand binding. The ectodo-
main has been shown to be released from the cell surface by
MT1-MMP, a membrane-bound MMP [15], in conjunction
with ADAMS 10 and 17 [16]. The intramembrane portion of
CD44 is cleaved by a presenilin y-secretase at two sites: one
cleavage occurs close to the cytoplasmic border to release
an intracellular fragment that translocates to the nucleus and
promotes transcription; a second cleavage occurs extracel-
lularly to generate an amyloid-like peptide [17]. The purpose
of this study was to test the effects of adenoviral constructs
of CD44 on mouse IOP and the effects of isolated 32-kDa
sCD44 in anterior segment perfusion cultures on aqueous
outflow resistance.

METHODS

In vivo treatment of mice: All animals were treated in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and all protocols were
approved and monitored by the Animal Care and Use
Committee of Alcon Research, Ltd. BALB/cJ mice (2-5
months old; Jackson Laboratory, Bar Harbor, ME) used in
this study were housed and handled as previously described
[18].

Adenoviral vectors: Standard CD44 (CD44S) wild-type
human CD44v4 cDNA (NM_001001391) was obtained from
Origene (Rockville, MD) in the pCMV6-XL5 vector. sCD44
cDNA was produced by introducing a stop codon after exon 5
(Figure 1). The coding-region cDNAs were subcloned into the
pacAdv.CMV.KN.pA shuttle vector (University of lowa, Gene
Transfer Vector Core) using EcoRI/Sbal restriction diges-
tion. Viruses were purified by CsCl gradient centrifugation,
dialyzed against Tris-EDTA buffer containing 10% sucrose,
and stored at —80 °C. Each virus was tested for wild type
(WT) revertants and for titer by PCR and A549 plaque assay
as previously described [18]. Empty adenovirus (Ad-Empty)
was used as a negative control.

Adenovirus injection and intraocular pressure measurement:
Adenoviral injection and IOP measurements were performed
as previously described [18]. In brief, animals were examined
at day —1 by direct ophthalmoscopy confirming a normal
appearance, free of any signs of ocular disease. At day 0,
mice were anesthetized and given a single 2 pl intravitreal
viral vector injection (6x107 pfu/eye). IOP measurements were
taken in conscious mice between 2 PM to 4 PM of the indi-
cated days using a calibrated rebound tonometer (TonoLab;
Tiolat Oy; Helsinki, Finland) as described [19]. A proprietary
y-secretase inhibitor (GSI, 1%w/v, Alcon Research, Ltd.) was
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topically applied to reverse the ocular hypertensive effects
of Ad-CD44S. The IOP investigator was masked to all
treatments.

Aqueous and tissue collection: At specified time points after
adenoviral vector delivery, animals were euthanized with CO,
asphyxiation. Aqueous humor of mice was obtained by para-
centesis using a special designed glass microneedle. Three pl
was slowly withdrawn from the anterior chamber from each
eye and randomly assigned. An enzyme-linked immunosor-
bent assay (ELISA) assay measuring sCD44 concentrations
was performed on samples of aqueous humor from human
standard CD44 (Ad-CD44S)- and soluble CD44 (Ad-sCD44)-
treated mouse eyes, as well as from their respective untreated
contralateral eyes as previously described [20].

In vitro isolation of sCD44: sCD44 was sequentially isolated
from human serum (Sigma-Aldrich, St. Louis, MO) using
anion exchange chromatography, HA affinity chromatog-
raphy, and immunoprecipitation as previously described [20].
The CD44 isolation was monitored at each step by determina-
tion of protein concentration (Bio-Rad, Hercules, CA) and
sCD44 concentration by ELISA (Bender Medsystems, San
Diego, CA) according to the manufacturer’s instructions.

Perfusion of anterior segments. Porcine eyes (obtained fresh
from a local abattoir and used within 4 h of death) were
prepared using the Acott protocol [21]. In brief, prepared ante-
rior segment caps were clamped into a perfusion apparatus
with multiple ports, a small (1.5 mm) magnetic stir bar was
placed in the anterior chamber, and serum-free Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Grand Island,
NY) was perfused at a constant pressure of 7.36 mmHg for
72 h using a reservoir system. To establish a stable baseline
flow rate, the medium in the anterior chamber was briefly
(15 s) mixed using a magnet, and the perfusate reservoir
was then weighed every 30 min for three measurements to
establish the baseline flow rates. The accepted normal flow
rate for the porcine eye is 2—8 pl/min [22]. Individual anterior
segments with unstable baselines or baselines outside the
range of normal flow rates for porcine eyes were discarded.
After a baseline flow rate was established, the medium in the
anterior chamber was exchanged by simultaneously removing
I ml of medium through one port, adding 1 ml of medium
containing control solutions or test compounds through a
second port, while maintaining the anterior chamber pres-
sure at 7.36 mmHg via a third port. The anterior chamber
exchange required approximately 2 min, and then the media
in the anterior chamber was briefly mixed using the magnet.
Subsequently, flow rates were measured over multiple time
points and the anterior chamber was stirred using the magnet
after each flow measurement. The neutralizing sCD44
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antibody was monoclonal BU52 antibody (Ancell, Bayport,
MN), and a proprietary y-secretase inhibitor was supplied by
Alcon Research.

To facilitate comparison between treatments, normalized
flow rates were calculated by dividing the actual flow rate
at each time point for each eye by the average baseline flow
rate for that eye before the anterior chamber exchange. Time
point “0” represents the average baseline flow rate before the
start of anterior exchange. Flow rate was the change in the
weight of the reservoir assuming the specific gravity of the
perfusate to be 1.0.

Western blot and lipid raft profiles: TM cells were isolated
using the Stamer method [23] and were treated with 1 ng of
32-kDa sCD44 for 24 h as previously described [20]. The
porcine TM was microdissected from the corneal scleral
ring after 72 h of continuous perfusion with 1 ng/ml of
32-kDa sCD44. Proteins of cell lysates of human TM cells
and porcine TM treated with 32-kDa sCD44 were separated
by an Optiprep density gradient according to the manufac-
turer’s instructions (Sigma-Aldrich). Human TM cells were
grown in DMEM containing 10% fetal bovine serum (FBS)
until confluent. The cells were washed twice with PBS,
and incubated in DMEM containing 0.1% FBS with 0.1 ng
sCD44 or PBS control for 24 h. The medium was aspirated.
The cells were washed with cold PBS, subjected to lysis
buffer (Sigma-Aldrich) containing 1% Triton X-100 and 1%
protease inhibitor cocktail (Sigma-Aldrich), scraped from the
flask and collected. The TM of the perfused porcine eye was
microdissected and placed into lysis buffer containing 1%
Triton X-100. The preparations were centrifuged at 200,000
xg for 18 h, and nine 1.0 ml fractions were collected from
the top (lightest) to the bottom (heaviest). Each fraction was
analyzed for protein content (Pierce Biotechnology, Rockford,
IL), resolved by SDS PAGE, and immunoblotted with anti-
caveolin-1 (Sigma-Aldrich), anti-caveolin-2 (Sigma-Aldrich),
anti-annexin 2 (Santa Cruz Biotechnology, Dallas, TX), and
anti-annexin 2 phosphorylated (Santa Cruz Biotechnology)
antibodies. Densitometry analysis was performed on the
western blots of the lipid raft proteins. Mean intensity was
determined and background values as well as nonspecific
staining of the secondary antibodies were subtracted to
obtain the total amount of primary antibody staining using
MetaMorph® Version 7.5.6.0 (MDS Analytic Technologies,
Sunnyvale, CA). Data were normalized to positive staining of
Jurkat cell lysates (Santa Cruz Biotechnology).

Immunofluorescence and actin staining: Primary cultures
of TM cells derived from donors of 19, 34, and 49 years of
age were plated at 5,000 cells per well on 8-well chamber
slides in DMEM containing 10% FBS as previously described
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[20]. The medium was changed to 0.1% FBS for 2 h before
treatment. The isolated 32-kDa sCD44 (0.1 ng) was added
to the wells, and the slides were incubated at 4 °C for 1 h.
Excess 32-kDa sCD44 not bound to the cell surface was
removed by aspiration, fresh medium was added, and the
slides were incubated for another 2 h at 37 °C. The cells were
rinsed 3 times with PBS at room temperature, fixed using
3.7% formaldehyde at room temperature for 10 min, and then
rinsed 2 times with PBS. Cells were incubated for 90 min
with a mouse anti-annexin 2 antibody or phosphorylated
annexin 2 antibody (dilution 1:500, Santa Cruz). The cells
were then washed and incubated for 45 min with secondary
FITC-labeled goat antimouse antibody (diluted 1:200 in 10%
normal goat serum; Jackson ImmunoResearch, West Grove,
PA). The cells were rinsed three times with PBS and stained
for actin using 150 pl of Actin Stain (45 pl rhodamine phal-
loidin [Life Technology, Carlsbad, CAJ; 1750 ul PBS; 5 pl 1%
bovine serum albumin [BSA; Bio-Rad]) at room temperature
for 25 min. The cells were rinsed and mounted with Vecta-
shield with DAPI (Vector, Burlingame, CA). The staining was
visualized with a 100x oil immersion objective and Leica SP2
confocal microscope (Wetzlar, Germany).

The percent of filamentous actin (F-actin) that exhib-
ited cross-linked actin network (CLAN)-like characteristics
within a specific cell (the vertices of the actin defined as the
ends of F-actin or hubs of F-actin from which other F-actin
bundles branch off) were identified and counted as either
exhibiting regular formation or CLAN-like formation if at
least three vertices were connected with strongly fluorescent
F-actin spokes. The image was partitioned into a 3x3 grid and
the vertices were counted following a regular pattern on the
grid until at least 100 vertices were counted.

Statistical analysis: Data were presented as mean + SEM.
Student’s t-test was used to compare two groups of results.
One-way analysis of variance (ANOVA) followed by
Dunnett’s test was used to compare three or more groups.
A p value of <0.05 was regarded as statistically significant,
calculated by statistical analysis software (Prism 4 [GraphPad
Software, La Jolla, CA] or SigmaPlot 10 [Systat Software,
Inc., Chicago, IL]).

RESULTS

Effects of adenoviral vectors on CD44 levels in human
trabecular meshwork cells: Adenovirus vectors Ad-CD44S,
Ad-sCD44, and Ad-empty were used to infect human TM
cells (Figure 1). To determine if the adenoviral vectors were
active in vitro, transfected human TM culture media and cell
lysates were analyzed for CD44 levels by ELISA (Figure 2).
In all cases, there was a greater amount of CD44 in TM cell
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lysates than in the media. The Ad-sCD44 CD44 concentra-
tion was significantly greater than Ad-CD44S (p<0.01).
CD44 concentration was 37.3 (£5.0) ng/ml in the media of
Ad-CD44S-treated TM cultures and was 221.7 (£0.5) ng/ml
in cell lysates. The corresponding CD44 concentrations in
Ad-sCD44 treated cultures were 154.3 (+6.6) and 172.5 (+2.0)
ng/ml respectively. In Ad-empty-treated cultures, the CD44
concentration was 26.1 (£8.6) ng/ml in the media and 128.3
(#1.9) ng/ml in cell lysates (Figure 2). Using human serum as
a positive control for the ELISA assay—human serum was
794.9 (+28.4) ng/ml and 1% FBS as a negative control—the
FBS was 2.8 (+0.4) ng/ml. Also, to determine if the adeno-
viral vectors were active in vitro, western blot analysis was
used to confirm the ELISA determinations of cell lysates and
media and to determine the expression of CD44. A promi-
nent 64-kDa, a dimer of the 32-kDa sCD44, was present in
the three adenovirus-treated cells. See Figure 3. In both the
Ad-sCD44 and Ad-CD44S cell lysates, the staining intensity
of the western blot was greater than Ad-empty cell lysates.
The 64-kDa band in adenovirus-treated cells was also
observed in the human serum, 1% FBS and exogenenous
32-kDa sCD44.
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ELISA determinations were also used to measure CD44
in the aqueous humor of adenovirus-transduced mouse eyes
(Figure 4). In Ad-CD44s-treated eyes, the CD44 concentra-
tion was 138.5 (+72.1) ng/ml. In the uninjected contralateral
eyes, the mean concentration of CD44 was 9.1 (£7.8) ng/ml.
In Ad-sCD44 eyes, the ELISA CD44 concentration was 150.1
(£39.8) ng/ml. In the uninjected contralateral eyes, the mean
concentration of CD44 was 0.2 (+0.1) ng/ml (Figure 4).

Effect of adenoviral overexpression of CD44 on mouse
intraocular pressure: On the basis of ELISA concentra-
tions, adenovirus treatment resulted in overexpression of
CD44 in TM cells and in mouse eyes. Therefore, we tested
the effects of three adenoviral constructs on IOP in mice
(Figure 5). An increase in IOP was observed within 4 days.
Variable time-dependent peaks in IOP were observed with
the Ad-CD44s-treated eyes. One peak in IOP to 28 mmHg
occurred at 14 days. Two more peaks were observed, one
at 30 days (24 mmHg) and the other at 50 days (29 mmHg).
Similarly, variable time-dependent peaks of increased IOP
were observed with Ad-sCD44 although the increase was
less than the Ad-CD44S-treated eyes. An onset of increased
IOP was observed at day 8, reached at a peak of 22 mmHg
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sCD44 Figure 3. Effects of Ad-sCD44

and Ad-CD44S transduction on
CD44 levels on day 7 in human
trabecular meshwork cells. CD44
o & 4 was determined by western blots

- ey

6 7 8

of culture media and lysates of
trabecular meshwork cells. The
lane numbers signify the following:
Lane 1, Ad-sCD44 media; lane 2,

Ad-sCD44 cell lysate; lane 3, Ad-CD44s media; lane 4, Ad-CD44s cell lysate; lane5, Ad-empty media; lane 6 Ad-empty cell lysate; lane 7,
fetal bovine serum (FBS) control; and lane 8, isolated 32-kDa sCD44. Western blots were performed in triplicate.

at 44 days, and remained significantly higher than control
eyes. There were fewer amplitude fluctuations recorded
in Ad-sCD44-treated eyes than Ad-CD44S-treated eyes.
Overall, both treatments showed a prolonged, sustained
increase in IOP for 50 days or longer (Figure 5).

To determine if Ad-sCD44 overexpression could be
blocked by a y-secretase inhibitor, ocular hypertension
was first induced with Ad-sCD44 injection. On day 12, a
1% solution of a y-secretase inhibitor was topically admin-
istered for 4 days. After 3 days of administration, the IOP
in the y-secretase-treated eyes significantly decreased. The
IOP lowering effects of the y-secretase inhibitor lasted an
additional 2 days after the inhibitor was discontinued, and
subsequently the IOP increased (Figure 6).

Anterior segment perfusion: The effects of isolated 32-kDa
sCD44 were tested in anterior segment perfusion at constant
pressure in porcine eyes (Figure 7). After establishing steady-
state baseline flow rates, sCD44 and control perfusates were

administered by anterior chamber exchange to establish time
0, and their effects were calculated as a percent change from
the steady-state baseline values. In the initial 30 min from
time 0, a 50% flow rate increase was observed in DMEM
control perfused eyes. By 3 h, the flow reached a steady rate
at approximately 20% above baseline, and maintained this
rate until the 6 h time point. The time course demonstrated
an increase in outflow facility in the initial 12 h of porcine
perfusion with DMEM, heat-inactivated CD44, or BSA. The
flow rate then continued to steadily decrease, reaching a flow
rate level at an approximate negative 20% change from base-
line at the 72 h time point (Figure 7). The flow rate in porcine
perfusion of 1 ng/ml sCD44 was the same as the baseline
flow rates. The flow rate of sCD44 observed at the 30 min
time point compared to DMEM control was significantly
lower (p<0.01). The flow rate remained at baseline until the
6 h mark and gradually declined, eventually to reach a flow
rate approximately 40% below the baseline at the 72 h time

450 -
. *%*

400 A * Figure 4. Enzyme-linked immuno-
350 - [ ] sorbent assay determination on day
14 of aqueous CD44 concentra-
=300 tion in Ad-CD44S and Ad-sCD44
%’ transduced mice eyes. A distribu-
s 250 - tion plot of sSCD44 concentration
< . in the mouse aqueous humor is

< 200 - . .
8 - displayed for eyes treated with
150 H Ad-CD44S (n=7) or Ad-sCD44
. (n=9) adenoviruses and their
100 - respective uninjected contralateral
50 4 ° . . eyes. Data are expressed as mean +
. ™ SEM, **p<0.01, compared with the
0 L seeoer +e A—hh—A—h—A—h—k - no-injection group using one-way
No injection Ad-CD44S No injection Ad-sCD44 analysis of variance (ANOVA)

2156

followed by Dunnett’s test.


http://www.molvis.org/molvis/v19/2151

Molecular Vision 2013; 19:2151-2164 <http://www.molvis.org/molvis/v19/2151>

35 A A Ad-CD44S
Ad-sCD44
No injection N E
30 - X X
x
B
x
25 1 I
a z X, x
T % [\: 1 YV -
E 20 - b r o X
g T :
o Vv z.x '-'V
x X {7V
2 15 5 *** X
10 -
O T T T T T T T T T
0 7 14 21 28 35 42 49 56

Time (days)

© 2013 Molecular Vision

Figure 5. Effects of Ad-CD44S
and Ad-sCD44 transduction on
mouse intraocular pressure. One
eye of BALB/cJ mice was injected
intravitreally with 6x107 pfu with
Ad-CD44S or Ad-sCD44 at day 0.
The contralateral eye of mice was
uninjected and served as a control.
Results are expressed as mean +
SEM (n=8 for the injected groups,
n=16 for control). The statistical
results are: *p<0.05, **p<0.01,
*** p<0.001 compared with the
no-injection group using one-way
analysis of variance (ANOVA)
followed by Dunnett’s test.

point. See Figure 7. Heat-inactivated sCD44 was similar to
DMEM. Aside from a slightly less dramatic initial spike of

40% above baseline flow rate 30 min after the injection, the
heat-inactivated sCD44 had a flow-rate trend nearly identical
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Figure 6. Effect of y-secretase
inhibitor on ocular hypertension
induced by Ad-sCD44. One eye of
BALB/cJ mice was injected intra-
vitreally with 6x107 pfu Ad-sCD44
at day 0. The contralateral eye was
uninjected. On days 12 through
15 (indicated by gray horizontal
bar), a 1% solution of a y-secretase
inhibitor (GSI) or vehicle was topi-
cally applied to mice eyes. Results
are expressed as mean = SEM
(n=6 for the injected groups, n=12
for control). The statistical results
are: *p<0.05, **p<0.01 versus the
vehicle group by Student’s t-test.
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points. Porcine anterior segments
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Eagle’s Medium. Time points are
the mean + SEM and the number of

-6 -1 05 0 05 1 3 45
Time (hours)

6 12 24 48 72 experiments are shown in the insert.
sCD44 versus Dulbecco’s Modified
Eagle’s Medium (DMEM). The

statistical comparisons are: sCD44 versus Dulbecco’s Modified Eagle’s Medium (DMEM), *p<0.05, **p<0.01; sCD44 versus HIsCD44, ¥

p<0.05, 1 p<0.01.

to that of DMEM, eventually finishing at a negative-20%
baseline flow rate. BSA was similar to DMEM, although a
more stable flow rate was observed in the first 12 h (Figure
7).

The flow rate effects of three different concentrations
of CD44 antibody—0.5, 1.0, and 5.0 ng/ml—were measured
both alone and combined with 1 ng/ml sCD44 to determine
a neutralizing effect of the CD44 antibody in blocking the
sCD44 effects on flow rate (Figure 8). The 0.05 ng/ml CD44
antibody concentration and 1 ng/ml sCD44 (molar ratio 1:1)
behaved similarly to DMEM along a parallel pathway, with
an initial peak of approximately 30% flow rate above baseline
and finishing at 25% below baseline, indicating a significant
neutralizing effect of sCD44. The 0.5 ng/ml CD44 antibody
concentration plus 1 ng/ml sCD44 reached a delayed flow
rate peak at the 1 h mark, with a modest 15% increase of the
baseline measurement, and then followed a flow rate trend
line just slightly above or nearly equal to that of sCD44’s
measurement. The 0.5 ng/ml CD44 antibody concentration
and 1 ng/ml (molar ratio 10:1) was similar to 0.05 ng/ml
CD44, with a slight decrease in flow rate. The 5 ng/ml CD44
antibody and 1 ng sCD44 (molar ratio 100:1) followed a flow
rate trend line almost identical to that of sSCD44, indicating
that excess CD44 antibody acts similarly to 32-kDa sCD44
protein itself. Co-administration of a y-secretase inhibitor

with sCD44 also significantly neutralized the effect of sCD44
on flow rate. See Figure 9.

CD44 effects on trabecular meshwork cell actin organiza-
tion: Structural differences in the TM cell cytoskeleton in
cell culture were observed using confocal microscopy in the
samples treated with 0.1 ng sCD44. The PBS control cells
demonstrated normal, expected conformations of F-actin as
diffuse arrangements and tightly packed stress fiber bundles
(Figure 10). In contrast, TM cells treated with 0.1 ng sCD44
displayed distinct CLAN-like formations. These CLAN
formations were defined by a minimum requirement of three
vertices connected by three actin spokes creating a triangle
in a series of geodesic dome structures.

To further explore changes in the actin cytoskeleton
of 32-kDa sCD44-treated TM cells, we also examined the
co-localization of annexin 2, a known modulator of the actin
skeleton. Indeed, annexin 2 co-localized with actin in CLAN-
like structures. An increase in the concentration of phos-
phorylated annexin 2, a negative modular of actin assembly,
was noted in the spokes and vertices of the CLAN formations.
This co-localization of F-actin and phosphorylated annexin
2 was apparent when the images of actin and phosphorylated
annexin 2 were merged together, overlapping spatially on
their axes (Figure 10).
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Figure 8. Effects of CD44 neutral-
izing antibody on sCD44 normal-
ized flow rate. Porcine anterior
segments were perfused with 1 ng/
ml sCD44 (as shown in Figure 7),
1 ng/ml sCD44 + 0.05 ng/ml CD44
antibody, 1 ng/ml CD44 + 0.5 ng/ml
CD44 antibody, and 1 ng/ml CD44
+ 5.0 ng/ml CD44 antibody. Time
points are the mean+SEM and the
number of experiments are shown
in the insert. sCD44 versus sCD44
+ 0.05 ng/ml CD44 antibody. The
statistical comparisons are: sCD44
versus sCD44 + 0.05 ng/ml CD44
antibody, *p<0.05, **p<0.01; 0.05
ng/ml CD44 antibody versus 5.0
ng/ml CD 44 antibody, T p<0.05.

To examine changes in cell cytoskeletal response to
sCD44 in cell culture, the percent of F-actin that exhibited
CLAN:-like characteristics was analyzed in individual cells.

The control group exhibited on average 97.8 normal actin
vertices and 13.1 CLAN-like vertices (range of 0—32) per cell
count, while the sCD44-treatment group exhibited on average
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Figure 9. Effects of y-secretase
inhibitor (GSI) on sCD44 normal-
ized flow rate in perfusion cultured
porcine anterior segments. Porcine
anterior segments were perfused
at constant pressure with 1 ng/
ml sCD44 (as shown in Figure 7),
1 ng/ml CD44 + 15 mM GSI and
15 mM GSI alone. Time points are
the mean + SEM and the number
of experiments are shown in the
insert. The statistical comparisons
are: sCD44 versus GSI alone,
*p<0.05; sCD44vsCD44 +15mM
GSI, f p<0.05, {1 p<0.0l. DMEM
is Dulbecco’s Modified Eagle’s
Medium.
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Figure 10. Confocal microscopy of sCD44-treated human trabecular meshwork cells. A: sCD44-treated cells were stained with rhodamine
phalloidin (red) and FITC anti-annexin 2 (green). B: sCD44-treated cells were stained with rhodamine phalloidin and FITC anti-phosphory-
lated annexin 2. Noticeable structural differences were observed in the samples treated with 0.1 ng sCD44 compared to PBS controls. There
was also an observed increase in the concentration of phosphorylated annexin 2 surrounding the spokes and vertices of the cross-linked actin
network formations. This co-localization of F-actin and phosphorylated annexin 2 can be seen when images of the specific fluorescence of
each substance were overlapped spatially on their precise axes. Magnification is 200x.

71.9 normal actin vertices and 39.8 CLAN-like vertices arranged in cross-linked actin networks in sCD44 (34.7%
(range of 12—62) per cell count. The results demonstrated  F-actin vertices) compared with the control group (11.5%
a significant increase (p<0.0001) in the percent of F-actin ~ F-actin vertices).
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TABLE 1. WESTERN IMMUNOBLOT EVALUATION OF ANNEXIN 2 AND CAVEOLIN EXPRES-
SION IN CULTURED HUMAN TM CELLS AND MICRODISSECTED PORCINE TM TISSUES

Human TM Cells* Mircodissected perfused porcine TM*
Protein Function Control  SCD44 treated- Control ~ SCD44 treated
with 0.1 ng for Ratio with 1 ng for Ratio
(PBS) 24 h (DMEM) 73 h
Junctional
. Assembly Actin
Annexin 2 Cytoskeleton Chloride 109 69.2 0.63 90.6 48 0.53
Channel
Annexin 2 NegatlYe modulator of 1 a1 37 479 56.8 119
phosphorylated actin assembly
Caveolin 1 Oligomers form lipid 51.4 60.2 117 19.9 86.2 434
rafts
Caveolin 2 Lipid rafts 25.6 24.2 0.95 100 89.1 0.89

Protein loading control for each western blot was GAPDH and the protein abundance is expressed as densitometric units and normalized
to Jurkat cell lysate as a positive control. *in 100,000s of densitometric units annexin 2 and caveolin 2 showed decreased concentrations
in human and porcine TM cells when samples were treated with sCD44. Phosphorylated annexin 2 and caveolin 1 concentrations were
increased in human and porcine TM cells when treated with sCD44. Comparison of densitometric data are an estimate of relative changes

in protein concentration.

Lipid raft profiles: CD44 is present in detergent-resistant,
cholesterol-containing lipid rafts. The effects of sCD44-
treatment on specific lipid raft protein concentrations in
human TM cells and microdissected perfused porcine TM
were analyzed by western blot (Table 1). Annexin 2 and
caveolin 2 were both decreased when samples were treated
with sCD44, with respective densitometric ratios of 0.63 and
0.95 in human TM cells and 0.53 and 0.89 in porcine TM.
Phosphorylated annexin 2 and caveolin 1 were both increased
when samples were treated with sCD44, with respective
densitometric ratios of 3.72 and 1.17 in human TM cells and
1.19 and 4.34 in perfused porcine TM. Aside from the phos-
phorylated annexin 2, sCD44 treatment had a greater effect
on perfused porcine TM (Table 1).

DISCUSSION

This study provides support for the role for CD44 in increased
aqueous outflow resistance and elevated IOP, as well as for
its multiple roles in the cell biology of the TM. Intravitereal
injection of CD44 adenoviral constructs in mice showed a
significant correlation between overexpression of CD44 and
a sustained increase in IOP. Infusion of sCD44 in anterior
segment perfusion exhibited a marked decrease in flow rates
lasting 72 h. The effects of isolated sCD44 on flow rates were
lessened by co-infusion of a neutralizing sCD44 antibody.
These two models of CD44—an exogenous addition of
isolated 32-kDa sCD44 to perfused organ cultures and over-
expression by Ad-CD44 and Ad-sCD44 injection into mouse
eyes—clearly demonstrate an effect of CD44 on IOP. The

exogenous model of sCD44 reduced outflow was rapid within
30 min, suggesting a CD44 receptor effect, a cell-signaling
effect, or perhaps an extracellular matrix effect. In contrast,
the adenoviral overexpression of Ad-CD44S in mouse eyes
appeared to elevate IOP within several days. The difference in
timing between the quick effect of exogenous 32-kDa sCD44
and the rather slow effect of adenoviral overexpression is the
outcome of multiple factors, i.e., species variability, method,
in vitro versus in vivo, and most importantly, the amount and
timing of the delivery of dose. Nonetheless, both the exog-
enous administration and adenoviral overexpression resulted
in increased IOP and outflow resistance.

Exactly why overexpression of sCD44 in the mouse eye
leads to increased IOP is unknown. Likewise, the mechanism
underlying the effects of exogenous sCD44 on flow rates in
perfused porcine eyes is unclear. It is well recognized that
sCD44 is released by proteolytic cleavage of CD44 receptor
upon ligand binding [24]. sCD44 binds homotypically to itself
and to its CD44 receptor. As CD44 is shed, it forms protein
aggregates, particularly in monomeric and oligomeric confor-
mations. Although low concentrations of neutralizing CD44
antibody blocked the effect of exogenous 32-kDa CD44,
at a higher concentration of neutralizing CD44 antibody,
there is an excess of antibody. Since both exogenous sCD44
and CD44 antibody act as ligands to the CD44 receptor, in
effect then, both disrupt CD44 receptor function. In addi-
tion, sSCD44 appears to induce CLANs by disrupting the
actin cytoskeleton. As sCD44 is shed, the remaining CD44
receptor is further processed by y-secretase to generate an
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intracytoplasmic domain that acts as a transcription factor to
cause further synthesis of CD44 receptor [17]. This cascade
of events leads to a positive feedback loop causing additional
shedding of sCD44 so that the process is self-propagating.
Therefore, exogenous sCD44 or adenoviral overexpression
of sCD44 leads to increased CD44 expression. For both
sCD44 and Ad-sCD44 models, as well as in the vitreous
model recently reported by the Ildefonso group [25], the
sCD44 levels were blocked by y-secretase inhibition, further
supporting the notion of a positive feedback loop.

Adenoviral constructs and their effect on IOP have
been used successfully in studying TGFB1 [26], TGFp2
[18], SPARC [27], SFRP1 [28], serum amyloid A [29], PEDF
[30], caldesmon [31], and myocilin [32]. CD44 serves as a
co-receptor, linking signaling receptors such as c-Met,
members of the ErbB family of receptor tyrosine kinases,
transforming growth factor-p (TGF-p) receptors, and hepto-
cyte growth factor, as well as facilitating the association of
intracellular mediators of signal transduction [33]. Overex-
pression and proteolytic release of sCD44 by cells interfere
with HA binding to CD44, resulting in sCD44 acting as a
decoy receptor to all available binding of endogenous HA
[33]. Moreover, CD44 antibody also binds the CD44 receptor,
leading to mitochondrial dysfunction and cell death [34]. We
have previously shown that sCD44 binds homotypically to
CD44 [20]. It is then internalized via clathrin-independent
endocytosis [35]. After internalization, CD44 releases an
intracellular domain that is trafficked either to the nucleus
[17] or to the mitochondria [20], depending on the y-secretase
cleavage site.

In the human TM cell culture, sCD44 administration
modified the actin cytoskeleton by increasing the formation
of actin arrangements known as CLANs. Dexamethasone
[36] and TGF B2 [37] have been shown to induce CLAN
formation in TM cells. Annexin 2 is known to have a
close relationship with F-actin, serving to bind and bundle
it through a tetrameric complex [38]. Specifically, the
C-terminus of annexin 2 has been shown to mediate binding
to F-actin [39]. Experimental evidence shows that annexin 2
localizes to regions of actin where there are free-barbed ends
[40], and it has been suggested that annexin 2 may serve as
a barbed-end-capping protein that restricts actin growth and
motility [41]. From our experimental results, sCD44 shifted
the equilibrium of annexin 2 toward its phosphorylated form,
with a corresponding increase in CLAN formation. We
hypothesize that phosphorylation of annexin 2 induced by
sCD44 impedes the ability of annexin 2 to cap barbed ends
and allows additional outward growth, resulting in increased
actin spokes and the formation of CLANS. The time course

© 2013 Molecular Vision

demonstrated an increase in outflow facility in the initial 12
h of porcine perfusion with DMEM, heat-inactivated CD44,
or BSA. This phenomenon in aqueous outflow is commonly
referred to as “washout” [42] and occurs in all eyes of all
species other than humans. The initial increase in flow rate
in our porcine perfusion may be caused by anterior chamber
exchange, the volume of the perfusate, the use of magnetic
stir bars to ensure uniform distribution of a test substance,
species variability, or cellular matrix alterations. The obser-
vation that sCD44 prevents the initial high flow rate suggests
the CD44 acts rather quickly on the outflow mechanism. The
addition of exogenous 32-kDa CD44 in this study prevented
an increase in flow facility. CD44 binds to HA, providing
resistance to shear forces on the surface of endothelial cells
[43] and promoting vascular integrity [44]. In addition, the
observation of CLAN formation in perfused porcine TM
cells suggests than the TM endothelial cells are less pliable
and rigid [45], which would prevent their separation from
their basal lamina. Taken together, exogenous CD44 acts to
prevent the washout phenomenon.

Our results from using adenoviral overexpression of
sCD44 and organ perfusion of sCD44 indicate that sCD44
decreases aqueous outflow rates, with a subsequent increase
in IOP. In both models, the effects of overexpression of
sCD44 were blocked by inhibiting CD44 proteolysis with
a y-secretase inhibitor. Our in vitro results also indicate
sCD44 increased TM-cell CLAN formation and changed
annexin 2 and caveolin protein concentrations in lipid rafts.
The elevated sCD44 levels seen in POAG aqueous may play
causative roles in POAG pathogenesis.
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