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Purrosk. To determine whether soluble CD44 (sCD44), a likely
biomarker of primary open-angle glaucoma (POAG), is
internalized in cultured human trabecular meshwork (TM)
cells and trafficked to mitochondria.

MerHODS. In vitro, 32-kD sCD44 was isolated from human sera,
biotinylated, and dephosphorylated. TM cells were incubated
for 1 hour at 4°C with biotinylated albumin (b-albumin), biotin-
labeled sCD44 (b-sCD44), or hypophosphorylated biotin-
labeled sCD44 (-p b-sCD44) in the presence or absence of
unlabeled sCD44, hyaluronic acid (HA), and a selected 10-mer
HA binding peptide. The slides were warmed for 1 or 2 hours
at 37°C, and 125 nM MitoTracker Red was added for the last 20
minutes of the incubation. The cells were washed, fixed,
incubated with anti-biotin antibody and FITC-labeled goat anti-
mouse antibody, and examined under a confocal microscope.

Resurts. TM cell membranes were positive for b-sCD44 after
4°C incubation. When the temperature was raised to 37°C, b-
sCD44 or -p b-sCD44 appeared in the cytoplasm. The
internalization of b-sCD44 was blocked by excess unlabeled
sCD44, HA, and a 10-mer HA-binding peptide. Double label
experiments with b-sCD44 or -p b-sCD44 and MitoTracker Red
indicated partial overlap. The percent co-localization of
MitoTracker Red at 2 hours and FITC -p b-sCD44 was 17.4%
(P < 0.001) and for FITC b-sCD44 was 11.7% (P < 0.001)
compared with b-albumin. The influence of putative CD44
phosphorylation sites on mitochondrial trafficking was deter-
mined by TargetP 1.1.

Concrusions. sCD44 is internalized by TM cells and trafficked in
part to mitochondria, which may be a factor in the toxicity of
sCD44 in the POAG disease process. (Invest Ophthalmol Vis
Sci. 2013;54:592-601) DOI:10.1167/i0vs.12-10627
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rimary open-angle glaucoma (POAG) is one of the four

major causes of blindness and visual disability in the
United States.! Previous studies from our laboratory have
identified soluble CD44 (sCD44) as a likely protein marker and
causative factor of POAG, especially in African American
individuals.?"> CD44 is an 80- to 250-kD transmembrane
protein; its ectodomain is released as 32-kD sCD44 and
remains biologically active.®” The liberated sCD44 binds
ligands acting as a decoy receptor and also binds homotypi-
cally. CD44 plays major roles in multiple physiological
processes, including innate®® and adaptive immunity,!%!!
phagocytosis,'?'3 and cell survival pathways.!4"1¢ sCD44 is
elevated in the aqueous humor of POAG versus non-POAG
patients,>>17:18 and its concentration correlates with the
extent of visual field loss in POAG.> A hypo-phosphorylated
form of sCD44 in POAG aqueous humor further distinguishes
POAG and normal pressure glaucoma from normal eyes and
other types of glaucoma.'® Moreover, sCD44, particularly the
hypo-phosphorylated form of sCD44, is a potent and specific
cytotoxin to trabecular meshwork (TM) and retinal ganglion
cells.*

CD44 is a member of a heterogeneous group of proteins
designated hyaladherins, which are linked by their common
ability to bind to hyaluronic acid (HA).2%2! The hyaladherins
can be classified into two major groups: membrane-bound
forms, such as CD44, receptor ligand C1q, and receptor for HA-
mediated motility (RHAMM), and media forms such as versican,
aggrecan, brain HA-binding protein, brevican, tumor necrosis
factor o stimulated gene-6 (TSG-6), and link protein.?°-22 A
number of hyaladherins—a recombinant version of sCD44,%3
sCD44,2* RHAMM,?> TSG-6,2° Cl1q,?” a synthetic version of
trypsin fragments of aggrecan and link protein named
metastatin,?® and a synthetic polypeptide P4?°—have been
documented to exhibit antitumor activity. Notably, the
cytotoxic activity of sCD44* and metastatin?® is inhibited by
HA, and cells that have higher pericellular concentrations of
HA are resistant to metastatin.

A common concept in neurodegenerative diseases is that a
toxic protein alters mitochondrial function (e.g., B-amyloid in
Alzheimer’s disease and parkin in Parkinson’s disease).3° It is
now recognized that mitochondria are porous, allowing
proteins, such as HA-binding proteins, to enter and leave.
Exactly why some HA-binding proteins are trafficked into the
mitochondria and become toxic is unclear. Multiple apoptot-
ic pathways emanate from the mitochondria,3! resulting in
membrane depolarization and release of cytochrome C.
Given the emerging role of sCD44 as a biomarker and a
possible factor in cell death in POAG, we examined the
internalization of sCD44 into TM cells and explored possible
ways to prevent its internalization and toxic effects on TM
cells.

Investigative Ophthalmology & Visual Science, January 2013, Vol. 54, No. 1
Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc.



IOVS, January 2013, Vol. 54, No. 1

MATERIALS AND METHODS

Isolation of sCD44

The 32-kD sCD44 was isolated from human serum (Sigma-Aldrich,
St. Louis, MO) by a two-step isolation procedure. The first step
utilized an HA affinity column. Human umbilical cord HA (Sigma-
Aldrich) was standardized by size exclusion chromatography on a
Sepharose CL-4B column (1.6 X 22.0 cm; GE Healthcare, Piscataway,
N)) equilibrated with 0.1 M ammonium acetate and standardized by
the elution of blue dextran (molecular weight = 2 X 10°; Sigma-
Aldrich). HA was bound to EAH-Sepharose (15 mL; product number
17-0569-04; GE Healthcare) according to the manufacturer’s
instructions, and rinsed with 40 mL of 10 mM sodium phosphate-
150 mM sodium chloride, pH 7.2 (PBS) (Sigma-Aldrich) in a sintered
glass filter (Fisher Scientific, Pittsburg, PA) to remove azide from the
storing buffer. The sepharose was then activated by incubation with
5 g N-(3-dimethylaminopropyD)-N'-ethylcarbodiimide hydrochloride
(Sigma-Aldrich) for 24 hours, and washed with 0.5 M NacCl, 0.1 M
sodium acetate, pH 4.0, and 0.5 M NaCl, 0.1 M TRIS, pH 8.3 (Sigma-
Aldrich). The activated sepharose was loaded into a XK-20 column
(GE Healthcare) and was packed using PBS. Human serum (10 mL;
Sigma-Aldrich) was added to the column, incubated overnight at
4°C, and the column was rinsed with 100 mL PBS. The bound
proteins were eluted with 0.5 M NaCl and PBS (Sigma-Aldrich). A
protein assay (Bio-Rad, Hercules, CA) and sCD44 ELISA (Bender
Medsystems, San Diego, CA) were performed according to the
manufacturer’s instructions to determine the protein and sCD44
concentration.

In the second step of the isolation, a CD44 immunoprecipitation
method was used to purify sCD44. The bound proteins were incubated
with 100 pg monoclonal anti-CD44 antibody (BU52; Ancell, Bayport,
MN) overnight at 4°C and incubated with a goat anti-mouse antibody
(Jackson ImmunoResearch, West Grove, PA) conjugated to sepharose
for 2 hours. The complex was centrifuged at 2500g for 5 minutes, and
the supernatant was aspirated. The resulting pellet was washed three
times with PBS, and the bound proteins were eluted with 0.2 M
glycine, pH 2.5 (Sigma-Aldrich), and neutralized with 1 M TRIS, pH 8.0
(Sigma-Aldrich). CD44 Western blots of graded amounts of sCD44 were
determined by densitometry and the results were compared to Western
blot densitometry of human serum. The isolated sCD44 was subjected
to one-dimensional 4% to 11% polyacrylamide gradient blue native gel
electrophoresis®? to determine aggregation and homotypic binding of
sCD44.

Hypophosphorylation and Biotinylation of sCD44

sCD44 was hypophosphorylated by incubation of 4 pg of sCD44
with 30 units alkaline phosphatase (ICN Biochemicals, Irvine, CA)
for 1 hour at 37°C and the process was repeated. Hyperphosphory-
lated sCD44 (+p sCD44) was phosphorylated as previously
described.* To verify the results of phosphatase treatment, the
hypophosphorylated sCD44 (-p sCD44) was immunoblotted with
phosphospecific anti-serine/threonine antibody (Upstate USA, Char-
lottesville, VA) as previously described.!'® sCD44 and -p sCD44 were
biotinylated (Vector Laboratories, Burlingame, CA) according to the
manufacturer’s instructions. In brief, sCD44 was dissolved in 100
mM HEPES buffer (Sigma-Aldrich) so that the final concentration of
protein was not greater than 10 mg/mL. An aliquot of the
biotinylating reagent (10 mg/mL solution of the biotin reagent)
was added, incubated for 2 hours at room temperature, and the
reaction was stopped by adding 5 pL of ethanolamine. The
biotinylated protein was dialyzed (product number 68,100 dialysis
tubing; ThermoScientific, Rockford, IL) against three changes of 2 L
of buffer to remove unreacted biotin. The biotinylation of sCD44 (b-
sCD44) and of hypophosphorylated (-p b-sCD44) was verified by
Western blot analysis.
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Cell Culture and Immunofluorescence

Human TM cells derived from donors 19, 34, and 49 years of age were
plated at 5000 cells per well on 8-well chamber slides in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum (FBS)
(Sigma-Aldrich). The medium was changed to 0.1% FBS for 2 hours
before treatment. Biotinylated albumin (b-albumin; molar ratio of biotin
to albumin was 8:1; Sigma-Aldrich), b-sCD44, or -p b-sCD44 (0.1 ng)
was added to the wells and the slides were incubated at 4°C for 1 or 2
hours. Excess b-albumin, b-sCD44, or -p b-sCD44 not bound to the cell
surface was removed by aspiration and fresh media was added. Cells
were also treated with 1 pg of HA or with 1 ng of the 10-mer HA
binding peptide, KNGRYSISRT, corresponding to the first HA binding
site of sCD44 (amino acid residues 38 through 47). The 10-mer HA
binding peptide was synthesized by Genemed Synthesis, Inc. (San
Francisco, CA), and acetylated on N-terminus and amidated on C-
terminus to prevent protease degradation. Control peptides were a
scramble of the 10-mer sequence, or 0.1 ng of unlabeled sCD44. The
slides were then warmed to 37°C for 1 or 2 hours. During the last 20
minutes, MitoTracker Red (MitoTrackerCMX Ros; Invitrogen, Carlsbad,
CA) was added to the wells at a final concentration of 125 nM. For
immunostaining, the cells were washed three times with PBS and fixed
in cold methanol for 15 minutes. After membrane permeabilization
with 0.1% saponin (Sigma-Aldrich) in PBS for 15 minutes at room
temperature, the cells were incubated for 90 minutes with a mouse
anti-biotin antibody (diluted 1:500; Sigma-Aldrich). The cells were
washed and incubated for 45 minutes with secondary FITC-labeled
goat anti-mouse antibody (diluted 1:200 in 10% normal goat serum;
Jackson ImmunoResearch). The cells were then washed and mounted
in Vectashield mounting medium with 4’,6-diamidino-2-phenylindole
(DAPI; Vector, Burlingame, CA). The staining was examined under
fluorescence and confocal microscopes on previously masked slides.
Images were obtained by conventional epifluorescence microscopy
using a Zeiss Axiovert 100 microscope (Carl Zeiss, Thornwood, NY).
Confocal microscopy was conducted using a Leica SP2 confocal
microscope (Wetzlar, Germany). Images were obtained in the middle of
cells by optical sectioning. The images were captured using a X40 or
X63 objective and were taken as single image or as a Z-series. The Z-
series was created with 20 images at 0.1-um spacing. Fluorescence
intensity per cell, percent of co-localization, and integrated optical
density were quantitated by computer-assisted densitometry (Meta-
morph 7.5; MDS Analytical Technologies, Sunnyvale, CA).

Cell Viability

Primary cultures of third to fourth passage normal human TM cells
were plated at a density of 40,000 cells per well in 24 multiwell plates
(BectonDickinson, Franklin Lakes, NJ) as previously described? and
were treated with 0.1 pg of sCD44, +p sCD44 and -p sCD44 for 2
hours. Cell viability was determined as previously described.*

Statistical Analysis

All data were expressed as the mean * SD. Student’s #test and linear
regression were performed using StatSoft (Tulsa, OK). P less than 0.05
was considered to be statistically significant.

RESULTS

A two-step isolation procedure using HA affinity columns and
immunoprecipitation was performed to isolate sCD44. By
Western blot analysis under reducing conditions, the isolated
sCD44 preparation was strongly positive for a 32-kD band and
positive for a 55-kD band (Fig. 1). The isolated sCD44
preparation was also positive for a 32- and 55-silver stained
bands. The relative ratio of sCD44 concentration measured by
ELISA to the protein concentration by protein assay was
141,357:1 for human sera. The ratio of the isolated sCD44



594 Nolan et al.

1 2 3 4

199 -

—

=y
166 -
85 - ¥
5 4 i - 4 |
7= — ;
29~ ik
20 - 66-
Ficure 1. SDS-PAGE under reducing conditions, blue native gel

electrophoresis, and immunoblot analysis of isolated sCD44 from
human sera by HA affinity chromatography and immunoprecipitation.
Lanes from left to right: lane 1, SDS-PAGE; Silver stain of human sera;
lane 2, CD44 Western blot of isolated sCD44 under reducing
conditions; lane 3, silver stain of isolated sCD44 under reducing
conditions; lane 4, blue native gel electrophoresis, CD44 Western blot
of aggregated sCD44. Note the 32-kD sCD44 band and approximately
55-kD CD44 band in lane 2.

concentration measured by ELISA to protein concentration by
protein assay was 10.39:1.00. Thus, the relative degree of
enrichment was 13,605. To determine if sCD44 binds
homotypically, the isolated sCD44 was subjected to blue native
gel electrophoresis under nonreducing conditions. sCD44 was
detected as a 600- to 1200-kD aggregate (Fig. 1).

An sCD44 standard curve was generated by Western blot
densitometry using monoclonal anti-CD44 antibody. The
concentration of sCD44 in human serum had been previously
determined by ELISA, and volume equivalents of each
concentration, 5 to 80 pg, were loaded into each lane. The
bands were analyzed by densitometry and the integrated
optical density was determined for each load of sCD44. The
results showed a linear relationship (R? = 0.9837), with 2.52
densitometric units per pg of sCD44 (Fig. 2A). Graded amounts
of b-sCD44 and -p b-sCD44 were analyzed by Western blot
analysis and quantitated using human serum sCD44 as a
standard. Each of the preparations was also subjected to
Western blot analysis using anti-biotin antibody to verify
biotinylation and antiphosphorylation antibodies to verify
phosphorylation of b-sCD44 and hypophosphorylation of -p
b-sCD44 (Figs. 2B, 2C). The results indicated that the
preparations were biotinylated and that alkaline phosphatase
treatment decreased the phosphorylation of -p b-sCD44.

To determine whether the isolated sCD44, +p sCD44, or -p
sCD44 were biologically active, cell viability was determined.
The sCD44 and -p sCD44 treatment for 2 hours significantly
reduced cell viability, whereas +p sCD44 had a lesser effect on
cell viability (Fig. 3).

To detect internalization of b-sCD44 into TM cells, the cells
were exposed to 0.1 ng b-albumin, 0.001 to 0.1 ng of b-sCD44
or -p b-sCD44 at 4°C for 1 hour. Confocal microscopy results of
b-sCD44-treated cells showed that only the TM cell mem-
branes were stained and the cytoplasm was negative (data not
shown). In all subsequent experiments, TM cells were rinsed
with fresh media to remove unbound biotinylated proteins,
and incubated for an additional 1 or 2 hours. MitoTracker Red
was added for the last 20 minutes of incubation. MitoTracker
Red is internalized into mitochondria and its accumulation is
dependent on mitochondrial membrane potential. The cells
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Ficure 2. SDS-PAGE and immunoblot analysis of standard biotinylated
sCD44 (b-sCD44) and hypophosphorylated biotinylated sCD44 (-p b-
sCD44). (A) Western blot standard curve generated from 5 to 80 pg
sCD44 isolated from human serum using BU-52 monoclonal antibody
for CD44. (B) Western blot analysis of isolated b-sCD44 and (C) -p b-
sCD44. Lanes 1 to 3 are 20, 40, and 80 pg of isolated b-sCD44 and -p b-
sCD44 immunoblots using BU-52 monoclonal antibody for CD44; lane
4 is 40 pg of b-sCD44 and of -p b-sCD44 and using anti-biotin antibody;
lane 5 is 20 pg for the phosphorylation status of b-sC44 and -p b-
sCD44 using phosphospecific anti-serine/threonine antibody. The data
are from a representative of three individual experiments that had
consistent results.
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Figure 3. Cell viability of TM cells treated with sCD44. Legends:
Control, PBS; sCD44 (0.1 pug); +p sCD44 (0.1 pg); -p sCD44 (0.1 pg) for
2 hours. The data represent the mean of results (z = 6) in a
representative experiment. Error bars denote SD. Significance of
results: *P < 0.05, **P < 0.01, in comparison with control; 1P < 0.05,

1P < 0.01 in comparison with sCD44.
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A

FiGure 4. Internalization of b-sCD44 in TM cells. TM cells were treated with (A) 0.1 ng b-albumin, (B) 0.01 ng b-sCD44, or (C) 0.1 ng b-sCD44 for 1
hour at 4°C, rinsed with fresh media to remove unbound biotin-labeled albumin or sCD44, and incubated for 2 hours at 37°C. For the last 20 minutes
of incubation, 125 nM MitoTracker Red was added, then fixed with methanol, permeabilized with 0.1% saponin and treated with mouse anti-biotin
and FITC-labeled goat anti-mouse IgG antibodies and counterstained with DAPI for nuclear staining. Positive mitochondria staining with MitoTracker
Red appears as red, b-albumin or b-sCD44 staining appears in green, and nuclei are in blue. Note higher doses of b-sCD44 resulted in cell
detachment. Cells were photographed with an epifluorescence microscope. The data are representative of three individual experiments with
consistent results.

anti-biotin + FITC MitoTracker Red merge

b-albumin

-p b-sCD44
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Ficure 5. Confocal microscopy of the internalization of b-sCD44 and -p b-sCD44 in TM cells. TM cells were treated with 0.1 ng b-sCD44 for 2
hours, treated with 125 nM MitoTracker Red, fixed in methanol, permeabilized with 0.1% saponin, and stained with mouse anti-biotin and FITC-
labeled goat anti-mouse IgG antibodies. Cells were photographed with a confocal microscope at the mid-level by optical sectioning. In (A), cells
were treated with b-albumin (control), 0.1 ng b-sCD44, or 0.1 ng -p b-sCD44 and stained with biotin and goat FITC-labeled anti-mouse IgG
antibodies (to label b-sCD44 green) and MitoTracker Red (to label mitochondria red). Arrows indicate areas of co-localization. Z-stacks were

generated for an enlarged merged image of b-sCD44 (B) and -p b-sCD44 (C). Co-localization of b-sCD44 and -p b-sCD44 and MitoTracker Red in the
YZ and XZ image planes appear as yellow.

b-sCD44
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Ficure 6. Quantitation of fluorescence and percent of co-localization
of b-albumin, b-sCD44, -p b-sCD44, and MitoTracker Red in TM cells at
1 and 2 hours. Confocal microscopy images were obtained in the
middle of cells by optical sectioning and fluorescence intensity per cell
was quantitated by computer-assisted densitometry. (A) Fluorescence
expressed on y-axis as integrated optical densitometry of anti-biotin
FITC fluorescence and MitoTracker Red fluorescence in TM cells
treated with b-albumin, b-sCD44 or -p b-sCD44. (B) Co-localization
expressed in percent of b-albumin, p b-sCD44, or b-sCD44 with
MitoTracker Red. The data (n = 30) are respective of three individual
experiments with consistent results. Error bars indicate the SEM.
Significance of results: **P < 0.001, comparing b-albumin control and
b-sCD44. 1P < 0.01, t11P < 0.001, comparing b-albumin control and
-p b-sCD44. §P < 0.05, §§P < 0.01, §§§P < 0.001, comparing b-sCD44
and -p b-sCD44.

were fixed with methanol, subjected to 0.1% saponin
permeabilization, and stained with anti-biotin antibody and
DAPI. The internalization of b-albumin was limited, although
there was a substantial internalization and accumulation of
MitoTracker Red (Fig. 4A). The lowest dose of b-sCD44, 0.001
ng, resulted in minimal staining in the cytoplasm (data not
shown). A 0.01-ng dose (Fig. 4B) or 0.1-ng dose (Fig. 4C) of b-
sCD44 resulted in patchy areas of staining on some of the TM
cell processes, diffuse cytoplasmic staining, and perinuclear
staining, which appeared to overlap in some areas with
MitoTracker Red (Fig. 4C). Similar results were also obtained
with -p b-sCD44 (data not shown).

Confocal microscopy was used to document the overlap of
b-albumin, b-sCD44, or -p b-sCD44 with MitoTracker Red (Fig.
5A). In the control, minimal co-localization was observed with
b-albumin and MitoTracker Red (Fig. 5A). Partial co-localization
was observed with b-sCD44 and -p b-sCD44 (Fig. 5A). By
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aligning sequential Z-stacks, a three-dimensional representa-
tion of the co-localization of b-sCD44 or -p b-sCD44 with
MitoTracker Red was determined (Figs. 5B, 5C). A partial co-
localization of b-sCD44 and -p b-sCD44 and MitoTracker Red
was noted in the perinuclear areas. In addition, mitochondria
in control TM cells appeared to be more evenly dispersed
throughout the cytosol than in b-sCD44 or -p b-sCD44-treated
TM cells.

To further analyze co-localization of b-albumin, sCD44, and
MitoTracker Red, image analysis software was used to
quantitate the fluorescence staining of b-albumin, b-sCD44,
-p b-sCD44, and MitoTracker Red (Fig. 6A). At 2 hours, there
was a highly significant increase in both b-sCD44 and -p b-
sCD44 staining compared with b-albumin control (P < 0.001,
for both b-sCD44 and -p b-sCD44). There was a statistically
significant decrease in FITC green fluorescence intensity for -p
b-sCD44 compared with b-sCD44 (P < 0.01). There was also a
statistically significant increase in MitoTracker Red intensity in
comparison of b-sCD44 with b-albumin control (P < 0.001)
and -p sCD44 to b-albumin (P < 0.01). MitoTracker Red
staining in -p b-sCD44 cells compared with b-sCD44-treated
cells (P < 0.001) was also significant. Using Metamorph
imaging software, the percent of co-localization for b-albumin
on MitoTracker Red was determined to be 4.0%, FITC -p b-
sCD44 on MitoTracker Red was calculated to be 17.4%, and for
FITC b-sCD44 on MitoTracker Red was 11.7% (Fig. 6B). The
increase in co-localization was highly statistically significant
comparing b-albumin and b-sCD44 and -p b-sCD44 (P < 0.001)
and -p b-sCD44 (P < 0.001), and significant in comparing b-
sCD44 and -p b-sCD44 (P < 0.001).

To further examine the specificity of internalization of b-
sCD44 and partial overlap with MitoTracker Red (Fig. 7A), b-
sCD44 was co-administered with HA (Fig. 7B). No b-sCD44
staining was observed on HA treatment, indicating that HA
blocked the binding of b-sCD44 to the cell surface and also
blocked the internalization of b-sCD44. A more specific test of
the internalization of sCD44 was the use of the synthetic 10-
mer HA binding peptide, KNGRKYSISRT, corresponding to
residues 38 through 47 of CD44, which blocked both the
binding of b-sCD44 to the cell surface and the internalization
(Fig. 7C). A final test of the internalization of sCD44 was to
administer unlabeled sCD44 to competitively block the
internalization of b-sCD44. Excess unlabeled sCD44 blocked
the internalization of b-sCD44 (Fig. 7D); however, intense
staining was observed on the cell surface of TM cells.

DISCUSSION

The present study demonstrates that b-sCD44 and -p b-sCD44
are internalized into TM cells. sCD44 was isolated from human
sera, biotinylated, and dephosphorylated in vitro. Each of the
preparations was bioactive in a cell viability assay. A prior study
from our laboratory demonstrated that sCD44 toxicity can be
blocked by CD44 neutralizing antibody, excess HA, or the pan-
caspase inhibitor Z-VAD-FMK.*

Confocal microscopy indicated that TM cell membranes
were immunopositive for b-sCD44 after a 4°C incubation.
When the temperature was raised to 37°C, b-sCD44 and -p b-
sCD44 were observed in the cytoplasm, particularly in the
perinuclear region. In control b-albumin-treated cells, minimal
FITC staining was observed; however, MitoTracker Red
staining of mitochondria was evenly dispersed throughout
the cytosol and a time-dependent increase in staining was
observed from to 1 to 2 hours. In contrast, cells treated with
sCD44 displayed large, brightly stained mitochondria, concen-
trated in the perinuclear area. In both b-sCD44 and -p b-
sCD44-treated cells, there was no notable increase in either
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Figure 7. Internalization of b-sCD44 in TM cells. TM cells were treated with biotinylated-sCD44 for 2 hours, treated with 125 nM MitoTracker Red,
fixed in methanol, permeabilized with 0.1% saponin, and incubated with mouse anti-biotin and FITC-labeled goat anti-mouse IgG antibodies. Cells
were photographed with a confocal microscope at the mid-level by optical sectioning. (A) 0.1 ng b-sCD44. (B) 0.1 ng b- sCD44 co-administered with
1 pg HA. (O) Initial administration of 1 ng of selected 10-mer HA binding peptide (KNGRKYSISRT) and then 5 minutes later followed with 0.1 ng b-
sCD44. The molar ratio of 10-mer to b-sCD44 was 200:1. (D) Initial administration of 0.1 ng of unlabeled sCD44 and then 5 minutes later followed

with 0.1 ng b-sCD44.

FITC or MitoTracker Red staining from 1 to 2 hours. Double
labeling experiments indicated that b-albumin co-localization
(4%) of FITC staining of b-albumin and MitoTracker Red was
minimal. In contrast, co-localization between b-sCD44 (11.7%)
or -p b-sCD44 (17.4%) with MitoTracker Red was increased,
suggesting that both b-sCD44 and -p b-sCD44 were trafficked
in part to the mitochondria. Phosphorylation of an amino acid
may introduce a conformational change in sCD44 and change
the internalization and tracking pattern of sCD44, as shown in
Figure 6. The internalization of b-sCD44 and -p b-sCD44 was
blocked by co-administering HA, by pretreating the TM cells
with a 10-mer HA peptide, or pretreating the TM cells with
excess unlabeled sCD44. These results suggest b-sCD44 or -p
b-sCD44 bind homotypically to the CD44 receptor. These
results also suggest that HA or a 10-mer peptide binding to
CD44 receptor blocks sCD44 internalization. Internalization of
exogenous biotinylated ligands binding to receptor is temper-
ature dependent.3®> The internalized receptor cargo is traf-
ficked by localization signals within the ligand/receptor
complex.?* sCD44 internalization may involve mitochondrial
dysfunction in a fashion similar to that of B-amyloid frag-

ments,3>3¢ causing abnormal mitochondrial function and cell

death. The extent of exogenous B-amyloid co-localization in
mitochondria is variable from partial without quantifica-
tion3°-3% and 1% to 9%.3°

sCD44 is released by proteolytic cleavage®° (shedding) from
membrane-anchored CD44, which influences CD44-mediated
HA binding to cell surfaces.! In addition, full-length CD44 is
endocytosed and is trafficked to multiple intracellular loca-
tions. When CD44 is proteolytically cleaved, with a release to
the ectodomain as sCD44, the transmembrane portion is
cleaved by gamma-secretase to release an intracytoplasmic
domain (ICD), which trafficks to the nucleus and creates a
positive feedback loop.#? Nuclear CD44 regulates STAT3 and
binds to cyclin D1 promoter, leading to cyclin D1 expression
and cell proliferation.*> This suggests that CD44 nuclear
trafficking results in an autocrine mechanism.

CD44 is highly polymorphic due to alternate splicing and
variable N- and O-linked glycosylation sites, which regulate HA
binding in some cell types but not in others.** The activation
states of a single cell also influence CD44 binding to HA so that
some cells bind HA while others do not.%! Recent evidence
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indicates that ligand binding using anti-CD44 antibody results
in cell death by apoptosis and mitochondrial depolarization.*>
CD44 antibody binds to CD44 and results in mitochondrial
dysfunction and cell death. These results indicate that ligand
binding to CD44 can not only act in a positive feedback loop
but also result in cell death.

Exactly how the internalization process and trafficking of
sCD44 occurs in TM cells is not well understood. CD44
receptor internalization occurs by clathrin-independent endo-
cytosis and it trafficks to endosomes or recycles via endocytic
recycling compartment.“® Albumin is internalized mainly by a
caveolin-dependent endocytosis.®” Protein trafficking patterns
are complicated; abnormal protein trafficking commonly
occurs in neurodegenerative diseases.®® Cell stress-induced
modifications of proteins commonly involve phosphorylation
and proteolytic cleavage, which may redirect some proteins to
the mitochondria.#->! sCD44 has a putative mitochondrial
localization sequence consisting of a highly hydrophobic and
basic amino acid-rich sequence.>?33 sCD44 may interfere with
normal mitochondrial function, as is seen with the synthetic
peptide P4?° and RHAMM,>* and trigger the intrinsic pathway
of apoptosis. The importance of phosphorylation and mito-

chondrial import of cofilin was demonstrated by Chua et al.>>
Cells stressed by kinase inhibitor import cofilin, an actin-
binding protein, into the mitochondria before cell death by
apoptosis. Dephosphorylation of cofilin was essential and
necessary for trafficking to mitochondria.

The likelihood of mitochondrial trafficking and the effect of
phosphorylation and cleavage site of three gamma-secretase
substrates (CD44, Notch, and amyloid precursor protein) are
shown in Figure 8. Analysis by the TargetP 1.1 program on
various phosphorylation modifications of the CD44 at different
residues remarkably changed the likelihood of mitochondrial
localization (Table). Alternate cleavage site by y-secretase in the
transmembrane also remarkably changed the likelihood of
mitochondrial localization. Phosphorylation of Ser672 and
Ser686 have the largest effect. Because PKC is a known to
phosphorylate Ser672 and modulate the interaction of CD44
and the cytoskeletal linker ezrin in vivo,3¢ phosphorylation of
the Ser672 may prevent mitochondrial trafficking. The vy-
secretase cleavage at S1 or S2 influence mitochondrial
trafficking. The alternate S2 cleavage of CD44 is likelier to go
to the mitochondria than the S1 fragment, which has a nuclear
targeting signal. %3 Further studies are required for CD44
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TaBe. CD44 Cleavage and Phosphorylation Sites and Prediction of Mitochondrial Trafficking
Prediction for the Trafficking Prediction for the Trafficking
Phosphorylated Cytosolic S1 Cleavage of ICD} S2 Cleavage of Alternate AICD%
CD44 Amino Acid* by y-Secretase to Mitochondria by y-Secretase to Mitochondria
None 0.410 0.588
Ser672 0.264 0.331
Ser686 0.306 0.525
Ser672 + Ser686 0.200 0.295
Ser697 0.355 0.573
Ser706 0.397 0.583
Thr720 0.412 0.588
Ser697 + Thr720 0.353 0.570
Ser706 + Thr720 0.399 0.581
Ser697 + Ser706 + Thr720 0.470 0.568

* The amino acid sequence of cytosolic CD44 conventional ICD and alternate ICD (AICD) were analyzed by TargetP 1.1 Server.”! TargetP is a
neural network-based tool that predicts the subcellular location of a protein using its N-terminal sequence. Negatively charged amino acid residues

were used as a substitute for phosphorylated residues.

t ICD is amino acids 669 to 742, which translocates to the nucleus’ via an identified nuclear targeting signal.*3
+ AICD is amino acids 660 to 742, created by an alternate cleavage site of y-secretase.>® It contains a putative mitochondrial targeting sequence

in addition to the known nuclear targeting signal of the conventional ICD.

modification via phosphorylation or alternate cleavage and
mitochondrial trafficking.

Abnormalities in mitochondria have been reported in
neurodegenerative diseases®”->® and in glaucoma.>® Patients
with POAG were found to have a variety of mutations in
mitochondrial DNA as well as decreased mitochondrial
respiratory activity.°® Mitochondria are well known mediators
of apoptosis, with mitochondrial dysfunction often resulting in
apoptotic cell death. Recently, mitochondrial permeability
pore was shown to be opened by p53 in response to oxidative
stress.®! Intriguingly, p53 forms a complex with cyclophilin D;
p53 is also known to form a complex with CD44 via a
noncanonical p53 binding sequence in its promoter.®? In a rat
model of glaucoma, increased IOP caused the cleavage and
constitutive activation of the protein phosphatase calcineurin.
This cleavage leads to dephosphorylation of the proapoptotic
protein Bad, and subsequent increase of apoptotic cell death of
retinal ganglion cells.®® In a model of hypoxia-ischemic brain
injury, cytochrome C is released from the brain into
cerebrospinal fluid. Notably, exogenous biotinylated cyto-
chrome C is internalized into mitochondria of neurons
exposed to anoxia.®*

Alterations in the phosphorylation of sSCD44 in POAG'® may
involve metabolic stress, free radicals, or age-related modifica-
tion of kinase/phosphatase. The resulting change in phosphor-
ylation may alter CD44 shedding and/or endocytosis and
subsequent subcellular localization. If sCD44 is indeed
trafficked in part to the mitochondria, this may be a factor in
the toxicity of sCD44 in certain cells, such as the TM and
retinal ganglion cells in the POAG disease process. Given the
emerging role of sCD44 as a marker and possible cause of cell
death in POAG, a 10-mer HA peptide was effective in
preventing sCD44 internalization and possible toxic effects
on TM cells. The development of synthetic techniques may
allow for application of peptide, peptide-like drugs, or
derivatives to block the internalization of toxic proteins for
the treatment of neurodegenerative diseases,®>% such as
POAG.
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