
Primary open-angle glaucoma (POAG), a degenerative 
optic neuropathy, is a common cause of irreversible blind-
ness. POAG is frequently associated with elevated intraocular 
pressure (IOP) caused by a dysfunction in the aqueous 
humor outflow pathway in the anterior segment of the eye 
[1,2]. Trabecular meshwork (TM) cells are responsible for 
establishing and monitoring aqueous outflow resistance and 
maintaining IOP homeostasis. TM cells also function as 
phagocytic cells to clear aqueous humor of debris and cellular 
components before they cross the less porous juxtacanalicular 
region and drain into Schlemm’s canal.

At the molecular level, the pathogenesis of POAG is 
complex. Genetic linkage analysis has identified at least 

20 chromosomal loci for POAG [3-6]. Our group recently 
identified the causative gene at the glaucoma 1, open angle, F 
(GLC1F) locus as ankyrin repeat and suppressor of cytokine 
signaling (SOCS)-box-containing protein-10 (ASB10) [7]. A 
synonymous T255T variant in ASB10 segregated with disease 
in a large Oregon family with POAG, in which the GLC1F 
locus was originally mapped [7,8]. Other ASB10 mutations 
were subsequently identified in two independent American 
and German cohorts. Since this gene was originally identified 
in a family with POAG with elevated IOP, we hypothesized 
that ASB10 expression in the TM may play a role in outflow 
resistance. Indeed, when we silenced the ASB10 gene, there 
was increased resistance to aqueous outflow in perfused 
human anterior segments [7]. However, the mechanism by 
which ASB10 affects outflow facility and the biologic func-
tion of the ASB10 protein remain unknown.
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Purpose: Ankyrin repeat and suppressor of cytokine signaling (SOCS) box containing protein-10 (ASB10) was recently 
identified as a gene that causes primary open-angle glaucoma. Here, we investigated endogenous ASB10 protein expres-
sion in human trabecular meshwork (HTM) cells to provide the first clues to the biologic function of this protein.
Methods: Primary HTM cells were cultured and immunostained with anti-ASB10 and various biomarkers of the ubiq-
uitin-mediated proteasomal and autophagy-lysosomal degradation pathways. Cells were imaged with confocal and 
high-resolution structured illumination microscopy. Colocalization was quantified using Imaris Bitplane software, which 
generated a Pearson’s correlation coefficient value. Coimmunoprecipitation of ASB10-transfected cells was performed.
Results: Immunofluorescence and confocal analysis showed that ASB10 was localized in intracellular structures in 
HTM cells. Two populations were observed: small, spherical vesicles and larger, less abundant structures. In the ASB10-
silenced cells, the number of large structures was significantly decreased. ASB10 partially colocalized with biomarkers 
of the ubiquitin-mediated proteasomal pathway including ubiquitin and the α4 subunit of the 20S proteasome. However, 
ASB10 itself was not ubiquitinated. ASB10 also colocalized with numerous biomarkers of specific autophagic structures: 
aggresomes (histone deacetylase 6 [HDAC6] and heat shock protein 70 [HSP70]), autophagosomes (light chain 3 [LC3] 
and p62), amphisomes (Rab7), and lysosomes (lysosomal-associated membrane protein 1 [LAMP1]). Pearson coeffi-
cients indicated strong colocalization of large ASB10-stained structures with the α4 subunit of the 20S proteasome, K48 
and K63-linked ubiquitin antibodies, p62, HSP70, and HDAC6 (Pearson’s range, 0.59–0.82). Coimmunoprecipitation 
assays showed a positive interaction of ASB10 with HSP70 and with the α4 subunit of the 20S proteasome. Super-reso-
lution structured illumination confocal microscopy suggested that the smaller ASB10-stained vesicles aggregated into 
the larger structures, which resembled aggresome-like induced structures. Treatment of HTM cells with an autophagy 
activator (MG132) or inhibitors (wortmannin, bafilomycin A1) significantly increased and decreased the number of small 
ASB10-stained vesicles, respectively. No discernible differences in the colocalization of large ASB10-stained structures 
with ubiquitin or HDAC6 were observed between dermal fibroblasts derived from a normal individual and a patient with 
primary open-angle glaucoma carrying a synonymous ASB10 mutation.
Conclusions: Our evidence suggests that ASB10 may play a role in ubiquitin-mediated degradation pathways in TM cells.
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ASB10 is one of 18 members of a family of ASB genes 
[9]. Members are related due to the presence of a varying 
number of ankyrin (ANK) repeat protein domains and a 
C-terminal suppressor of cytokine signaling (SOCS) box. 
The ASB10 gene encodes seven ANK repeat domains and a 
SOCS box at the C-terminus (Figure 1A). Unique N-termini 
arise from alternative 5′ exon usage resulting in two ASB10 
isoforms: variant 1 (v1) and variant 3 (v3). ANK repeats are 
one of the most common structural motifs and typically 
mediate specific protein–protein interactions [10,11]. The 
number and structure of ANK repeats are likely essential for 
defining which target substrate the ASB protein will bind. 
The SOCS box recruits the multisubunit E3 ubiquitin ligase 
complex, which then ubiquitinates the protein bound to the 
ANK repeats [12-14]. For instance, ASB3 and ASB9 mediate 
ubiquitination and degradation of tumor necrosis factor-alpha 
type II receptor and creatine kinase B, respectively [15,16], 
while ASB4 mediates insulin receptor substrate 4 degrada-
tion [17]. ASB family proteins can therefore play significant 
roles in ubiquitin-mediated degradation pathways and have 
been implicated as negative regulators of cellular signaling 
[15].

There are two main catabolic pathways for degrading 
cellular materials: the ubiquitin-proteasome system (UPS) 

and the autophagy-lysosomal (AL) pathways. These were 
originally thought to be distinct, but more recent studies 
indicate that under basal conditions, autophagy can partici-
pate in clearing ubiquitinated substrates [18]. Autophagy is 
a constitutive recycling process in which cargo destined for 
degradation is delivered to lysosomes in a step-wise process 
and is an essential process that maintains cellular and tissue 
homeostasis [19-23]. In macroautophagy, the main type of 
autophagy, a characteristic cup-shaped, double-membraned 
autophagosome encloses and sequesters cargo destined for 
degradation [23-26]. The autophagosome fuses with late 
endosomes to form amphisomes, which fuse with lysosomes 
to become autolysosomes [21]. Impaired lysosomal degrada-
tion in oxidatively stressed TM cells has been implicated in 
the pathogenesis of glaucoma [27].

Since other ASB proteins bind to and ubiquitinate 
specific cellular substrates for degradation, we hypothesized 
that ASB10 may serve a similar function in TM cells. As 
the first step to explore the biologic function of ASB10, we 
evaluated endogenous ASB10 expression in cultured TM cells 
and colocalized ASB10 antibodies with various biomarkers of 
the UPS and AL degradation pathways.

Figure 1. Characterization of 
ankyrin repeat and suppressor of 
cytokine signaling (SOCS) box 
containing protein-10 antibodies. 
A: A schematic diagram of ankyrin 
repeat and suppressor of cytokine 
signaling (SOCS) box containing 
protein-10 (ASB10) shows the 
position of the alternatively spliced 
N-terminus (variant 1 (v1) or 
variant 3 (v3); green), the ankyrin 
(ANK) repeats (olive ovals) and 
the SOCS box (pink). B: Western 
immunoblotting was performed to 
detect endogenous ASB10 in human 
trabecular meshwork (HTM) cell 
lysates (left panel) or 293 cells 
t ransfected with recombinant 

ASB10 variant 3 with a green fluorescent protein (GFP) tag at the C-terminus (right panel). The control was mock-transfected. Immunoblots 
were probed with the rabbit polyclonal ASB10 antibody (Rab PAb), the mouse monoclonal to turbo GFP (tGFP), or the goat polyclonal 
ASB10 antibody (Gt PAb). Molecular weight markers are shown in kDa. C–F: Immunofluorescence and confocal microscopy of HTM cells 
(C, E, F) and normal dermal fibroblasts (D) was performed using the rabbit polyclonal antibody (red, all images) and the goat polyclonal 
antibody (E, green). A negative control with no primary antibody is shown (F). Nuclei were stained with 4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI). Scale bars=20 µm.
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METHODS

Primary cell culture: Primary human TM (HTM) cells were 
isolated and cultured as described previously [28,29]. Briefly, 
TM tissue was dissected from human donor eyes acquired 
from Lions Eye Bank (Portland, OR). Use of human cells 
and tissue was approved by the Oregon Health & Science 
University Institutional Review Board, and experiments 
were conducted in accordance with the tenets of the Decla-
ration of Helsinki. HTM cells from four individuals were 
evaluated (average age=25 years; range=4–49 years). Results 
shown were consistent among all four cell lines used. HTM 
cells were cultured in medium-glucose Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Invitrogen, Carlsbad, CA) 
containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin-gentamicin [30]. Primary HTM cells were used 
until passage 6.

Dermal fibroblasts were grown from punch skin biopsies 
from two of the GLC1F family members and an unrelated 
individual. One family member was diagnosed with POAG, 
while the other had no clinical signs of glaucoma noted during 
routine eye examinations. Informed consent was obtained 
from each individual. Skin biopsies were placed in flasks 
containing low glucose DMEM supplemented with 10% 
FBS and 1% penicillin-streptomycin. In addition, normal 
adult human dermal fibroblasts were obtained from ATCC 
(Manassas, VA) as an additional unrelated control. The fibro-
blasts were grown in fibroblast basal medium supplemented 
with the low serum fibroblast growth kit (ATCC). DNA 
sequencing confirmed that these fibroblasts were derived 
from an individual without the T255T synonymous mutation 
and had no other ASB10 exonic mutations. Dermal fibroblasts 
were used up to passage 8.

Antibodies: Two polyclonal antibodies against ASB10 were 
used: a rabbit polyclonal (Sigma Aldrich, St. Louis, MO) and 
a goat polyclonal (Santa Cruz Biotechnology, Santa Cruz, 
CA). The rabbit polyclonal recognizes ASB10 ankyrin repeats 
2 to 5 (exons 2 and 3), and the goat polyclonal recognizes 
an internal region of ASB10. The following antibodies were 
also used: mouse monoclonal ubiquitin and K48-ubiquitin 
(05–1307) and K63-ubiquitin (05–1308) rabbit monoclonal 
antibodies (EMD Millipore, Billerica, MA); mouse mono-
clonal alpha4 subunit of 20S proteasome and mouse mono-
clonal HSP70 antibodies (ENZO Life Sciences, Farmingdale, 
NY); mouse monoclonal antibodies HDAC6, LAMP1, and 
Rab7 (Abcam, Cambridge, MA); and mouse monoclonal 
antibodies p62 and LC3 (MBL International, Woburn, MA).

Western immunoblotting: Radioimmunoprecipitation assay 
(RIPA) buffer (150 mM NaCl, 50 mM Tris, pH 7.2, 0.5% 
sodium deoxycholate, 1% NP-40, and 0.1% sodium dodecyl 

sulfate) containing protease inhibitor cocktail (Sigma) was 
added to flasks of confluent HTM cells. Proteins in cell 
lysates were separated on 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis gels (BioRad Labs, Hercules, 
CA) under reducing conditions and transferred to nitrocel-
lulose. Immunoblots were probed with rabbit or goat anti-
ASB10 polyclonal antibodies. Secondary antibodies were 
IRDye 700–conjugated antirabbit and IRDye 800-conju-
gated antigoat (Rockland Immunochemicals, Gilbertsville, 
PA). Immunoblots were imaged using the Odyssey infrared 
imaging system (Li-Cor Biosciences, Lincoln, NE).

Recombinant ankyrin repeat and suppressor of cytokine 
signaling box containing protein-10 and immunoprecipita-
tion: To generate recombinant ASB10, transfection-ready 
ASB10 variant 3 (rASB10v3) DNA in the pCMV6-AC vector 
containing a C-terminal green fluorescent protein (GFP) tag 
was purchased from Origene Technologies (Rockville, MD). 
Eight µg of plasmid DNA was transfected into 293 cells using 
Lipofectamine, and RIPA lysates were harvested 48 h later. 
Control lysates were prepared from a mock-transfection. 
Immunoblots were run as above and probed with rabbit or 
goat anti-ASB10 antibodies and mouse antiturbo GFP anti-
body (Origene).

For the immunoprecipitation experiments, HTM cells 
were transfected with 4 µg rASB10v3 with Amaxa nucleofec-
tion and grown for 3 days. Cells were washed with phosphate 
buffered solution (PBS; 150 mM NaCl, 2.7 mM Na2HPO4, pH 
7.2), lysed, and immunoprecipitated with the Pierce Crosslink 
Immunoprecipitation kit (Thermo Fisher Scientific, Rock-
ford, IL) and the mouse antiturbo GFP antibody (Origene). 
Protein complexes were separated on 4%–12% gels, and 
immunoblots were probed with antiubiquitin or anti-HSP70. 
Western immunoblots were imaged on the Odyssey as above.

Generation of ankyrin repeat and suppressor of cytokine 
signaling box containing protein-10-silencing lentivirus: 
Silencing lentivirus that targets all ASB10 transcripts (sh1; 
exon 2) and control short, hairpin ribonucleic acid (shRNA) 
(shCtrl) that does not target any known transcript were 
designed and prepared as described previously [7,31]. For this 
study, we also designed a second shRNA that targets exons 
5–6 (sh177). The sequence of the sh177 shRNA is as follows: 
5′-CAC CGC TCT ACT AGA TGT CCA TGG CCG AAG 
CCA TGG ACA TCT AGT AGA GC-3′.

Silencing lentivirus was generated in 293FT cells with 
ViraPower packaging mix (Invitrogen) following the manu-
facturer’s instructions [7,31]. To analyze the efficacy of 
messenger ribonucleic acid (mRNA) and protein knockdown 
in TM cells, shRNA silencing lentivirus (106 pfu) was added 
with 6 µg/ml polybrene (Sigma, St. Louis, MO) at the time of 
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plating in serum-containing medium. HTM cells were grown 
for 3 days to allow infection and silencing. RNA was isolated, 
and quantitative PCR (qRT-PCR) was performed using the 
DyNAmo HS SYBR Green qPCR kit (Thermo Sci., Lafay-
ette, CO) and a Chromo4-equipped thermocycler (Biorad) 
[32]. ASB10 mRNA levels were normalized for 18S RNA, 
which acted as a housekeeping gene. To ensure knockdown of 
the ASB10 protein, western immunoblots of shRNA-silenced 
RIPA lysates were performed using the rabbit polyclonal anti-
body as above. Human anterior segment perfusion culture 
was set up and performed exactly as described for the sh1 
ASB10-silencing lentivirus [7].

Immunofluorescence and microscopy methods: HTM cells 
were grown on collagen-coated Bioflex membranes (FlexCell 
Int, Hillsborough, NC), which provides a more compliant 
surface for TM cells than glass or plastic, for 3 days [30,33]. 
Cells were then fixed with 4% paraformaldehyde (PFA) and 
blocked with CAS universal blocking reagent (Invitrogen). 
Membranes were removed from the dish and immunostained. 
Secondary antibodies were Alexa Fluor 488-conjugated anti-
mouse or antigoat and Alexa Fluor 594-conjugated antirabbit 
or antigoat (Molecular Probes, Eugene, OR). Coverslips were 
mounted in ProLong gold containing 4’,6-diamidino-2-phe-
nylindole dihydrochloride nuclear stain (Invitrogen). Images 
were obtained with a Fluoview laser scanning confocal 
microscope (Olympus, San Diego, CA) and processed with 
FIJI software.

For super-resolution structured illumination microscopy 
(SIM), cells were grown and immunostained as described 
above. However, following the secondary antibody applica-
tion and final wash step, antibodies were post-fixed with 4% 
PFA, and #1.5 coverslips were used. Images were acquired 
using a Zeiss (Thornwood, NY) ELYRA PS.1 system that 
reconstructs super-resolution images from a series of images 
acquired under spatially structured illumination [34,35]. 
Images were processed for SIM reconstruction using Zen 
2010D software (Zeiss), and selected Z-planes were exported 
as TIFF images.

To analyze the area of ASB10-stained structures, the 
freehand selection tool in FIJI software was used to manually 
demarcate the circumference of each structure in a field. This 
was repeated for 25 separate confocal images from HTM cells 
derived from four individuals. The area of each structure was 
then calculated using the measure function. To analyze the 
number of ASB10-stained structures, immunofluorescence 
fields were imaged on a Leica DM500 fluorescence micro-
scope with an attached digital camera and IM50 software. 
From the acquired images, the number of ASB10-stained 
large structures, that is, structures >5 µm in diameter, and 

the number of 4’,6-diamidino-2-phenylindole dihydro-
chloride–stained nuclei were counted per field. At least 24 
fields were counted for each treatment. The number of large 
structures per field was then divided by the number of nuclei, 
and an average number of large structures per nuclei per 
field±standard error of the mean (SEM) was calculated. To 
determine significance, analysis of variance (ANOVA) was 
used to compare ASB10-silenced or treated cells to control 
cells. p<0.05 was determined to be significant. In addition, 
Poisson probability distributions, which are used to describe 
the distribution of events with random occurrences, were 
calculated.

Imaris Bitplane software was used to provide a quan-
titative measurement of the colocalization of ASB10 with 
all the UPS and AL biomarkers used. Pearson’s correlation 
coefficient is a quantitative measurement that estimates the 
degree of overlap between fluorescence signals obtained in 
two channels [36]. Differences in the intensities of the signals 
are ignored, but similarity between shapes is considered. The 
Pearson’s coefficient values range from 1.0, an indication of 
complete colocalization of two structures, 0, which indicates 
no significant correlation, to −1, which indicates complete 
separation of two signals [36,37]. A Pearson’s correlation 
coefficient was calculated for each antibody pairing from 
raw compressed confocal z-stacks acquired using sequen-
tial scanning. Background correction values were identical 
for all images. A small box was drawn around the region 
of interest—either a large ASB-stained structure or small 
vesicles—using the square tool. Pearson’s correlation coef-
ficients were then calculated by the software. The Pearson 
coefficients were calculated from multiple images. The 
Pearson coefficients were averaged, and a standard error of 
the mean was calculated. The degree of colocalization from 
the Pearson’s coefficient values was categorized as very 
strong (0.85–1.0), strong (0.49–0.84), moderate (0.1–0.48), 
weak (−0.26 to 0.09), and very weak (−1 to −0.27) based on a 
previously published description [37].

Autophagy inhibition and activation assays: Pharmacological 
manipulators of autophagy were added to the HTM cells in 
culture. The HTM cells were plated and grown for 36 h before 
5 µM MG132 (Enzo Life Sciences), 10 µM wortmannin, or 
1 µM bafilomycin A1 (both Sigma) was added for an addi-
tional 18 h. MG132 inhibits proteasome degradation and 
activates autophagy, while wortmannin inhibits phosphati-
dylinositol 3-kinase (PI3K) and thus autophagosome forma-
tion and autophagy [38-40]. Neither agent is entirely specific 
to the UPS and AL pathways. Control cells were treated with 
an equal volume of vehicle (dimethyl sulfoxide). At the end 
of treatment, the TM cells were immunostained for confocal 
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microscopy, and the number of ASB10-stained structures was 
counted as described above. For the outflow experiments, 
MG132 or vehicle control was applied at time point 0, and 
outflow was monitored for a further 43 h. Data for each eye 
were normalized to the average flow rate before treatment, 
and then data from individual eyes were averaged and the 
SEM was calculated. Data were analyzed with ANOVA 
where p<0.05 was considered significant.

RESULTS

Characterization of ankyrin repeat and suppressor of cyto-
kine signaling box containing protein-10 antibodies: First, we 
characterized two commercially available ASB10 antibodies. 
The epitope of the rabbit polyclonal antibody is from ANK2 
to ANK5, while the goat polyclonal recognizes an internal 
region of ASB10. Both antibodies recognize the predicted 
molecular size of endogenous ASB10 (48 kDa) in immunob-
lots of RIPA lysates of HTM cells (Figure 1B). However, the 
goat polyclonal also recognizes other bands, which could 
represent alternative splice forms, degradation products, or 
non-specific bands. Both antibodies recognize recombinant 
ASB10 variant 3 (rASB10v3) from transfected 293 cells. Since 
rASB10v3 has a C-terminal GFP tag, the predicted molecular 
weight was larger, approximately 72 kDa. Again, the goat 
antibody had less apparent specific cross-reactivity than the 
rabbit polyclonal antibody. Next, we immunostained primary 
HTM cells (Figure 1C) and adult human dermal fibroblasts 
(Figure 1D) with anti-ASB10. Confocal microscopy showed 
that ASB10 was found in intracellular structures of varying 
sizes in both cell types. Some structures were perinuclear, 
but many were not. The rabbit (red) and goat (green) poly-
clonal antibodies colocalized at the same structures in HTM 
cells (Figure 1E). A negative control of the TM cells with 
no primary antibody is shown for comparison (Figure 1F). 
For the majority of the experiments presented, the rabbit 
antibody was used, and the goat polyclonal was used only 
when antibody combinations did not allow us to use the rabbit 
anti-ASB10.

The area of the ASB10-stained structures was measured 
(Figure 2A). There were two size ranges: a population of 
smaller vesicles, with areas from approximately 1 to 14 µm2 
(diameters, 2–4 µm), and a population of larger structures 
with approximate areas from 20 to 60  µm2 (diameters, 
5–9  µm). The average area was 23.76±1.53  µm2 (range, 
1–128  µm2). The small vesicles were mainly spherical, 
while the larger structures were more irregularly shaped and 
included spheres, ovals, and triangular-shaped structures, 
sometimes with ruffled edges.

The number of large structures (>5 µm diameter) in the 
normal and ASB10-silenced HTM cells was then counted. 
Two shRNA silencing lentiviruses were used: One targets 
exon 2 (sh1) of ASB10, while the other targets exon 5 (sh177). 
Efficacy of the sh1 ASB10-silencing lentivirus was shown 
previously [7]. Here, we show that sh177 significantly 
decreased ASB10 mRNA levels by 70% compared to the 
control-infected cells (Figure 2B). The ASB10 protein was 
also decreased in western immunoblots. The densitometry of 
the bands showed an approximate 35% reduction compared 
to the control-infected HTM cells. Moreover, this ASB10-
silencing lentivirus significantly reduced outflow rate in 
human anterior segment perfusion culture by a similar 
amount and in a similar time frame as the sh1 silencing 
lentivirus (Figure 2C) [7]. This outflow rate reduction when 
using lentivirus to silence full-length transcripts is consis-
tent with our hypothesis that loss of full-length ASB10 may 
contribute to IOP increases in patients with glaucoma [7]. 
ASB10 silencing by two constructs targeting two regions of 
the gene strengthens the contention that the outflow effect is 
not due to mis-targeting or non-specific downstream effects 
of the shRNA.

The sh1 and sh177 ASB10-silencing lentiviruses were 
then incubated with HTM cells. There was no significant 
difference between the number of cell nuclei per field in sh1 
or sh177 ASB10-silenced cells and the control-infected cells 
(data not shown). However, there was a significant decrease 
in the number of large structures present in ASB10-silenced 
cells for sh1 and sh177 (p<0.035; Figure 2D). The average 
number of large structures (>5 µm diameter) per nuclei was 
0.336, 0.216, and 0.215 for the control-infected, sh1-silenced, 
and sh177-silenced cells, respectively. The number of ASB10-
stained structures was also analyzed with the Poisson prob-
ability distribution function (Figure 2E). The number of large 
structures per field was plotted against the proportion of fields 
showing the number of structures. The distribution for both 
silenced groups was narrower and shifted to a lower number 
of structures per field compared to the control groups, which 
exhibited a wider distribution curve with a higher probability 
of large structures per field. Together, these data show that 
the number of large ASB10-stained structures decreases 
concomitantly as the ASB10 protein levels decrease.

Ankyrin repeat and suppressor of cytokine signaling box 
containing protein-10 and the ubiquitin-proteasomal pathway: 
The SOCS box of ASB10 contains consensus sequence motifs 
for interaction with Cullin5 and elongin BC, which recruit 
proteins of the E3 ubiquitin ligase complex [14,15]. In other 
ASB proteins, the SOCS box recruits the ubiquitin complex, 
which then ubiquitinates the substrate bound to the ANK 
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repeats suggesting a similar role for ASB10 [14-17]. Polyu-
biquitin chains are built via linkage at specific lysine (K) 
residues [41]. Proteins covalently tagged with polyubiquitin 
chains via K48 are destined for UPS degradation (Figure 
3A(i)) [41]. Conversely, K63-linked ubiquitin is not typically 
associated with proteasomal degradation, but proteins tagged 
with K63 are degraded by the AL pathway (Figure 3A(ii)) 
[41-43]. Recently, linkage-specific antibodies have become 
available that can be used to distinguish polyubiquitin chains 
[44]. These linkage-specific antibodies are therefore powerful 
tools for interrogating protein modifications and providing 
clues to the function of endogenous proteins [45].

To examine ubiquitin colocalization with ASB10, 
we immunostained HTM cells with ubiquitin, ubiquitin 
K-linkage specific antibodies, and the alpha 4 subunit of the 
20S proteasome (Figure 3). The ASB10-stained small vesicles 
and large structures showed some colocalization of ubiquitin 
(Figure 3B) and the 20S proteasome (Figure 3C). Using the 

K-linked ubiquitin antibodies, we detected colocalization with 
ASB10-stained structures, mostly with the larger structures 
rather than the smaller vesicles (Figure 3D,E). These immu-
nostaining patterns suggest that a portion of ASB10 may 
be associated with the UPS and AL degradation pathways. 
However, in all cases, numerous vesicles contained ubiquitin, 
the K-linked antibodies, or 20S proteasome alone, which is 
not surprising since we would not expect full colocalization 
of these proteins with ASB10.

Next, we investigated whether ASB10 was ubiquitinated. 
Due to the low expression levels of endogenous ASB10, 
recombinant ASB10 was made by transfecting HTM cells 
with a GFP-tagged ASB10 construct. Recombinant ASB10 
was immunoprecipitated using a GFP antibody, and immu-
noblots were probed with the ubiquitin antibody (Figure 
3F). Ubiquitin was present in the cell lysates (Ly) and flow-
through (Fl) on western immunoblots of the pull-down 

Figure 2. Characterization of 
ankyrin repeat and suppressor of 
cytokine signaling (SOCS) box 
containing protein-10-stained 
structures. A: The area of ankyrin 
repeat and suppressor of cytokine 
signaling (SOCS) box containing 
protein-10 (ASB10)-stained struc-
tures was measured using FIJI 
software from 25 confocal images 
of human trabecular meshwork 
(HTM) cells derived from four 
individuals. One microscope 
field shows examples of a large 
structure and small vesicles. Scale 
bar=20 µm. B: Efficacy of ASB10 
knockdown by sh177 lentivirus 
was determined. Quantitative PCR 
(qRT–PCR) was used to measure 
ASB10 mRNA levels in HTM 
cells infected with 106 pfu of sh177 
or shControl (shCtrl) lentivirus. 
Values were normalized for 18S 
RNA. Values are presented as a 

percentage of the control±SEM; n=3; * p=0.0001 with ANOVA. Western immunoblot analysis shows significant knockdown of the ASB10 
protein in the HTM cells. C: The sh177 ASB10-silencing lentivirus was applied to human anterior segment perfusion culture at time point 
0, and outflow rate was monitored for a further 93 h. There was a significant (*p<0.001) decrease in outflow rate compared to the control-
infected eyes. Error bars are SEM. D: The number of large (>5 µm diameter) ASB10-stained structures per nuclei in the control HTM and 
ASB10-silenced HTM cells was counted. Error bars are the SEM. *, p=0.033 and **, p=0.03 compared to control short, hairpin ribonucleic 
acid (shRNA)-infected HTM cells with ANOVA. E: Poisson probability distribution of the large ASB10-stained structures in control and 
ASB10-silenced HTM cells is shown. 
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assays, but was not present in the bound rASB10 lane (IP). 
This suggests that ASB10 itself is not ubiquitinated.

Ankyrin repeat and suppressor of cytokine signaling box 
containing protein-10 and autophagy-lysosomal pathway 
biomarkers: To further explore ASB10’s association with 
proteolytic degradation pathways, we colocalized ASB10 
with various biomarkers of the AL pathway in the HTM cells. 
This pathway is characterized by the formation of charac-
teristic cellular structures during the step-wise degradation 
process, each of which is associated with specific biomarkers 
(Figure 4A). Histone deacetylase 6 (HDAC6) and HSP70 
are biomarkers of aggresomes, a preautophagic structure 
[20,46,47]. In addition, HDAC6 binds the C-terminus of ubiq-
uitin via its zinc finger-binder of ubiquitin zinc finger domain 
[48,49]. In HTM cells, HDAC6 and HSP70 colocalized with 
ASB10 (Figure 4B,C). HDAC6 also immunostained some TM 
cell nuclei in a punctate pattern, consistent with HDAC6’s 
role as a histone deacetylase (data not shown).

Next, we investigated the expression pattern of the 
multifunctional scaffold protein, p62. This protein binds 
to K63-linked ubiquitin chains and is recruited into the 
double-membraned autophagosome [25,42]. p62 colocalized 
with large ASB10-stained structures, but small p62-stained 
vesicles in the cytosol were not colocalized (Figure 4D). 

Microtubule-associated protein 1 light chain 3 (LC3), a 
biomarker of autophagosomes, binds to p62 and is found as 
a cytosolic form (LC3-I) and an autophagosome-associating 
form (LC3-II) [50]. The antibody used in this study recog-
nizes both forms of LC3. Clusters of LC3-stained vesicles 
were highly concentrated in the center of the large ASB10-
stained structures (Figure 4E). LC3 was also found in single 
vesicles in a punctate pattern throughout the TM cell cyto-
plasm, which was not associated with ASB10.

We then immunostained HTM cells with the small 
GTPase Rab7. This is a biomarker of late endosomes within 
the endocytic pathway, but it can also associate with autopha-
gosomes to form single-membraned amphisomes and mediate 
their fusion with lysosomes [51-53]. Not all Rab7 associated 
with ASB10, but that which did seemed to be predominantly 
located on one side of the ASB10-stained structures (Figure 
4F). Finally, we examined immunostaining of LAMP1, an 
archetypal biomarker of lysosomes. LAMP1 staining was 
punctate in single vesicles in the cytoplasm of HTM cells, 
but clusters of LAMP1 vesicles were associated with ASB10-
stained structures (Figure 4G). LAMP1 showed intense 
staining in the center of these structures.

Super-resolution confocal microscopy: SIM is a new 
microscopy technique that provides substantially increased 

Figure 3. Ankyrin repeat and 
suppressor of cytokine signaling 
box containing protein-10 colo-
calizes with ubiquitin-mediated 
degradation pathway biomarkers 
in human trabecular meshwork 
cells. A: A schematic of ubiquitin-
mediated degradation pathways are 
shown. B–E: Human trabecular 
meshwork (HTM) cells were immu-
nostained with the rabbit polyclonal 
ankyrin repeat and suppressor of 
cytokine signaling (SOCS) box 
containing protein-10 (ASB10) 
antibody (red; B, C) and ubiquitin 
(green; B), the alpha 4 subunit of 
the 20S proteasome (green; C), the 
goat polyclonal ASB10 antibody 
(red; D, E), K48-linked ubiquitin 

(green; D), or K63-linked (K63; E) ubiquitin rabbit monoclonal antibodies. Nuclei were stained with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI). Scale bars=20 µm. F: Coimmunoprecipitation of recombinant ASB10 variant 3 (rASB10) transfected into HTM cells 
are shown. rASB10 was immunoprecipitated using the green fluorescent protein (GFP) antibody. Western immunoblots show that ubiquitin 
(Ubi) is present in the cell lysates (Ly) and in the flow through (Fl), but not in the bound lane (IP), while rASB10 is present in all lanes, as 
detected with the GFP antibody. Untransfected HTM cells (control) show low levels of non-specific background immunostaining by the 
GFP antibody. Molecular weight markers in kDa are shown. 
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resolution (approximately 100 nm) compared to conventional 
confocal microscopy (to approximately 250 nm) [35]. This 
advanced light microscope methodology has several advan-
tages over electron microscopy for identifying autophago-
somes, including simpler immunostaining procedures for 
visualizing a larger number of cells. We therefore used SIM 
to further investigate ASB10-stained structures and the colo-
calization with selected UPS and AL biomarkers (Figure 5). 
Many of the large ASB10-stained structures appeared to be 
composed of clusters of smaller vesicles and appeared to form 
an empty sphere (Figure 5A). Smaller individual vesicles 
that were not clustered were also apparent (not shown). Since 
the higher resolution lends to more precise colocalization, 
SIM was also used to confirm the colocalization of ASB10 
and a select number of UPS and AL biomarkers. Ubiquitin 
partially colocalized with ASB10, as if there was fusion 
of ASB10- and ubiquitin-stained structures (Figure 5B). 
This was also observed for the small vesicles. K63-linked 
ubiquitin chains were highly colocalized with ASB10 in 
large structures (Figure 5C). HDAC6 also colocalized with 
ASB10, and HDAC6 appeared as if was partially contained 
within an ASB10-stained sphere (Figure 5D). LC3-stained 
vesicles were clustered and surrounded by ASB10-stained 
structures, and there was partial colocalization (Figure 5E). 

Finally, Rab7 was associated with the ASB10-stained struc-
tures, but again the pattern suggested that there may have 
been fusion of the two structures (Figure 5F). Only a small 
amount of colocalization of Rab7 with ASB10 was observed. 
Together, this high-resolution microscopy data suggested 
that large ASB10-stained structures may form from clus-
tering of smaller vesicles, and colocalization of ASB10 with 
K63-linked ubiquitin and HDAC6 was confirmed. Although 
ASB10 seemed to be located in the same structures with LC3 
and Rab7, SIM showed that there was little colocalization.

Quantitative analysis of ankyrin repeat and suppressor of 
cytokine signaling box containing protein-10 colocalization: 
To further analyze the colocalization of ASB10 with the UPS 
and AL biomarkers, we used Imaris Bitplane software to 
calculate the Pearson correlation coefficients. This quantita-
tive measurement estimates the degree of overlap between 
fluorescence signals obtained in two channels [36]. Higher 
Pearson’s values represent a higher degree of colocalization of 
two signals. The degree of colocalization from the Pearson’s 
values were categorized as very strong (0.85–1.0), strong 
(0.49–0.84), moderate (0.1–0.48), weak (−0.26 to 0.09), and 
very weak (−1 to −0.27) as described previously [37]. Repre-
sentative large structures and small vesicles were selected 

Figure 4. Ankyrin repeat and 
suppressor of cytokine signaling 
box containing protein-10 colocal-
izes with autophagy-lysosomal 
pathway biomarkers in human 
trabecular meshwork cells. A: 
A schematic shows the sequen-
tial steps and biomarkers of the 
autophagy-lysosomal (AL) pathway. 
B–G: HTM cells were immunos-
tained with the rabbit ankyrin 
repeat and suppressor of cytokine 
signaling (SOCS) box containing 
protein-10 (ASB10) polyclonal 
antibody (red; B–G) and histone 
deacetylase 6 (HDAC6, green; B; 
aggresomes), heat shock protein 
70 (HSP70, green; C; aggresomes), 
p62 (green; D, autophagosomes), 
light chain 3 (LC3, green; E, 
autophagosomes), Rab7 (green; F, 
late endosomes/amphisomes) or 

lysosomal-associated membrane protein 1 (LAMP1, green; F, lysosomes). Nuclei were stained with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI). Scale bars=20 µm. 
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from compressed z-stacks by drawing a box around them. 
The software then calculated a Pearson’s coefficient for each 
combination of antibodies (Figure 6). Quantitation of multiple 
images showed that small ASB10-stained vesicles had only 
moderate colocalization with the AL and UPS biomarkers 
as the Pearson’s coefficients were at 0.42 and below (Figure 
6A). However, analysis of the large ASB10-stained structures 
showed that ASB10 was strongly colocalized with the α4 
subunit of the 20S proteasome, K48 and K63-linked ubiq-
uitin, p62, HSP70, and HDAC6 (Pearson’s range, 0.59–0.82; 
Figure 6B). There was only moderate colocalization of large 
ASB10-stained structures with Rab7, LC3, and LAMP1 
(Pearson’s range, 0.21–0.41). Of the biomarkers tested, this 
analysis suggests that ASB10 is more closely associated with 
biomarkers of the UPS pathway and preautophagic structures 
of the AL pathway than with mature autophagosomes and 
lysosomal markers.

To verify the colocalization data, we performed coim-
munoprecipitation experiments. Recombinant ASB10-GFP 
or GFP control constructs were transfected into HTM cells 
and immunoprecipitated with the ASB10 or GFP antibody 
(Figure 6C). Western immunoblotting showed that HSP70 
(expected size, 70 kDa) was in the bound lysates of the 
pull-down assays of the cells transfected with rASB10, but 
not in the GFP control-transfected cells. Similarly, a band 
corresponding to the expected size (28 kDa) of the α subunit 

of the 20S proteasome was found in the bound lysate of cells 
transfected with rASB10, but not in the control cells. These 
coimmunoprecipitation data confirm an association of ASB10 
with biomarkers of the UPS and AL pathways.

Autophagy inhibitors and activators: ASB10 immunostaining 
was analyzed in the presence of known autophagy inhibitors 
(wortmannin and bafilomycin A1) and an inhibitor of protea-
somal degradation and activator of autophagy (MG132). First, 
conversion of endogenous LC3 from LC3-I to LC3-II was 
assessed to monitor autophagy (Figure 7) [38,39]. LC3-II is 
associated with autophagosomes. HTM cells were serum-
starved and incubated with the pharmacological agents 
for 18 h. In the control and MG132-treated HTM cells, 
LC3-II was the most abundant form, whereas wortmannin 
partially inhibited LC3-I to LC3-II conversion (Figure 7A). 
Bafilomycin A1 caused an accumulation of LC3-II, as was 
expected. Next, we immunostained HTM cells with ASB10 
(red) or LC3 (green) antibodies to monitor autophagy (Figure 
7B–I). In the presence of MG132, which inhibits proteasomal 
degradation and activates autophagy, there was a significant 
increase in the number of ASB10-stained structures, espe-
cially small cytosolic vesicles, and a concomitant increase in 
LC3 immunostaining (Figure 7D,E). Other biomarkers (p62, 
LAMP1, Rab7) also seemed to increase (data not shown). 
Conversely, with the wortmannin treatment, which inhibits 
autophagosome formation, there was a slight decrease in 

Fig u re  5.  Super- resolut ion 
confocal microscopy of ankyrin 
repeat and suppressor of cytokine 
signaling box containing protein-
10-stained structures colocalized 
with biomarkers of the ubiquitin-
proteasome system and autophagy-
lysosomal pathways. Human 
trabecular meshwork (HTM) cells 
were immunostained with the rabbit 
polyclonal ankyrin repeat and 
suppressor of cytokine signaling 
(SOCS) box containing protein-10 
(ASB10) antibody (red; A, B, D–F), 
the goat polyclonal ASB10 antibody 
(red; C), total ubiquitin (green; B), 

K63-linked ubiquitin (green; C), histone deacetylase 6 (HDAC6, green; D), light chain 3 (LC3, green; E), and Rab7 (green; F). Scale bars=5 
µm. 

http://www.molvis.org/molvis/v19/1639


Molecular Vision 2013; 19:1639-1655 <http://www.molvis.org/molvis/v19/1639> © 2013 Molecular Vision 

1648

the number of ASB10-stained structures, and there was a 
substantial decrease in the association of large ASB10 struc-
tures and LC3 (Figure 7F,G). Treatment with bafilomycin 
A1, which inhibits degradation of autophagic cargo inside 
autolysosomes, caused a large increase in punctate cytosolic 
ASB10 staining. However, there was no significant change 
in the number of larger ASB10-stained structures (Figure 
7H,I). Bafilomycin A1 treatment caused a large increase in 
the number of LC3-stained vesicles, as expected. The number 
of ASB10-stained structures was counted for each treatment 
(Figure 7J). MG132 and bafilomycin A1 treatment increased 
the number of small vesicles compared to vehicle control, thus 
significantly increasing the total number of ASB10-stained 
structures. Wortmannin treatment significantly decreased the 
number of small vesicles, but there was no significant change 
in the large structures or in the overall number of ASB10-
stained structures. In addition, we tested the effect of MG132 
on outflow rate in human perfusion culture. Application of 
MG132 significantly decreased outflow rate compared to 
vehicle control within 3 h, and this decrease was maintained 
until the end of perfusion at 43 h (Figure 7K).

Ankyrin repeat and suppressor of cytokine signaling box 
containing protein-10 immunolocalization in adult dermal 
fibroblasts: Finally, we evaluated ASB10 immunostaining in 
adult dermal fibroblasts derived from skin biopsies from one 
affected and two non-affected members of the family with 
GLC1F POAG and an unrelated individual. Three normal 
cell lines and one POAG cell line, which carried the T255T 
synonymous mutation, were tested. ASB10 was again found 
in intracellular structures in both normal dermal fibroblasts 
(Figure 8A,C) and in fibroblasts from the patient with POAG 
(Figure 8B,D). Colocalization of large ASB10-stained struc-
tures with ubiquitin and HDAC6, and other UPS and AL 
biomarkers (data not shown), showed no discernible differ-
ences in the fibroblasts from the normal individuals and the 
patient with POAG.

DISCUSSION

The UPS and AL degradation pathways were originally 
thought to be distinct but are now generally believed to be 
reciprocal processes in which inhibition of one pathway 
can activate the other [18]. In this study, we showed that 

Figure 6. Quantitative analysis of 
ankyrin repeat and suppressor of 
cytokine signaling box containing 
protein-10 colocalization and coim-
munoprecipitation. A, B: Pearson’s 
correlation coefficients were calcu-
lated using Imaris Bitplane software 
from compressed confocal z-stacks 
following background correction. 
The square box tool was used to 
demarcate large ankyrin repeat and 
suppressor of cytokine signaling 
(SOCS) box containing protein-10 
(ASB10)-stained structures (B) 
and small vesicles (A). Error bars 
are the standard error of the mean. 
The number (n) of images analyzed 
for the small and large structures, 
respectively, was as follows: heat 
shock protein 70 (HSP70), n=3, 5; 
the α4 subunit of the 20S protea-
some, n=2, 6; K63 ubiquitin, n=6, 
6; K48 ubiquitin, n=7, 8; p62, n=9, 

17; histone deacetylase 6 (HDAC6), n=3, 12; Rab7, n=3, 5; light chain 3 (LC3), n=10, 11; and lysosomal-associated membrane protein 1 
(LAMP1), n=6, 3. C: Coimmunoprecipitation analysis of rASB10-green fluorescent protein (GFP) and GFP (control) was performed. Cell 
lysates were coimmunoprecipitated (IP) with GFP or ASB10 antibodies, and then the western immunoblot (WB) was probed with ASB10, 
HSP70, or the α4 subunit of the 20S proteasome antibodies. Lanes of the bound fractions are shown. The arrows point to the expected size 
of HSP70 and the α4 subunit of 20S proteasome. Molecular weights are shown in kDa. 
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ASB10 partially colocalized and coimmunoprecipitated with 
biomarkers of the canonical UPS pathway and the AL degra-
dation pathways. These observations provide strong evidence 
that ASB10 may function in ubiquitin-mediated degradation 
pathways.

There are three classes of autophagy: macroautophagy 
(which involves formation of a characteristic autophago-
some), microautophagy, and chaperone-mediated autophagy 
[24]. Microautophagy involves the direct engulfing of a 
target by lysosomes, whereas chaperone-mediated autophagy 
clears cytosolic proteins containing the lysosome-targeting 
motif, KFERQ. Since ASB10 colocalized with biomarkers 
of autophagosomes and does not contain the KFERQ motif, 
we presume that ASB10 is associated with macroautophagy, 
hereafter referred to as autophagy. When autophagy was 
induced by the proteasomal inhibitor, MG132, there was 
a significant increase in the number of ASB10-stained 
structures. Conversely, treatment with wortmannin, which 
inhibits autophagosome formation, decreased the number of 
small ASB10-stained structures, and association with LC3 
was essentially lost. HDAC6 and p62 bind to ubiquitylated 

substrates [42,43,48,49]. p62 also interacts with LC3 on 
autophagosomes, providing a physical link between polyu-
biquitinated substrates and autophagic degradation of inclu-
sion bodies [42,43]. Thus, there might be two routes by which 
ASB10 enters the autophagic pathway—via HDAC6 or via 
p62 binding to LC3. Pharmacological manipulation of the AL 
pathway and association of ASB10 with multiple autophagic 
biomarkers indicate that endogenous ASB10 can associate 
with the AL pathway.

Based on the colocalization with HDAC6 and coim-
munoprecipitation with HSP70, we hypothesize that ASB10 
may initially be sequestered in aggresomal holding stations 
to await entrance to the AL pathway. Aggresomes are tran-
sient structures that are usually spherical, with a diameter 
of 1–3 µm [47]. In TM cells, there was a highly abundant 
population of small spherical ASB10-stained vesicles 
(2–4 µm in diameter). Thus, the size and shape of these small 
ASB10 vesicles, and their colocalization with the aggresomal 
biomarkers HDAC6 and HSP70, provide strong evidence that 
ASB10 is associated with aggresomes. However, many studies 
report that aggresomes are present in the perinuclear region 

Figure 7. Autophagy assays. A: 
Western immunoblot with light 
chain 3 (LC3) antibodies was used 
to monitor autophagy in human 
trabecular meshwork (HTM) cells 
treated with vehicle control (ctrl), 
MG132 (5 µM), wortmannin (10 
µM), or bafilomycin A1 (1 µM) 
for 18 h. B–I: Confocal micros-
copy was used to image HTM 
cells incubated with control (B, 
C), MG132 (D, E), wortmannin 
(F, G), and bafilomycin A1 (H, I). 
Representative images of immunos-
taining with the ankyrin repeat and 
suppressor of cytokine signaling 
(SOCS) box containing protein-10 
(ASB10) antibody alone (red; B, 
D, F, H) or colocalized with LC3 
(green; C, E, G, I). Nuclei were 
stained with 4’,6-diamidino-2-phe-
nylindole dihydrochloride (DAPI). 
Scale bars=20 µm. J: The number 
of ASB10-stained structures (large, 
small, and total) per nuclei was 
counted for each treatment. Note 

that for bafilomycin A1 the number of small vesicles was an approximation as there were too many to count accurately. Error bars are the 
SEM. *, p<0.05 with ANOVA. K: MG132 was applied to human anterior segment perfusion culture. A significant decrease in outflow rate 
was observed by 3 h after application compared to the vehicle control-treated eyes. Data are the average±SEM. * p<0.05 with ANOVA. 
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and are coincident with the microtubule organizing center 
[47]. Although ASB10-stained structures were sometimes 
observed perinuclearly, they did not show a preference for any 
particular cytosolic location and were distributed throughout 
the cell in the TM cells and in the adult dermal fibroblasts. 
This observation, as well as the detection of a population of 
larger structures (5–9 µm in diameter), might argue against 
these ASB10-stained structures being aggresomes. However, 
our results indicate that small ASB10-stained vesicles may 
aggregate into the larger structures. This has been shown in 
dendritic cells where large poly-ubiquitinated protein aggre-
gates, termed DALIS, are formed [54]. Small DALIS have 
the ability to move and form larger aggregates. DALIS are 
transient in nature, they do not localize to the microtubule 
organizing center, and they require proteasome activity to 
clear them [54]. DALIS have also been found in other cell 
types where the DALIS are termed ALIS (aggresome-like 
induced structures). They may function as protein storage 
compartments, which are cleared by autophagy [55-59]. We 

propose that the larger ASB10-stained structures in TM cells 
and dermal fibroblasts are ALIS and their transient nature 
may explain why not all cells contain these structures.

Rab7 endosomes fuse with autophagosomes to form 
amphisomes [60,61]. Formation of this hybrid organelle repre-
sents a compartment where the autophagic and endocytic 
pathways converge. Since ASB10 and Rab7 were predomi-
nantly associated with large structures, this subset of ASB10-
stained structures may represent amphisomes. ASB10 did not 
strongly colocalize with small Rab7-positive vesicles, which 
likely represent vesicles of the endocytic pathway. There-
fore, we hypothesize that ASB10 associates with Rab7 at the 
convergence point of the endocytic and autophagic pathways. 
However, more experiments with other members of the Rab 
family will be required to confirm this hypothesis.

In TM cells, a functional decrease in the cellular proteo-
lytic machinery was observed in oxidatively stressed TM 
cells, including an increase in autophagic vacuole content and 
impaired lysosomal function [27,62]. The authors suggest that 

Figure 8. Ankyrin repeat and 
suppressor of cytokine signaling 
box containing protein-10 immu-
nostaining of adult human dermal 
fibroblasts. Dermal fibroblasts were 
derived from normal subjects with 
no history of glaucoma (A, C) and 
a family member with glaucoma 
1, open angle, F (GLC1F) with 
primary open-angle glaucoma 
(POAG) carrying the synonymous 
T255T mutation (B, D). Images 
show the colocalization of ankyrin 
repeat and suppressor of cytokine 
signaling (SOCS) box containing 
protein-10 (ASB10) (red) with 
ubiquitin (green, A, B) and histone 
deacetylase 6 (HDAC6, green, 
C, D). Nuclei were stained with 
4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI). Scale 
bars=20 µm. 
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this may lead to alterations in the outflow pathway. In the 
present study, ASB10 colocalized with autophagy biomarkers 
in normal TM cells under basal culture conditions. Therefore, 
autophagy appears to be a ubiquitous process during regular 
TM cell homeostasis. Moreover, application of a pharmaco-
logical agent, MG132, which inhibits proteasomal degrada-
tion and therefore activates autophagy, decreased outflow 
rate providing evidence that manipulation of these cellular 
degradation pathways can influence outflow resistance.

Motifs in the SOCS box of ASB proteins recruit the 
ubiquitin ligase complex, which then transfers ubiquitin 
to a specific cellular substrate bound to the ANK repeats 
[12,13,15-17]. In this study, ubiquitin did not coimmuno-
precipitate with ASB10 suggesting that ASB10 itself is not 
ubiquitinated. However, the colocalization of ASB10 with 
ubiquitin suggests a specific role for ASB10 in the degrada-
tion process. Since other ASB proteins bind to and degrade 
specific cellular targets, we hypothesize that ASB10 may 
serve a similar functional role in TM cells. We speculate 
that ASB10 binds a specific substrate(s) and recruits the E3 
ubiquitin ligase complex to ubiquitinate the bound substrate, 
and this entire ubiquitinated complex is then targeted for 
degradation. ASB10 may remain bound to the substrate to 
“chaperone” it through the degradative process, and ASB10 
may or may not also be degraded at the same time. In support 
of this hypothesis is that ASB10 is more strongly colocal-
ized (higher Pearson’s coefficients) with preautophagic 
structures and biomarkers of the UPS pathway than with 
autophagosomes and lysosomes. Further studies are required 
to identify potential target substrates of ASB10 to confirm 
these hypotheses. Interestingly, many of the non-synonymous 
POAG mutations are in the ANK repeats and the SOCS box 
[7,63]. This may indicate that the interaction of ASB10 with 
its substrates and recruitment of the ubiquitin ligase complex 
may be compromised in some patients with glaucoma. Since 
the number and structure of ANK repeats define the target 
substrate to which the ASB protein is bound, it is unlikely 
that there is compensation by other ASB family members. 
However, further studies are necessary to support these 
arguments.

Despite the burgeoning abundance of manuscripts 
describing autophagy in numerous cell types, diseases, and 
aging, few studies have investigated autophagy in relation 
to glaucoma, and most of these studies have focused on 
retinal ganglion cells (RGCs) [64-68]. The ASB10 protein 
is expressed in the retina [7], which suggests that ASB10 
may also associate with autophagy pathways in RGCs. 
Optineurin, one of the archetypal glaucoma-causing genes, 
is usually degraded via the proteasome pathway in RGCs 

[69-71]. Conversely, mutated or upregulated optineurin is 
degraded via the autophagic pathway [68]. Since ASB10 was 
colocalized with biomarkers of the UPS and AL degrada-
tion pathways and pharmacological manipulation appeared 
to alter levels, both degradation pathways may be used in 
tandem to clear specific proteins from RGCs and TM cells.

A recent paper questioned whether ASB10 is a glaucoma 
susceptibility gene [63]. Although a significant difference was 
found comparing the frequency of case-specific and control-
specific non-synonymous ASB10 variants (p=0.03), this 
disappears after multiple testing is accounted for. Interest-
ingly, four mutations identified in the study’s POAG popula-
tion are not found in any of the control populations, including 
the 3,500 samples from the National Heart, Lung and Blood 
Institutes Exon Sequencing Project (NHLBI ESP) [63]. Yet, 
because the frequency of variants identified in the NHLBI 
ESP is similar to that found in the Iowa glaucoma population 
(2.53% compared to 2.34%), the authors ruled out ASB10 as 
a glaucoma susceptibility gene. However, this NHLBI ESP 
population was not examined for glaucoma. Thus, a propor-
tion of the individuals identified with ASB10 variants may 
actually be affected. ASB10 is a highly polymorphic gene. 
Therefore, much higher numbers of cases and controls will be 
needed than those used by Fingert et al. to find a statistically 
significant value.

Analysis of dermal fibroblasts from a patient from the 
GLC1F family, who carries the T255T synonymous mutation, 
showed no difference in the colocalization of ASB10 with 
ubiquitin or HDAC6 compared to a normal family member. 
This suggests that, at least for this mutation and cell type 
and for the biomarkers studied, ASB10 association with 
either degradation pathway was not impaired. It may not be 
surprising that differences between glaucoma and normal 
fibroblasts were not detected since autophagic structures are 
transient. Moreover, only half of the ASB10 protein synthe-
sized would be affected by the heterozygous T255T mutation. 
Further analysis with recombinant proteins carrying POAG 
mutations in TM cells with multiple biomarkers of autophagy 
is required to fully investigate the potential dysregulation of 
ASB10 mutants in the cellular degradation process.

In conclusion, we have provided evidence that endog-
enous ASB10 is associated with ubiquitin-mediated degrada-
tion pathways in TM cells in basal culture conditions. The 
search for new treatments for neurodegenerative diseases 
such as Parkinson disease, Alzheimer disease, Huntington’s 
disease, spinocerebellar ataxis, and amyotrophic lateral scle-
rosis is now focusing on the autophagy pathway as a potential 
therapy [72]. This study provides a new line of investigation 

http://www.molvis.org/molvis/v19/1639


Molecular Vision 2013; 19:1639-1655 <http://www.molvis.org/molvis/v19/1639> © 2013 Molecular Vision 

1652

for potential therapies for patients with POAG harboring 
ASB10 mutations.

ACKNOWLEDGMENTS

The authors would like to thank Stefanie Kaech Petrie, Ph.D. 
and Aurelie Snyder of the Advanced Light Microscopy Core 
facility at the Jungers center, OHSU, for help with structured 
illumination microscopy, and Dr Beth Edmunds, M.D. at the 
Casey Eye Institute, OHSU for procurement of dermal fibro-
blasts. This work was supported National Institute of Health 
grants ROEY019643 (KEK), ROEY003279, ROEY008247, 
ROEY010572, (TSA), ROEY010555, ROEY011650 (MKW), 
and by an unrestricted grant to the Casey Eye Institute from 
Research to Prevent Blindness, New York, NY. All authors 
declare no conflict of interest. This work was presented in 
part at the ARVO annual meeting (Yang et al., (2012) IOVS, 
53, ARVO E-abstract #3237).

REFERENCES
1.	 Boland MV, Quigley HA. Risk factors and open-angle glau-

coma: classification and application.  J Glaucoma  2007; 
16:406-18. [PMID: 17571004].

2.	 Stamer WD, Acott TS. Current understanding of conventional 
outflow dysfunction in glaucoma.  Curr Opin Ophthalmol  
2012; [PMID: 22262082].

3.	 Fuse N. Genetic bases for glaucoma.  Tohoku J Exp Med  2010; 
221:1-10. [PMID: 20431268].

4.	 Fingert JH. Primary open-angle glaucoma genes.  Eye (Lond)  
2011; 25:587-95. [PMID: 21562585].

5.	 Allingham RR, Liu Y, Rhee DJ. The genetics of primary open-
angle glaucoma: a review.  Exp Eye Res  2009; 88:837-44. 
[PMID: 19061886].

6.	 Porter LF, Urquhart JE, O’Donoghue E, Spencer AF, Wade 
EM, Manson FD, Black GC. Identification of a novel locus 
for autosomal dominant primary open angle glaucoma on 
4q35.1-q35.2.  Invest Ophthalmol Vis Sci  2011; [PMID: 
21896847].

7.	 Pasutto F, Keller KE, Weisschuh N, Sticht H, Samples JR, 
Yang YF, Zenkel M, Schlotzer-Schrehardt U, Mardin CY, 
Frezzotti P, Edmunds B, Kramer PL, Gramer E, Reis A, 
Acott TS, Wirtz MK. Variants in ASB10 are associated with 
open-angle glaucoma.  Hum Mol Genet  2012; 21:1336-49. 
[PMID: 22156576].

8.	 Wirtz MK, Samples JR, Rust K, Lie J, Nordling L, Schilling 
K, Acott TS, Kramer PL. GLC1F, a new primary open-angle 
glaucoma locus, maps to 7q35-q36.  Arch Ophthalmol  1999; 
117:237-41. [PMID: 10037570].

9.	 Kile BT, Viney EM, Willson TA, Brodnicki TC, Cancilla MR, 
Herlihy AS, Croker BA, Baca M, Nicola NA, Hilton DJ, 
Alexander WS. Cloning and characterization of the genes 
encoding the ankyrin repeat and SOCS box-containing 

proteins Asb-1, Asb-2, Asb-3 and Asb-4.  Gene  2000; 
258:31-41. [PMID: 11111040].

10.	 Mosavi LK, Cammett TJ, Desrosiers DC, Peng ZY. The 
ankyrin repeat as molecular architecture for protein recogni-
tion.  Protein Sci  2004; 13:1435-48. [PMID: 15152081].

11.	 Mosavi LK, Minor DL Jr, Peng ZY. Consensus-derived struc-
tural determinants of the ankyrin repeat motif.  Proc Natl 
Acad Sci USA  2002; 99:16029-34. [PMID: 12461176].

12.	 Kile BT, Schulman BA, Alexander WS, Nicola NA, Martin 
HM, Hilton DJ. The SOCS box: a tale of destruction and 
degradation.  Trends Biochem Sci  2002; 27:235-41. [PMID: 
12076535].

13.	 Piessevaux J, Lavens D, Peelman F, Tavernier J. The many 
faces of the SOCS box.  Cytokine Growth Factor Rev  2008; 
19:371-81. [PMID: 18948053].

14.	 Kohroki J, Nishiyama T, Nakamura T, Masuho Y. ASB 
proteins interact with Cullin5 and Rbx2 to form E3 ubiquitin 
ligase complexes.  FEBS Lett  2005; 579:6796-802. [PMID: 
16325183].

15.	 Chung AS, Guan YJ, Yuan ZL, Albina JE, Chin YE. Ankyrin 
repeat and SOCS box 3 (ASB3) mediates ubiquitination and 
degradation of tumor necrosis factor receptor II.  Mol Cell 
Biol  2005; 25:4716-26. [PMID: 15899873].

16.	 Debrincat MA, Zhang JG, Willson TA, Silke J, Connolly LM, 
Simpson RJ, Alexander WS, Nicola NA, Kile BT, Hilton DJ. 
Ankyrin repeat and suppressors of cytokine signaling box 
protein asb-9 targets creatine kinase B for degradation.  J 
Biol Chem  2007; 282:4728-37. [PMID: 17148442].

17.	 Li JY, Chai B, Zhang W, Wu X, Zhang C, Fritze D, Xia Z, 
Patterson C, Mulholland MW. Ankyrin repeat and SOCS 
box containing protein 4 (Asb-4) colocalizes with insulin 
receptor substrate 4 (IRS4) in the hypothalamic neurons and 
mediates IRS4 degradation.  BMC Neurosci  2011; 12:95-
[PMID: 21955513].

18.	 Pandey UB, Nie Z, Batlevi Y, McCray BA, Ritson GP, 
Nedelsky NB, Schwartz SL, DiProspero NA, Knight MA, 
Schuldiner O, Padmanabhan R, Hild M, Berry DL, Garza 
D, Hubbert CC, Yao TP, Baehrecke EH, Taylor JP. HDAC6 
rescues neurodegeneration and provides an essential link 
between autophagy and the UPS.  Nature  2007; 447:859-63. 
[PMID: 17568747].

19.	 Lee JY, Yao TP. Quality control autophagy: A joint effort 
of ubiquitin, protein deacetylase and actin cytoskeleton.  
Autophagy  2010; 6:[PMID: 20404488].

20.	 Lee JY, Koga H, Kawaguchi Y, Tang W, Wong E, Gao YS, 
Pandey UB, Kaushik S, Tresse E, Lu J, Taylor JP, Cuervo 
AM, Yao TP. HDAC6 controls autophagosome maturation 
essential for ubiquitin-selective quality-control autophagy.  
EMBO J  2010; 29:969-80. [PMID: 20075865].

21.	 Mizushima N, Komatsu M. Autophagy: renovation of cells and 
tissues.  Cell  2011; 147:728-41. [PMID: 22078875].

22.	 Marino G, Madeo F, Kroemer G. Autophagy for tissue 
homeostasis and neuroprotection.  Curr Opin Cell Biol  2011; 
23:198-206. [PMID: 21030235].

http://www.molvis.org/molvis/v19/1639
http://www.ncbi.nlm.nih.gov/pubmed/17571004
http://www.ncbi.nlm.nih.gov/pubmed/22262082
http://www.ncbi.nlm.nih.gov/pubmed/20431268
http://www.ncbi.nlm.nih.gov/pubmed/21562585
http://www.ncbi.nlm.nih.gov/pubmed/19061886
http://www.ncbi.nlm.nih.gov/pubmed/21896847
http://www.ncbi.nlm.nih.gov/pubmed/21896847
http://www.ncbi.nlm.nih.gov/pubmed/22156576
http://www.ncbi.nlm.nih.gov/pubmed/10037570
http://www.ncbi.nlm.nih.gov/pubmed/11111040
http://www.ncbi.nlm.nih.gov/pubmed/15152081
http://www.ncbi.nlm.nih.gov/pubmed/12461176
http://www.ncbi.nlm.nih.gov/pubmed/12076535
http://www.ncbi.nlm.nih.gov/pubmed/12076535
http://www.ncbi.nlm.nih.gov/pubmed/18948053
http://www.ncbi.nlm.nih.gov/pubmed/16325183
http://www.ncbi.nlm.nih.gov/pubmed/16325183
http://www.ncbi.nlm.nih.gov/pubmed/15899873
http://www.ncbi.nlm.nih.gov/pubmed/17148442
http://www.ncbi.nlm.nih.gov/pubmed/21955513
http://www.ncbi.nlm.nih.gov/pubmed/17568747
http://www.ncbi.nlm.nih.gov/pubmed/20404488
http://www.ncbi.nlm.nih.gov/pubmed/20075865
http://www.ncbi.nlm.nih.gov/pubmed/22078875
http://www.ncbi.nlm.nih.gov/pubmed/21030235


Molecular Vision 2013; 19:1639-1655 <http://www.molvis.org/molvis/v19/1639> © 2013 Molecular Vision 

1653

23.	 Rubinsztein DC, Marino G, Kroemer G. Autophagy and aging.  
Cell  2011; 146:682-95. [PMID: 21884931].

24.	 Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy 
fights disease through cellular self-digestion.  Nature  2008; 
451:1069-75. [PMID: 18305538].

25.	 Weidberg H, Shvets E, Elazar Z. Biogenesis and cargo selec-
tivity of autophagosomes.  Annu Rev Biochem  2011; 80:125-
56. [PMID: 21548784].

26.	 Xie Z, Klionsky DJ. Autophagosome formation: core 
machinery and adaptations.  Nat Cell Biol  2007; 9:1102-9. 
[PMID: 17909521].

27.	 Liton PB, Lin Y, Gonzalez P, Epstein DL. Potential role of lyso-
somal dysfunction in the pathogenesis of primary open angle 
glaucoma.  Autophagy  2009; 5:122-4. [PMID: 19001861].

28.	 Polansky JR, Weinreb RN, Baxter JD, Alvarado J. Human 
trabecular cells. I. Establishment in tissue culture and growth 
characteristics.  Invest Ophthalmol Vis Sci  1979; 18:1043-9. 
[PMID: 383640].

29.	 Stamer WD, Seftor RE, Williams SK, Samaha HA, Snyder 
RW. Isolation and culture of human trabecular meshwork 
cells by extracellular matrix digestion.  Curr Eye Res  1995; 
14:611-7. [PMID: 7587308].

30.	 Keller KE, Bradley JM, Acott TS. Differential effects of 
ADAMTS-1, −4, and −5 in the trabecular meshwork.  Invest 
Ophthalmol Vis Sci  2009; 50:5769-77. [PMID: 19553617].

31.	 Keller KE, Bradley JM, Vranka JA, Acott TS. Segmental 
versican expression in the trabecular meshwork and involve-
ment in outflow facility.  Invest Ophthalmol Vis Sci  2011; 
52:5049-57. [PMID: 21596823].

32.	 Keller KE, Kelley MJ, Acott TS. Extracellular matrix gene 
alternative splicing by trabecular meshwork cells in response 
to mechanical stretching.  Invest Ophthalmol Vis Sci  2007; 
48:1164-72. [PMID: 17325160].

33.	 Aga M, Bradley JM, Keller KE, Kelley MJ, Acott TS. Special-
ized podosome- or invadopodia-like structures (PILS) for 
focal trabecular meshwork extracellular matrix turnover.  
Invest Ophthalmol Vis Sci  2008; 49:5353-65. [PMID: 
18641286].

34.	 Gustafsson MG. Surpassing the lateral resolution limit by a 
factor of two using structured illumination microscopy.  J 
Microsc  2000; 198:82-7. [PMID: 10810003].

35.	 Galbraith CG, Galbraith JA. Super-resolution microscopy at 
a glance.  J Cell Sci  2011; 124:1607-11. [PMID: 21536831].

36.	 Zinchuk V, Zinchuk O, Okada T. Quantitative colocaliza-
tion analysis of multicolor confocal immunofluorescence 
microscopy images: pushing pixels to explore biological 
phenomena.  Acta Histochem Cytochem  2007; 40:101-11. 
[PMID: 17898874].

37.	 Zinchuk V, Wu Y, Grossenbacher-Zinchuk O. Bridging the gap 
between qualitative and quantitative colocalization results 
in fluorescence microscopy studies.  Sci Rep  2013; 3:1365-
[PMID: 23455567].

38.	 Klionsky DJ, Abeliovich H, Agostinis P, Agrawal DK, Aliev 
G, Askew DS, Baba M, Baehrecke EH, Bahr BA, Ballabio 
A, Bamber BA, Bassham DC, Bergamini E, Bi X, Biard-
Piechaczyk M, Blum JS, Bredesen DE, Brodsky JL, Brumell 
JH, Brunk UT, Bursch W, Camougrand N, Cebollero E, 
Cecconi F, Chen Y, Chin LS, Choi A, Chu CT, Chung J, 
Clarke PG, Clark RS, Clarke SG, Clave C, Cleveland JL, 
Codogno P, Colombo MI, Coto-Montes A, Cregg JM, Cuervo 
AM, Debnath J, Demarchi F, Dennis PB, Dennis PA, Deretic 
V, Devenish RJ, Di Sano F, Dice JF, Difiglia M, Dinesh-
Kumar S, Distelhorst CW, Djavaheri-Mergny M, Dorsey 
FC, Droge W, Dron M, Dunn WA Jr, Duszenko M, Eissa 
NT, Elazar Z, Esclatine A, Eskelinen EL, Fesus L, Finley 
KD, Fuentes JM, Fueyo J, Fujisaki K, Galliot B, Gao FB, 
Gewirtz DA, Gibson SB, Gohla A, Goldberg AL, Gonzalez 
R, Gonzalez-Estevez C, Gorski S, Gottlieb RA, Haussinger 
D, He YW, Heidenreich K, Hill JA, Hoyer-Hansen M, Hu 
X, Huang WP, Iwasaki A, Jaattela M, Jackson WT, Jiang X, 
Jin S, Johansen T, Jung JU, Kadowaki M, Kang C, Kelekar 
A, Kessel DH, Kiel JA, Kim HP, Kimchi A, Kinsella TJ, 
Kiselyov K, Kitamoto K, Knecht E, Komatsu M, Kominami 
E, Kondo S, Kovacs AL, Kroemer G, Kuan CY, Kumar R, 
Kundu M, Landry J, Laporte M, Le W, Lei HY, Lenardo 
MJ, Levine B, Lieberman A, Lim KL, Lin FC, Liou W, Liu 
LF, Lopez-Berestein G, Lopez-Otin C, Lu B, Macleod KF, 
Malorni W, Martinet W, Matsuoka K, Mautner J, Meijer AJ, 
Melendez A, Michels P, Miotto G, Mistiaen WP, Mizushima 
N, Mograbi B, Monastyrska I, Moore MN, Moreira PI, Mori-
yasu Y, Motyl T, Munz C, Murphy LO, Naqvi NI, Neufeld 
TP, Nishino I, Nixon RA, Noda T, Nurnberg B, Ogawa M, 
Oleinick NL, Olsen LJ, Ozpolat B, Paglin S, Palmer GE, 
Papassideri I, Parkes M, Perlmutter DH, Perry G, Piacentini 
M, Pinkas-Kramarski R, Prescott M, Proikas-Cezanne T, 
Raben N, Rami A, Reggiori F, Rohrer B, Rubinsztein DC, 
Ryan KM, Sadoshima J, Sakagami H, Sakai Y, Sandri M, 
Sasakawa C, Sass M, Schneider C, Seglen PO, Seleverstov O, 
Settleman J, Shacka JJ, Shapiro IM, Sibirny A, Silva-Zacarin 
EC, Simon HU, Simone C, Simonsen A, Smith MA, Spanel-
Borowski K, Srinivas V, Steeves M, Stenmark H, Stromhaug 
PE, Subauste CS, Sugimoto S, Sulzer D, Suzuki T, Swanson 
MS, Tabas I, Takeshita F, Talbot NJ, Talloczy Z, Tanaka 
K, Tanida I, Taylor GS, Taylor JP, Terman A, Tettamanti 
G, Thompson CB, Thumm M, Tolkovsky AM, Tooze SA, 
Truant R, Tumanovska LV, Uchiyama Y, Ueno T, Uzcategui 
NL, van der Klei I, Vaquero EC, Vellai T, Vogel MW, Wang 
HG, Webster P, Wiley JW, Xi Z, Xiao G, Yahalom J, Yang 
JM, Yap G, Yin XM, Yoshimori T, Yu L, Yue Z, Yuzaki M, 
Zabirnyk O, Zheng X, Zhu X, Deter RL. Guidelines for the 
use and interpretation of assays for monitoring autophagy 
in higher eukaryotes.  Autophagy  2008; 4:151-75. [PMID: 
18188003].

39.	 Mizushima N, Yoshimori T, Levine B. Methods in mamma-
lian autophagy research.  Cell  2010; 140:313-26. [PMID: 
20144757].

40.	 Ding WX, Ni HM, Gao W, Yoshimori T, Stolz DB, Ron D, Yin 
XM. Linking of autophagy to ubiquitin-proteasome system is 
important for the regulation of endoplasmic reticulum stress 

http://www.molvis.org/molvis/v19/1639
http://www.ncbi.nlm.nih.gov/pubmed/21884931
http://www.ncbi.nlm.nih.gov/pubmed/18305538
http://www.ncbi.nlm.nih.gov/pubmed/21548784
http://www.ncbi.nlm.nih.gov/pubmed/17909521
http://www.ncbi.nlm.nih.gov/pubmed/19001861
http://www.ncbi.nlm.nih.gov/pubmed/383640
http://www.ncbi.nlm.nih.gov/pubmed/7587308
http://www.ncbi.nlm.nih.gov/pubmed/19553617
http://www.ncbi.nlm.nih.gov/pubmed/21596823
http://www.ncbi.nlm.nih.gov/pubmed/17325160
http://www.ncbi.nlm.nih.gov/pubmed/18641286
http://www.ncbi.nlm.nih.gov/pubmed/18641286
http://www.ncbi.nlm.nih.gov/pubmed/10810003
http://www.ncbi.nlm.nih.gov/pubmed/21536831
http://www.ncbi.nlm.nih.gov/pubmed/17898874
http://www.ncbi.nlm.nih.gov/pubmed/23455567
http://www.ncbi.nlm.nih.gov/pubmed/18188003
http://www.ncbi.nlm.nih.gov/pubmed/18188003
http://www.ncbi.nlm.nih.gov/pubmed/20144757
http://www.ncbi.nlm.nih.gov/pubmed/20144757


Molecular Vision 2013; 19:1639-1655 <http://www.molvis.org/molvis/v19/1639> © 2013 Molecular Vision 

1654

and cell viability.  Am J Pathol  2007; 171:513-24. [PMID: 
17620365].

41.	 Pickart CM. Ubiquitin in chains.  Trends Biochem Sci  2000; 
25:544-8. [PMID: 11084366].

42.	 Tan J, Wong ES, Dawson VL, Dawson TM, Lim KL. Lysine 
63-linked polyubiquitin potentially partners with p62 to 
promote the clearance of protein inclusions by autophagy.  
Autophagy  2008; 4:251-3. .

43.	 Tan JM, Wong ES, Kirkpatrick DS, Pletnikova O, Ko HS, 
Tay SP, Ho MW, Troncoso J, Gygi SP, Lee MK, Dawson 
VL, Dawson TM, Lim KL. Lysine 63-linked ubiquitination 
promotes the formation and autophagic clearance of protein 
inclusions associated with neurodegenerative diseases.  Hum 
Mol Genet  2008; 17:431-9. [PMID: 17981811].

44.	 Newton K, Matsumoto ML, Wertz IE, Kirkpatrick DS, Lill JR, 
Tan J, Dugger D, Gordon N, Sidhu SS, Fellouse FA, Komuves 
L, French DM, Ferrando RE, Lam C, Compaan D, Yu C, 
Bosanac I, Hymowitz SG, Kelley RF, Dixit VM. Ubiquitin 
chain editing revealed by polyubiquitin linkage-specific 
antibodies.  Cell  2008; 134:668-78. [PMID: 18724939].

45.	 Newton K, Matsumoto ML, Ferrando RE, Wickliffe KE, Rape 
M, Kelley RF, Dixit VM. Using linkage-specific monoclonal 
antibodies to analyze cellular ubiquitylation.  Methods Mol 
Biol  2012; 832:185-96. [PMID: 22350886].

46.	 Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, Yao 
TP. The deacetylase HDAC6 regulates aggresome formation 
and cell viability in response to misfolded protein stress.  Cell  
2003; 115:727-38. [PMID: 14675537].

47.	 Garcia-Mata R, Gao YS, Sztul E. Hassles with taking out the 
garbage: aggravating aggresomes.  Traffic  2002; 3:388-96. 
[PMID: 12010457].

48.	 Seigneurin-Berny D, Verdel A, Curtet S, Lemercier C, Garin 
J, Rousseaux S, Khochbin S. Identification of components 
of the murine histone deacetylase 6 complex: link between 
acetylation and ubiquitination signaling pathways.  Mol Cell 
Biol  2001; 21:8035-44. [PMID: 11689694].

49.	 Ouyang H, Ali YO, Ravichandran M, Dong A, Qiu W, MacK-
enzie F, Dhe-Paganon S, Arrowsmith CH, Zhai RG. Protein 
aggregates are recruited to aggresome by histone deacetylase 
6 via unanchored ubiquitin C termini.  J Biol Chem  2012; 
287:2317-27. [PMID: 22069321].

50.	 Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar 
Z. LC3 and GATE-16/GABARAP subfamilies are both 
essential yet act differently in autophagosome biogenesis.  
EMBO J  2010; 29:1792-802. [PMID: 20418806].

51.	 Gutierrez MG, Munafo DB, Beron W, Colombo MI. Rab7 
is required for the normal progression of the autophagic 
pathway in mammalian cells.  J Cell Sci  2004; 117:2687-97. 
[PMID: 15138286].

52.	 Schwartz SL, Cao C, Pylypenko O, Rak A, Wandinger-Ness 
A. Rab GTPases at a glance.  J Cell Sci  2007; 120:3905-10. 
[PMID: 17989088].

53.	 Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P, 
Eskelinen EL. Role for Rab7 in maturation of late autophagic 
vacuoles.  J Cell Sci  2004; 117:4837-48. [PMID: 15340014].

54.	 Pierre P. Dendritic cells, DRiPs, and DALIS in the control of 
antigen processing.  Immunol Rev  2005; 207:184-90. [PMID: 
16181336].

55.	 Szeto J, Kaniuk NA, Canadien V, Nisman R, Mizushima N, 
Yoshimori T, Bazett-Jones DP, Brumell JH. ALIS are stress-
induced protein storage compartments for substrates of the 
proteasome and autophagy.  Autophagy  2006; 2:189-99. 
[PMID: 16874109].

56.	 Fujita K, Srinivasula SM. TLR4-mediated autophagy in 
macrophages is a p62-dependent type of selective autophagy 
of aggresome-like induced structures (ALIS).  Autophagy  
2011; 7:552-4. [PMID: 21412052].

57.	 Fujita K, Maeda D, Xiao Q, Srinivasula SM. Nrf2-mediated 
induction of p62 controls Toll-like receptor-4-driven 
aggresome-like induced structure formation and autophagic 
degradation.  Proc Natl Acad Sci USA  2011; 108:1427-32. 
[PMID: 21220332].

58.	 Clausen TH, Lamark T, Isakson P, Finley K, Larsen KB, 
Brech A, Overvatn A, Stenmark H, Bjorkoy G, Simonsen A, 
Johansen T. p62/SQSTM1 and ALFY interact to facilitate 
the formation of p62 bodies/ALIS and their degradation by 
autophagy.  Autophagy  2010; 6:330-44. [PMID: 20168092].

59.	 Liu XD, Ko S, Xu Y, Fattah EA, Xiang Q, Jagannath C, Ishii T, 
Komatsu M, Eissa NT. Transient aggregation of ubiquitinated 
proteins is a cytosolic unfolded protein response to inflam-
mation and endoplasmic reticulum stress.  J Biol Chem  2012; 
287:19687-98. [PMID: 22518844].

60.	 Fader CM, Colombo MI. Autophagy and multivesicular 
bodies: two closely related partners.  Cell Death Differ  2009; 
16:70-8. [PMID: 19008921].

61.	 Berg TO, Fengsrud M, Stromhaug PE, Berg T, Seglen PO. 
Isolation and characterization of rat liver amphisomes. 
Evidence for fusion of autophagosomes with both early and 
late endosomes.  J Biol Chem  1998; 273:21883-92. [PMID: 
9705327].

62.	 Liton PB, Lin Y, Luna C, Li G, Gonzalez P, Epstein DL. 
Cultured porcine trabecular meshwork cells display altered 
lysosomal function when subjected to chronic oxidative 
stress.  Invest Ophthalmol Vis Sci  2008; 49:3961-9. [PMID: 
18469195].

63.	 Fingert JH, Roos BR, Solivan-Timpe F, Miller KA, Oetting 
TA, Wang K, Kwon YH, Scheetz TE, Stone EM, Alward WL. 
Analysis of ASB10 variants in open angle glaucoma.  Hum 
Mol Genet  2012; 21:4543-8. [PMID: 22798626].

64.	 Park HY, Kim JH, Park CK. Activation of autophagy induces 
retinal ganglion cell death in a chronic hypertensive 
glaucoma model.  Cell Death Dis  2012; 3:e290-[PMID: 
22476098].

65.	 Piras A, Gianetto D, Conte D, Bosone A, Vercelli A. Activation 
of autophagy in a rat model of retinal ischemia following high 

http://www.molvis.org/molvis/v19/1639
http://www.ncbi.nlm.nih.gov/pubmed/17620365
http://www.ncbi.nlm.nih.gov/pubmed/17620365
http://www.ncbi.nlm.nih.gov/pubmed/11084366
http://www.ncbi.nlm.nih.gov/pubmed/17981811
http://www.ncbi.nlm.nih.gov/pubmed/18724939
http://www.ncbi.nlm.nih.gov/pubmed/22350886
http://www.ncbi.nlm.nih.gov/pubmed/14675537
http://www.ncbi.nlm.nih.gov/pubmed/12010457
http://www.ncbi.nlm.nih.gov/pubmed/11689694
http://www.ncbi.nlm.nih.gov/pubmed/22069321
http://www.ncbi.nlm.nih.gov/pubmed/20418806
http://www.ncbi.nlm.nih.gov/pubmed/15138286
http://www.ncbi.nlm.nih.gov/pubmed/17989088
http://www.ncbi.nlm.nih.gov/pubmed/15340014
http://www.ncbi.nlm.nih.gov/pubmed/16181336
http://www.ncbi.nlm.nih.gov/pubmed/16181336
http://www.ncbi.nlm.nih.gov/pubmed/16874109
http://www.ncbi.nlm.nih.gov/pubmed/21412052
http://www.ncbi.nlm.nih.gov/pubmed/21220332
http://www.ncbi.nlm.nih.gov/pubmed/20168092
http://www.ncbi.nlm.nih.gov/pubmed/22518844
http://www.ncbi.nlm.nih.gov/pubmed/19008921
http://www.ncbi.nlm.nih.gov/pubmed/9705327
http://www.ncbi.nlm.nih.gov/pubmed/9705327
http://www.ncbi.nlm.nih.gov/pubmed/18469195
http://www.ncbi.nlm.nih.gov/pubmed/18469195
http://www.ncbi.nlm.nih.gov/pubmed/22798626
http://www.ncbi.nlm.nih.gov/pubmed/22476098
http://www.ncbi.nlm.nih.gov/pubmed/22476098


Molecular Vision 2013; 19:1639-1655 <http://www.molvis.org/molvis/v19/1639> © 2013 Molecular Vision 

1655

intraocular pressure.  PLoS ONE  2011; 6:e22514-[PMID: 
21799881].

66.	 Rodriguez-Muela N, Boya P. Axonal damage, autophagy 
and neuronal survival.  Autophagy  2012; 8:286-8. [PMID: 
22301991].

67.	 Russo R, Berliocchi L, Adornetto A, Varano GP, Cavaliere 
F, Nucci C, Rotiroti D, Morrone LA, Bagetta G, Corasaniti 
MT. Calpain-mediated cleavage of Beclin-1 and autophagy 
deregulation following retinal ischemic injury in vivo.  Cell 
Death Dis  2011; 2:e144-[PMID: 21490676].

68.	 Shen X, Ying H, Qiu Y, Park JS, Shyam R, Chi ZL, Iwata T, 
Yue BY. Processing of optineurin in neuronal cells.  J Biol 
Chem  2011; 286:3618-29. [PMID: 21059646].

69.	 Rezaie T, Child A, Hitchings R, Brice G, Miller L, Coca-
Prados M, Heon E, Krupin T, Ritch R, Kreutzer D, Crick 
RP, Sarfarazi M. Adult-onset primary open-angle glau-
coma caused by mutations in optineurin.  Science  2002; 
295:1077-9. [PMID: 11834836].

70.	 Ying H, Yue BY. Cellular and molecular biology of optineurin.  
Int Rev Cell Mol Biol  2012; 294:223-58. [PMID: 22364875].

71.	 Ying H, Shen X, Park B, Yue BY. Posttranslational modifica-
tions, localization, and protein interactions of optineurin, 
the product of a glaucoma gene.  PLoS ONE  2010; 5:e9168-
[PMID: 20161783].

72.	 Olzmann JA, Li L, Chin LS. Aggresome formation and neuro-
degenerative diseases: therapeutic implications.  Curr Med 
Chem  2008; 15:47-60. [PMID: 18220762].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 25 July 2013. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v19/1639
http://www.ncbi.nlm.nih.gov/pubmed/21799881
http://www.ncbi.nlm.nih.gov/pubmed/21799881
http://www.ncbi.nlm.nih.gov/pubmed/22301991
http://www.ncbi.nlm.nih.gov/pubmed/22301991
http://www.ncbi.nlm.nih.gov/pubmed/21490676
http://www.ncbi.nlm.nih.gov/pubmed/21059646
http://www.ncbi.nlm.nih.gov/pubmed/11834836
http://www.ncbi.nlm.nih.gov/pubmed/22364875
http://www.ncbi.nlm.nih.gov/pubmed/20161783
http://www.ncbi.nlm.nih.gov/pubmed/18220762

	Reference r72
	Reference r71
	Reference r70
	Reference r69
	Reference r68
	Reference r67
	Reference r66
	Reference r65
	Reference r64
	Reference r63
	Reference r62
	Reference r61
	Reference r60
	Reference r59
	Reference r58
	Reference r57
	Reference r56
	Reference r55
	Reference r54
	Reference r53
	Reference r52
	Reference r51
	Reference r50
	Reference r49
	Reference r48
	Reference r47
	Reference r46
	Reference r45
	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1

