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We report the neuroprotective role of FAS apoptotic inhibitory molecule 2 (FAIM2), an inhibitor of the FAS signaling pathway, during
stress-induced photoreceptor apoptosis. Retinal detachment resulted in increased FAIM2 levels in photoreceptors with higher
amounts detected at the tips of outer segments. Activation of FAS death receptor via FAS-ligand led to JNK-mediated FAIM2
phosphorylation, decreased proteasome-mediated degradation and increased association with the FAS receptor. Photoreceptor
apoptosis was accelerated in Faim2 knockout mice following experimental retinal detachment. We show that FAIM2 is primarily
involved in reducing stress-induced photoreceptor cell death but this effect was transient. FAIM2 was found to interact with both
p53 and HSP90 following the activation of the FAS death pathway and FAIM2/HSP90 interaction was dependent on the
phosphorylation of FAIM2. Lack of FAIM2 led to increased expression of proadeath genes Fas and Ripk1 in the retina under
physiologic conditions. These results demonstrate that FAIM2 is an intrinsic neuroprotective factor activated by stress in
photoreceptors and delays FAS-mediated photoreceptor apoptosis. Modulation of this pathway to increase FAIM2 expression may
be a potential therapeutic option to prevent photoreceptor death.
Cell Death and Differentiation (2017) 24, 1799–1810; doi:10.1038/cdd.2017.109; published online 14 July 2017

Separation of outer retina from the retinal pigment epithelium
(RPE) is a common form of injury that may occur alone in
retinal detachment or with other pathologic processes such as
age-related macular degeneration or diabetic retinopathy.
Despite significant advances in the medical and surgical
management of retina-RPE separation, patients often lose
vision, primarily due to the death of photoreceptors.1,2 Our
previous studies demonstrated that the main pathologic event
causing photoreceptor death following photoreceptor-RPE
separation is the activation of the apoptotic FAS signaling
pathway.3–5 Preventing FAS pathway activity provides
significant protection against separation-induced death of the
photoreceptors.5,6

Despite rapid activation of apoptosis after retina-RPE
separation, a significant number of photoreceptors survive
for extended periods of time.4,5 The clinical correlation of
this observation is that patients with retinal detachments
affecting the macula can recover significant vision after repair,
especially if repaired within one week.7,8 These experimental
and clinical observations suggest that anti-apoptotic pathways
are activated within the retina to counteract the effect of pro-
apoptotic signals. We have shown the significance of several
such pathways in the retina, including interleukin-6 (IL6)
signaling and autophagy.6,9

Previous gene microarray analysis of experimental detach-
ments revealed increased expression of genes involved in
FAS-receptor signaling and stress-response pathways,
including Faim2, coding for FAS apoptotic inhibitory molecule
2 (FAIM2).10 FAIM2 is an evolutionarily conserved protein and
is predominantly expressed in neuronal cells as a 35 kDa
membrane protein.11 FAIM2 was shown to prevent apoptosis

by direct interaction with FAS upstream of FAS-associated
death domain containing protein (FADD).12 FAIM2 expression
in cerebellar granule neurons increases their resistance to
FAS mediated apoptosis.13 Neurons of Faim2-deficient mice
are more susceptible to combined oxygen–glucose depriva-
tion in vitro and caspase-associated cell death and neurolo-
gical impairment after cerebral ischemia in vivo.14 Similarly,
FAIM2 is required for the development and survival of granular
and Purkinje cells.15

We have previously demonstrated that retinal detachment
results in increased FAIM2 protein levels in vivo, and this
finding is reproduced in vitro by exogenous activation of
FAS signaling in 661 W cells.16 We now report evidence
demonstrating the neuroprotective role of FAIM2 in the retina
following photoreceptor stress. To better characterize the
regulation and function of FAIM2, we investigated the location
of FAIM2 expression in the retina and mechanism of FAIM2
upregulation following FAS activation, including identification
of proteins interacting with FAIM2 and the effect of FAIM2 on
the transcription of pro- and anti-apoptotic genes known to be
critical for photoreceptor death.

Results

Retinal detachment leads to an increase in FAIM2 levels
in photoreceptors. We previously reported increased
FAIM2 protein levels in the experimental retinal detachment
model.16 To determine the location of FAIM2 in detached
retinas, we performed immunohistochemistry in mice 24 h
after experimental photoreceptor-RPE separation. FAIM2
levels primarily increased in the outer nuclear layer of the
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detached retinas, consistent with elevated levels in the
detached photoreceptors (Figure 1a). Although the FAIM2
signal was seen throughout the outer nuclear layer (ONL)
and inner segment/outer segment (IS/OS) layers after retinal
detachment, most of the staining was concentrated at the OS
of photoreceptors.
We performed western blot analysis to quantitate the

amount of FAIM2 upregulation following retinal detachment
(Figure 1b). We found that retinal detachment led to
approximately 3-fold increase in the amount of FAIM2 protein
at 24 h. Although the level of FAIM2 protein increases with
retinal detachment by 24 h (Figures 1a and b), RT-PCR did not
detect any increase in Faim2 transcript levels in the detached
retinas (Figures 1c). Our data strongly suggests that the
increased level of FAIM2 found immediately after retinal
detachment is the result of increased stability of FAIM2
protein, rather than increased gene transcription.

FAIM2 mediates photoreceptor neuroprotection after
retinal detachment. Our previous work showed that FAIM2
regulated caspase 8 activation and reduced apoptosis in
661 W cells following exogenous activation of FAS receptor
signaling.16 The 661W cell is a murine cone-derived cell
line,17 and has been used extensively in the study of
photoreceptor cell biology. To confirm the role of FAIM2 in
retinal detachment induced photoreceptor apoptosis, experi-
mental retinal detachments were created in wild-type and
Faim2− /− mice. In rodent eyes, the peak of TUNEL staining
occurs at 3 days after retina-RPE separation, with a rapid
decline in TUNEL-positive cells to near pre-separation levels
by day 7.6 As expected, wild-type mice showed a peak of
TUNEL-positive staining of the photoreceptors at 3 days after
creation of the retinal detachment (Figures 2a and b). In
Faim2 knockout animals, TUNEL staining followed the same
time course, with peak of TUNEL-positive staining at 3 days
(Figure 2a). As predicted by our hypothesis, the level of
TUNEL-positive staining was much more robust with a near
doubling of the number of dying cells in knockout retinas
(Figure 2b). Although the knockout animals had increased
TUNEL staining in the ONL in all tested time points, the
difference was only statistically significant at 3 days when the
apoptotic activity is the highest.
To determine if FAIM2 is important for long-term survival of

photoreceptors, experimental retinal detachments were
induced in wild type and Faim2− /− mice and maintained for
1 and 2 months. Photoreceptor cell counts were assessed by
the number of photoreceptor nuclei in theONL and normalized
to the total retinal area. The number of photoreceptors was
similar between wild-type mice and Faim2− /−mice at baseline
(Figures 3a and b). There was a decline in the normalized
ONL cell count at the 1 month time point for Faim2− /− mice,
in contrast to wild-type animals, which showed no detectable
cell loss (P=0.0014; Figures 3a and b). Similarly, ONL area
showed a decline in the Faim2 knockout retinas by 1 month
after detachment while there was little effect seen in wild-type
controls. Two months after detachment, there was further
decline in the ONL cell count and ONL area in both experi-
mental groups. Both wild-type and Faim2− /− animals showed
similar levels of remaining cells in the ONL at 2 months,
demonstrating that FAIM2 is important for delaying

Figure 1 Retinal detachment leads to increased FAIM2 levels in the
photoreceptors. Whole-mouse retinas were harvested following detachments
at 24 h. (a) Immunohistochemistry shows increased levels of FAIM2 in the
detached retina in the outer nuclear layer. Magnified view on the right demonstrates
FAIM2 staining preferentially in the outer segments of photoreceptors. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, Inner
segment/Outer segment; RPE, Retinal pigment epithelium, N= 3. (b) FAIM2
immunoreactivity on western blot following 24-h retinal detachment in mice.
Increased FAIM2 protein in detected after retinal detachment. Actin serves
as the loading control. Normalization of FAIM2 levels to actin levels shows
3-fold increase of FAIM2 expression in detached retinas (mean± S.E.M., N= 4,
Po0.05). (c) Increase in FAIM2 levels after 24 h of retinal detachment is independent
of Faim2 gene transcription. Quantitative RT-PCR analysis of Faim2 with β-actin
mRNA serving as control. Relative expression was analyzed by comparative
threshold cycle (2−ΔΔct) method. Expression values were represented as fold
change over control after normalization with actin. Data represent mean±S.E.M.,
N= 3
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photoreceptor apoptosis but is unable to prevent cell death
during periods of prolonged detachment (Figure 3).

Faim2 expression is not required for normal develop-
ment or postnatal survival of photoreceptors. Our data
demonstrates the importance of FAIM2 in preventing stress-
induced photoreceptor apoptosis. We next investigated the
role of FAIM2 in photoreceptor survival with age. Genetic
deletion of Faim2 had no discernable effect on retinal
anatomy and all retinal structures were anatomically normal
in wild-type and knockout mice aged to 6 and 12 months
(Figure 4a). Assessment of nuclear numbers in the ONL
showed that the number of photoreceptors were similar in
wild-type and Faim2 knockout animals (Figure 4b). Similarly,
ONL area measurements confirmed that lack of FAIM2 is not
necessary for photoreceptor survival under physiologic

conditions (Figure 4b). These results clearly demonstrate
that FAIM2 function is not necessary for photoreceptor
development and survival under physiologic conditions or
with aging.

FAIM2 binds FAS during photoreceptor apoptosis. FAIM2
was initially identified as an inhibitor of the FAS death
receptor-signaling pathway.12 To determine whether FAIM2
interacts directly with FAS in the retina, we immunoprecipi-
tated FAS and FAIM2. FAS–FAIM2 interaction was seen early
during retinal detachment and peaked at 12 h after retina-
RPE separation (Figures 5a and b). Both FAIM2 and FAS
protein levels remained unchanged in the first 12 h of retinal
detachment, indicating that increased association of FAIM2
with FAS is mostly due to factors other than increased protein
concentration (Figure 5a). There was reduced FAIM2–FAS
interaction by 24 h, indicating that early post-detachment
signaling results in activation of FAIM2, and that FAIM2 binds
to the FAS receptor, either directly or in a complex.

FAS activation leads to the phosphorylation of FAIM2
during photoreceptor apoptosis. We have previously
shown that JNK and ERK stress kinases are activated after
retinal detachment.16 We next evaluated if FAIM2 is phos-
phorylated following FAS receptor activation using in vitro
photoreceptor model 661 W cells. Treatment of 661 W cells
with FAS-ligand leads to caspase activation and cell death.6

Similar to photoreceptors after retinal detachment, FAIM2
levels increase in 661 W cells following FAS activation.16

Immunoprecipitation was performed using antibodies specific
for phosphorylated Serine (Ser) and Threonine (Thr). Activa-
tion of FAS-mediated apoptosis led to increased FAIM2
phosphorylation on Ser and Thr (Figures 6a and b). These
findings were confirmed by immunoprecipitating FAIM2 from
cells treated with FAS-ligand and demonstrating phos-
phorylation using antibodies specific for phosphorylated
Ser and Thr (Figures 6a and b). These results show that
FAIM2 is regulated by phosphorylation during photoreceptor
apoptosis.

JNK-mediated phosphorylation promotes FAIM2 binding
to FAS during photoreceptor apoptosis. Our previous
data demonstrated no significant effect on FAIM2 levels in
661 W cells treated with JNK inhibitor SP600125 after
exogenous FAS activation.16 We hypothesized that JNK
may be regulating photoreceptor survival by secondary
modification of FAIM2. To determine if JNK activity is
essential for FAIM2 phosphorylation, we repeated phosphor-
ylation analysis of FAIM2 in the presence of JNK inhibitor
SP600125. JNK inhibition prevented FAIM2 phosphorylation
on Ser and Thr residues following FAS receptor activation
(Figure 7a).
Although retinal detachment led to rapid FAIM2/FAS

interaction, there was no detectable change in FAIM2 or FAS
levels during this time (Figure 5), indicating the potential role of
posttranslational FAIM2 modification and increased affinity for
FAS binding. When we blocked FAIM2 phosphorylation with
JNK inhibition, we saw a significant decrease in FAIM2/FAS
interaction following FAS activation (Figure 7b). These results
demonstrate that FAIM2 is regulated by JNK-mediated

Figure 2 Lack of FAIM2 leads to increased apoptosis in stressed photoreceptors.
(a) Immunofluorescence staining of TUNEL (green) and DAPI (blue) in the outer
nuclear layer (ONL), N= 3 (b) Quantification of TUNEL-positive cells in the ONL.
Significant increased photoreceptor death observed at 3-day detachment in the
Faim2− /− mice compared to wild-type animals. Mean±S.E.M.; n= 8–12, Po0.05,
N= 3
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phosphorylation during photoreceptor apoptosis and phos-
phorylation is important for FAS binding.

Decreased ubiquitination and proteasome-mediated
degradation of FAIM2 during FAS-mediated cell death.
Our results demonstrate that FAIM2 levels increase in cells
immediately after FAS activation but Faim2 mRNA levels
remain stable early during cell death. These observations
indicate posttranslational regulation of FAIM2 levels in
cells. To determine if FAIM2 degradation in cells is mediated
by proteasome pathway, we performed cycloheximide
(CHX) chase experiments in 661 W cells. When protein
synthesis was inhibited, FAIM2 levels decreased in cells over
time and close to 50% of FAIM2 was degraded by 24 h
(Figures 8a and b). This loss of FAIM2 protein was inhibited
by proteasome-inhibitor MG132, indicating that FAIM2 is
targeted to the proteasome for degradation in 661 W
cells (Figures 8a and b). Similarly, FAS activation in 661 W
cells with FAS-ligand treatment blocked FAIM2 degradation,
demonstrating that FAIM2 proteasome-targeting is prevented
via FAS signaling (Figures 8a and b). Since FAIM2 is
phosphorylated by JNK activation during FAS-induced
cell death, we determined the effect of phosphorylation on
FAIM2 degradation. When JNK activity was inhibited with
SP600125, FAS-ligand treatment failed to prevent FAIM2
degradation in cells, demonstrating the importance of JNK-
mediated phosphorylation for proteasome targeting of
FAIM2 (Figure 8c).

Figure 3 The absence of FAIM2 leads to increased photoreceptor loss in the ONL following retinal detachment. Retinal cross sections from the eyes of wild-type (Faim2+/+)
and Faim2 knockout (Faim2− /−) mice were stained with toluidine blue 1-month and 2-month post detachment. (a) Retinal section of attached and detached retina, 1 month after
creation of detachment. (b) Retinal section of attached and detached retina, 2 month after creation of detachment. (c) Graph summarizing photoreceptor nuclear counts and ONL
area between the attached and detached retina after 1-month detachment. Cell death in the detached retina was significantly higher in Faim2− /−mice compared to Faim2+/+ mice
based on nuclear counts and ONL area measurements. Mean±S.E.M., n= 8–11, P= 0.0014. (d) There was no statistically significant difference in cell death 2 months after
detachment in wild type or knockout animals (n= 8–11)

Figure 4 FAIM2 is not required for the survival of photoreceptors with age. (a)
Eyes were enucleated at 6 month and 1 year and retinal sections were stained with
0.5% toluidine blue for histology. (b) ONL cell counts and ONL area normalized to
retinal area. No significant changes in the number of cells in the ONL or changes in
morphology were observed for Faim2+/+ or Faim2− /− mice. Mean±S.E.M., n= 10.
GCL, ganglion cell layer; INL, inner nuclear layer; IS/OS, inner segment/outer
segment; ONL, outer nuclear layer; RPE, retinal pigment epithelium
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Ubiquitination of proteins are necessary for proteasome
targeting.18 To determine if FAIM2 is ubiquitylated in the retina,
we immunoprecipitated FAIM2 from attached and detached
rodent retinas and checked for high MW FAIM2 species. We
found that FAIM2 is ubiquitylated in the retina under physiologic
conditions (Figure 9a). Following retinal detachment, FAIM2 is
deubiquitylated, leading to decreased proteasome targeting
and increased FAIM2 in the retina after stress (Figure 9a).
Changes in FAIM2 ubiquitination and proteasome degradation
after detachment was a specific response modulating post-
translational FAIM2 modification, as we did not find a global
decrease in protein ubiquitination (Figure 9b) or increase in
the levels of GRK, a well-known proteasome substrate in the
retina (Figure 9c).19,20 Similar to in vivo findings, proteasome
inhibition resulted in increased FAIM2 ubiquitination in 661W
cells (Figure 9d) and FAS activation did not affect global
ubiquitination of proteins in vitro (Figure 9e). These results
demonstrate that FAIM2 levels are regulated by proteasome-
mediated degradation and JNK-mediated FAIM2 phosphoryla-
tion prevents FAIM2 proteasome targeting and leads to FAIM2
accumulation independent of gene transcription.

FAIM2 interacts with pro-apoptotic tumor suppressor
protein p53 and HSP90. To identify pro- and anti-apoptotic
proteins interacting with FAIM2 during photoreceptor stress,

Figure 6 Phosphorylation of FAIM2 after FAS receptor activation. (a) 661 W cell lysates treated with FAS-ligand (500 ng/ml) were subjected to immunoprecipitation with
Phospho-Serine and FAIM2 antibody respectively. Duplicate samples were incubated with λ-phosphatase (1000 units) for 45 min at 30 °C. (b) Immunoprecipitation with Phospho-
Threonine and FAIM2 antibody, respectively; N= 3

Figure 5 FAS–FAIM2 association increases during 661 W cell apoptosis.
661 W cells were incubated with 500 ng/ml FAS-ligand for various time points to
induce apoptosis and FAS was immunoprecipitated. The immunopreciptates
were subjected to SDS-PAGE and immunoblotted with FAIM2 antibody, N= 4.
Graph: Relative band densities were quantified using ImageJ software. The
densitometry normalized to untreated cells. Time dependent increase in FAIM2 and
FAS interaction showed peak binding ( ~2-fold) at 12 h after FAS activation.
Mean±S.E.M., N= 4
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we immunoprecipitated FAIM2 from FAS-ligand treated
661W cells and analyzed the identities of the interacting
proteins via unbiased proteomics. There were 31 and 71
potential protein interactors identified by two independent
proteomics analysis (Supplementary Figures 1 and 2). Both
p53 and HSP90 showed preferential interaction with FAIM2
following FAS-receptor activation (Figures 10a and b). To
confirm the results of proteomics analysis, we evaluated the
interaction between FAIM2 and p53 via immunoprecipitation.
Activation of FAS receptor by FAS-ligand led to increased
association of FAIM2 with p53 (Figure 10c). Similarly,

immunoprecipitation demonstrated increased binding of total
and phosphorylated HSP90 to FAIM2 during photoreceptor
apoptosis (Figure 10d). We also evaluated if FAIM2 phos-
phorylation was important for HSP90 and FAIM2 interaction
by dephosphorylating proteins with a phosphatase. FAIM2
binding to HSP90 as determined by immunoprecipitation was
decreased after phosphatase treatment, indicating that this
interaction after FAS receptor activation is dependent on
FAIM2 phosphorylation. When HSP90 activity was inhibited
by geldanamycin treatment, FAIM2 levels did not increase
after FAS activation, indicating that HSP90 activity is
important for FAIM2 accumulation during photoreceptor
apoptosis (Figure 10e).

FAIM2 expression is important for suppressing pro-death
gene transcription in photoreceptors. Our data demon-
strates that FAIM2 is an important neuroprotective factor in
photoreceptors during periods of retina-RPE separation. To
better characterize changes regulated by FAIM2 in photo-
receptors, we evaluated the expression of pro-apoptotic gene
Fas and necroptosis gene Ripk1, both known to be important
in photoreceptor death.5,21–23 We found that both Fas and
Ripk1 mRNA levels increased in wild type mouse retinas
following retinal detachment at 24 h (Figures 11a and b).
Quantitative RT-PCR analysis showed that Fas and Ripk1
were expressed at higher levels in retinas isolated from mice
lacking FAIM2 protein. The levels of Fas and Ripk1 mRNA
transcription in Faim2 knockout retinas before any experi-
mental manipulation were similar to the levels seen in wild-
type retinas stressed for 24 h by experimental retinal
detachment. When Faim2− /− animals underwent retinal
detachment, the transcription of Fas or Ripk1 mRNAs
showed little change, in contrast to wild-type animals that
showed 3–6 fold increase in gene transcription. Our results
indicate that Fas and Ripk1 gene expression may be at
maximal level in the absence of FAIM2, demonstrating that
FAIM2 is crucial for suppressing the expression of genes
regulating apoptosis and necroptosis in the retina.

Discussion

In this study, we show that FAIM2 is an important neuropro-
tective protein and inhibits FAS-mediated apoptosis of
photoreceptors in the retina. Decreased ubiquitination and
proteasome-targeting lead to rapid FAIM2 accumulation after
retinal-detachment induced photoreceptor stress. JNK-
mediated FAIM2 phosphorylation promotes binding to FAS
death receptor to prevent cell death. In the absence of FAIM2
expression, photoreceptors express higher levels of pro-death
genes Fas and Ripk1 at baseline and undergo cell death more
rapidly after FAS receptor activation. Activation of FAS
receptor causes rapid increase in FAIM2 levels in photo-
receptor cells as an autoregulatory mechanism of apoptotic
FAS receptor signaling.
Previous studies have shown that the activation of the FAS

death receptor signaling is the primary mechanism of
photoreceptor apoptosis after the separation of the neurosen-
sory retina from the underlying RPE.3–5 Although photorecep-
tors have the ability to execute cell death via non-apoptotic
pathways including necroptosis, existing evidence indicate

Figure 7 JNK activity mediates phosphorylation of FAIM2 after FAS receptor
activation. (a) 661 W cell lysates were treated with FAS-ligand (500 ng/ml) with or
without JNK inhibitor 10 μM SP600125 (SP) were subjected to immunoprecipitation
with FAIM2 antibody after 24 h. Immunoblotting was performed with phospho-Serine
(P-Ser), phospho-Threonine (P-Thr), and FAIM2 antibodies. N= 3. (b) JNK-mediated
FAIM2 phosphorylation is important for FAS–FAIM2 association. 661 W cells were
incubated with 500 ng/ml FAS-ligand with or without SP600125 (SP) for 16 h to
induce apoptosis and FAS was immunoprecipitated. The immunopreciptates were
immunoblotted with FAIM2 antibody, N= 3. P-c-JUN immunoblot shows JNK
activation after FAS-ligand treatment as measured by c-Jun phosphorylation, which is
prevented by SP600125 treatment
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that the activation of FAS at the photoreceptor cell membrane
is upstream of both apoptotic and non-apoptotic cell death
pathways. Therefore, inhibition of FAS receptor, either by
extracellular antagonism or prevention of the intracellular
death domain activation immediately after FAS-ligand binding,
would be expected to provide the most effective method of
blocking photoreceptor loss in many retinal diseases.5,6 Our
in vitro and in vivo experiments demonstrated that FAIM2
interacts directly with FAS-receptor complex and this inter-
action is enhanced during photoreceptor stress. We also
show that baseline expression of FAIM2 is important for
suppressing the level of Fas and Ripk1 expression in the
retina. By reducing the expression of Fas, FAIM2 provides
additional time for survival pathways to be dominant in
stressed photoreceptors.
Our data suggest that the increase in FAIM2 activity

immediately after retina-RPE separation is due to increased
protein levels, rather that increased transcription. Intracellular
processes that depend on gene transcription require addi-
tional time and are not as efficient as the activation
or disinhibition of molecular machinery. Under baseline
conditions, FAIM2 degradation is mediated by the ubiquitin-
proteasome pathway in photoreceptors. During stress, includ-
ing retinal detachment in vivo or FAS receptor activation
in vitro, reduced ubiquitination of FAIM2 results in decreased
proteasome targeting and increased protein levels. The
stress-induced increase in FAIM2 protein levels appear to

also have an immediate negative feedback on Fas gene
transcription, which would be expected to regulate the number
of FAS receptors at the photoreceptor cell membrane and
decrease sensitivity to extracellular stimulation by FAS-ligand.
FAIM2 contributes to the down-regulation of pro-death genes
in the photoreceptors, presumably to give prosurvival path-
ways a temporal advantage and prevent the commitment of
photoreceptors to an irreversible cell death pathway.
Both in vitro and in vivo experiments confirmed the pro-

survival function of FAIM2 during retinal-detachment induced
photoreceptor apoptosis. However, FAIM2 expression was not
required for the normal development of the retina in vivo or the
maintenance of photoreceptors under physiologic conditions.
Although both Fas and Ripk1 mRNA transcriptions are
increased in the absence of FAIM2, the normal development
and aging in the retinas of knockout mice indicate that
increased expression of these proapoptotic genes is not
sufficient to induce cell death in the absence of other stress
signals. One potential mechanism may be the availability of
FAS-ligand, which is required to activate the membrane FAS
receptor complex. Retinal stress is likely needed for FAS-
ligand release into the extracellular matrix in the retina and
diffusion into the ONL to activate FAS on photoreceptor
membranes. Similarly, in the absence of FAS-ligand mediated
activation of FAS death receptor complex, intrinsic survival
pathways may overcome the effect of increased Ripk1
expression in Faim2 − /− retinas.

Figure 8 FAS receptor activation prevents proteasome-mediated FAIM2 degradation. (a) 661 W cells were treated 50 μg/ml of cycloheximide (CHX) with or without
proteasome inhibitor MG132 (MG), FAS-ligand (Fas-L), or DMSO vehicle and FAIM2 protein level was measured at indicated times by Western blotting. (b) Levels of FAIM2
decreased with time in cells treated with CHX, which was completely reversed by MG132 and partially reversed by Fas-L treatment, N= 3, mean± S.E.M. (c) Inhibition of FAIM2
phosphorylation by JNK-inhibitor SP600125 (SP) led to increased proteasome-mediated FAIM2 degradation. N= 3, mean± S.E.M.
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Tumor suppressor p53 responds to cell stress, most
importantly DNA damage, and activates apoptosis via intrinsic
mitochondrial pathway. The exact role of p53 in retinal stress is
highly dependent on the model system being studied.24–26

Although p53 was shown to play an important role in certain
models such as oxidative stress, cell death in other models
including light-induced photoreceptor apoptosis is indepen-
dent of p53 activity. p53 is critical for retinal development and
specifically regulates rod photoreceptor survival.26 We found
that p53 selectively interacts with FAIM2 during FAS-mediated
photoreceptor apoptosis in vitro. The exact role of p53 in FAS-
mediated photoreceptor apoptosis is unclear but our data

suggests that FAIM2 may inhibit photoreceptor apoptosis by
increased p53 binding and sequestration. Activation of p53
has been shown to be important for proapoptotic gene
transcription including Fas.27,28 We show that lack of FAIM2
in vivo leads to increased baseline expression of Fas in the
retina. Therefore, FAIM2 could be blocking photoreceptor
apoptosis by preventing p53-mediated Fas mRNA transcrip-
tion in the retina.
HSP90 is member of a large family of molecular chaperones

known as the heat shock proteins.29 HSP90 inhibitors are
used to increase the sensitivity of tumor cells to apoptosis and
are being explored as potential cancer therapeutics.29,30 We
found that FAIM2 interacts with HSP90 during FAS-mediated
photoreceptor apoptosis in vitro. HSP90 may be an important
chaperone in photoreceptors to increase FAIM2 levels and
activity during photoreceptor stress, as the inhibition of HSP90
activity prevented FAS-ligand induced FAIM2 increase in vitro.
Several studies have shown that HSP90 inhibitors promote
p53-mediated apoptosis in tumor cells via mitochondrial
apoptosis pathways.29–31 p53 activation is critical for the
transcription of many pro-apoptotic genes including several
Bcl-2 family members and Fas.27,28,31

The exact relationship among FAIM2, p53 and HSP90 is
unclear but structural analysis of HSP90 and p53 has shown
that these two proteins interact with each other in cells in a
dynamic manner.32–34 Interaction between HSP90 and p53
blocks PUMA and BAX-meditated apoptosis.28,31,35 Inhibition
of HSP90 chaperone complex leads to increased expression
of p53 and tumor suppression by p53-dependent apoptosis.31

Our results indicate an intricate relationship between FAIM2,
p53 and HSP90 during photoreceptor apoptosis and reveal
potential mechanism of neuroprotection by FAIM2 in the retina
(Figure 12). We propose that photoreceptor stress, including
retina-RPE separation, leads to FAS death receptor activation
via FAS-ligand. Increased FAS signaling results in JNK-
mediated phosphorylation of FAIM2 and decreased ubiquiti-
nation. FAIM2 levels quickly increase due to decreased
proteasome-mediated degradation. FAIM2 directly interacts
with HSP90, increasing the stability of p53/HSP90 complex
and inhibiting p53-mediated Fas transcription and activation of
caspases. In the absence of FAIM2, expression of pro-death
genes including Fas and Ripk1 are high in photoreceptors at
baseline, priming them to respond to FAS receptor activation
more robustly and activate cell death more rapidly.
In summary, we demonstrate that photoreceptors utilize

FAIM2 as an intrinsic neuroprotective factor to delay FAS-
mediated apoptosis during retina-RPE separation. FAIM2
levels in photoreceptors is regulated post-transcriptionally
immediately after stress. JNK-mediated phosphorylation of
FAIM2 promotes FAS binding. FAIM2 interacts with p53 and
HSP90 in response to FAS signaling, providing a potential
mechanism of neuroprotection by regulating pro-death gene
transcription.

Materials and Methods
Ethics statement. All experiments were performed in accordance with the
Association for Research in Vision and Ophthalmology (ARVO) Statement for the
Use of Animals in Ophthalmic and Vision Research. The protocol was approved by
the University Committee on Use and Care of Animals of the University of Michigan
(Protocol number: PRO00005497).

Figure 9 FAIM2 ubiquitination is regulated by retinal detachment. (a) FAIM2 was
immunoprecipitated from attached and detached retinas and Ubiquitin levels were
measured by western blotting. In attached retina under normal conditions, high MW
complexes representing ubiquitylated FAIM2 (Ub-FAIM2) are seen. Following
retinal detachment, ubiquitin-reactive high MW complexes are not seen in FAIM2
immunoprecipitate. (b) Ubiquitin western blot did not demonstrate increased high MW
ubiquitin complexes in whole retina extracts after retinal detachment. (c) Proteasome
substrate GRK1 levels did not change after retinal detachment. ACTIN is shown as
loading control. (d) Inhibition of proteasome by MG132 led to the accumulation of
ubiquitylated FAIM2 in 661 W cells. Cells were treated with FAS-ligand (Fas-L) to
increase FAIM2 levels and MG132 was included to block proteasome activity. (e)
Activation of FAS did not have a detectable effect on proteasome activity in 661 W
cells. Cells were treated with Fas-L up to 24 h and extracts were analyzed with
Ubiquitin immunoblotting
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Experimental model of retinal detachment. Detachments were
created in wild-type C57BL/6 mice and Faim2-knock out mice (B6.129P2-
Faim2tm1Dgen/J) obtained from Jackson Laboratories (Bar Harbor, ME, USA) as
previously described.4 Briefly, rodents were anesthetized with a mix of ketamine
(100 mg/ml) and xylazine (20 mg/ml), and pupils were dilated with topical
phenylephrine (2.5%) and tropicamide (1%). A 25-gauge needle was used to
create a sclerotomy located 1–2 mm posterior to the limbus with care taken to avoid
lens damage. A subretinal injector was introduced through the sclerotomy into the
vitreous cavity and then through a peripheral retinotomy into the subretinal space.
Sodium hyaluronate (10 mg/ml; Abbott Medical Optics, Abbott Park, IL, USA,
Healon OVD) was slowly injected to detach the neurosensory retina from the
underlying retinal pigment epithelium. In all experiments, approximately one-third to
one-half of the neurosensory retina was detached. Detachments were created in the
left eye. The right eye served as the control, with all the steps of the procedure
performed, except for introduction of the subretinal injector and injection of the
sodium hyaluronate.

TUNEL staining and histology. Mice were euthanatized and the eyes were
enucleated at 1, 3 and 7 days after creation of the retinal detachment for TUNEL
staining. For histology eyes were enucleated after 1 month and 2 months of retinal
detachment. To study the long term effect of age, eyes were enucleated at the age

of 6 month and 1 year. Whole eyes were fixed overnight at 4 °C in phosphate-
buffered saline with 4% paraformaldehyde (pH 7.4). The specimens were
embedded in paraffin and were then placed in a tissue processor (Tissue-Tek II;
Sakura, Tokyo, Japan) for standard paraffin embedding. Eyes were then sectioned
at a width of 6 μm on a standard paraffin microtome. TUNEL staining was
performed on the sections using DeadEnd Colorimetric TUNEL System (Promega
Corporation Madison, WI, USA) according to the manufacturer's instructions.
TUNEL-positive cells in the outer nuclear layer were counted in a masked fashion.
For ONL cell count and retinal area measurements, paraffin sections were stained
with 0.5% toluidine blue in 0.1% borate buffer.

Cell counts and retinal area measurements. Retinal images were
obtained using Leica DM6000 microscope (Leica Microsystems, Wetzlar, Germany).
Photoreceptor cell apoptosis was quantified using ImageJ software as the
percentage of total cells in the ONL and the TUNEL positive cells. For toluidine
blue–stained specimens, the total number of cells in the ONL were measured using
a macro program in ImageJ software. The total area of the ONL and retina (from the
outer edge of the ONL to the inner limiting membrane) was measured using ImageJ
in high-power field (40 × ) images. Photoreceptor inner and outer segments were not
included in the total retinal area measurement, given the variable retraction of these
elements after detachment of the neurosensory retina, which does not necessarily

Figure 10 FAIM2 interacts with p53 and HSP90 after FAS activation. (a,b) Immunoprecipitation of protein lysates from 661 W cells treated with FAS-ligand for
24 h with FAIM2 followed by liquid chromatography–tandem mass spectrometry (LC–MS/MS) proteomic analysis of interactors. The peptide abundance of p53 and
HSP90 was quantified using normalized spectral abundance factor (NSAF) analysis. Data is representative of two independent experiments. Significant increase of
p53 and HSP90 is observed in the FAIM2 complex of proteins immunoprecipitated after FAS receptor activation. (c) 661 W cells were treated with 500 ng/ml of FAS-ligand and
incubated for 24 h. Proteins from whole cell lysate were immunoprecipitated with Faim2 antibody and immunoblotted with p53 antibody. Protein lysates were also
immunoprecipitated with p53 antibody and immunoblotted with FAIM2 antibody to demonstrate FAIM2/p53 interaction, N= 3. (d) Protein from 661 W cells treated with FAS-ligand
for 24 h were immunoprecipitated with FAIM2. HSP90 antibody was used for Western blotting, showing an increase in HSP90/FAIM2 interaction after FAS receptor activation.
Incubation with λ-phosphatase showed decreased levels of HSP90/FAIM2 binding, N= 3. (e) Protein lysates from 661 W cells treated with FAS-ligand for 24 h with vehicle or
10 μM of HSP90 inhibitor geldanamycin (GD) were analyzed for FAIM2 levels. Inhibition of HSP90 activity with GD led to decreased FAIM2 levels in cells following FAS receptor
activation, N= 3
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correlate with viability of the photoreceptors after reattachment. Normalization of
ONL cell count to the total retinal area of each section (i.e., ONL cell count divided
by total retinal area) was performed to account for possible differences in angles of
sectioning and to allow for inter-sample comparison. Data are represented as
mean± S.E.M.

Immunohistochemistry. Eyes from wild type C57BL/6 and Faim2− /− mice
were enucleated after 1 and 3 days of retinal detachment and placed in 4%
paraformaldehyde overnight at 4 °C. Whole eyes were then placed in a
tissue processor (Tissue-Tek II; Sakura, Tokyo, Japan) for standard paraffin
embedding. Eyes were then sectioned at a width of 6 μm on a standard paraffin
microtome. Immunohistochemistry was performed on sections obtained from
paraffin-embedded retinas using standard protocol. Epitope unmasking was
accomplished by Proteinase K Antigen Retrieval. The primary antibody for FAIM2
was Rabbit Polyclonal Anti-FAIM2 Antibody (Origene, Rockville, MD, USA, Cat. #
TA317786) at a concentration of 5 μg/ml in 1% normal goat serum, 1% BSA in
PBST. Secondary antibody concentration was 1:1000 in 3% BSA in phosphate-
buffered saline.

Cell culture. The 661 W photoreceptor cell line was generously provided by Dr.
Muayyad al-Ubaidi (Department of Cell Biology, University of Oklahoma Health
Sciences Center, Oklahoma City, OK, USA).17 The 661 W cell line was maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 300 mg/
l glutamine, 32 mg/l putrescine, 40 μl/l of β-mercaptoethanol, and 40 μg/l of both
hydrocortisone 21-hemisuccinate and progesterone. The media also contained
penicillin (90 units/ml) and streptomycin (0.09 mg/ml). Cells were grown at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air.

Western blot analysis. Retinas from experimental eyes with detachments
and control eyes without detachments were dissected from the RPE-choroid at
varying time points, homogenized, and lysed in RIPA Lysis and Extraction Buffer
(Catalog number: 89900, Life Technologies Corporation, Grand Island, NY, USA). 1
tablet of protease inhibitor (Complete Mini; Roche Diagnostics, Indianapolis, IN,
USA) and 1 tablet of phosphatase inhibitor (PhosSTOP; Roche Diagnostics)
per 10 ml were added to the lysis buffer before use to prevent proteolysis and
maintain protein phosphorylation. The cellular debris was removed by low speed
centrifugation and protein concentrations of supernatants were determined by
Pierce BCA Protein Assay Kit (Life Technologies Corporation). Protein samples
were separated by SDS NuPAGE Novex 10% gels (Invitrogen, Carlsbad, CA, USA;
transferred onto Polyvinylidene difluoride membranes that were blocked in blocking
buffer (5% nonfat dry milk in phosphate-buffered saline and 0.1% Tween 20) for 1 h,
incubated with primary antibody, washed, and incubated with horse radish
peroxidase-conjugated secondary antibody, developed with SuperSignal West Dura
Extended Duration Substrate, and image captured digitally on Azure c500 (Azure
biosystems, Dublin, CA, USA). Densitometry measurements were performed using
Image J software. 661 W cells were passaged, and then plated at 30 000 cells per
well in six-well culture dishes in growth media. The cells were treated with 500 ng/ml
FasL (Recombinant Mouse Fas Ligand/TNFSF6 Protein Cat#: 6128-SA-025R&D
Systems Inc., Minneapolis, MN, USA) and 250 ng/ml HA (Hemagglutinin/HA
Peptide Antibody Cat. #: MAB060 R&D Systems Inc., Minneapolis, MN, USA) for 2,
4, 8, 12, 16 and 24 h time points. Cells were harvested at the respective time point
and prepared as described for Western analysis. Densitometry measurements were
performed using Image J software.36

Phosphorylation and immunoprecipitation assays. 661 W cells
treated with 500 ng/ml FasL and 250 ng/ml HA was incubated for 8 h, harvested
and then lysed using Pierce IP Lysis Buffer, (cat. #: 87787 Life Technologies
Corporation) containing only protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA). For lambda phosphatase treatment (Lambda Phosphatase,
100 000 units, sc-200312, Santa Cruz Biotechnology, Inc, Dallas, Texas), 500 μg of
protein was added to the 1X lambda phosphatase buffer supplemented with 2 mM
MnCl2 and incubated at 30 °C for 45 min. Phosphatase treatments were performed
using 2000 units of lambda phosphatase. To demonstrate the role of FAIM2
phosphorylation in protein-protein interactions, we dephosphorylated FAIM2 before
performing immunoprecipitation. After dephosphorylation, lambda phosphatase
treated and control lysate samples were incubated at 4 °C overnight, with 50 μl of
Dynabeads protein G suspension (Dynabeads Protein G Immunoprecipitation Kit,
10007D, Life Technologies Corporation) that was preincubated with FAIM2,
Phospho-Serine and Phospho-Threonine antibody for 1 h at room temperature.

Figure 11 Fas and Ripk1 mRNA levels in the retina with or without experimental
retinal detachment at 24H. Quantitative RT-PCR analysis of Fas and Ripk1 in retinas
of wild-type (Faim2+/+) and Faim2 knockout (Faim2− /−) mice with β-actin mRNA
serving as control. Relative expression was analyzed by comparative threshold cycle
(2−ΔΔct) method. Expression values were represented as fold change over control
after normalization with actin. Mean±S.E.M., N= 2

Figure 12 Proposed model of Faim2 action in photoreceptor neuroprotection
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After incubation, the supernatant was collected after separation from the beads with
a magnetic device. The bead-antibody-antigen complex was washed to remove any
non-specific binding and the antibody-antigen complex was eluted with 30 μl of
premixed Nupage LDS sample buffer and elution buffer. The following antibodies
were used for immunoprecipitation: Anti-FAIM2 Antibody (Cat. #TA317786 OriGene
Technologies, Rockville, MD, USA), Phospho-Serine, (Cat. 344911M, Invitrogen),
and Phospho-Threonine (Cat. #9386, Cell Signaling Technology, Danvers,
MA, USA).

CHX chase assays. CHX (50 μg/ml) was added to 661 W cells to inhibit
protein synthesis and FAIM2 western blot was performed from cell lysates to
measure protein degradation at 4, 8 and 24 h with or without 10 μM of proteasome
inhibitor MG132. 2 mM of N‐ethylmaleimide (NEM) was included in the cell lysis
buffer to inhibit isopeptidases. In some experiments, cells were pretreated with FAS-
ligand to induce FAIM2 expression and CHX chase assays were performed in the
presence of JNK inhibitor SP600125 (10 μM).

Quantitative real-time PCR. Total RNA was purified from attached and
detached retinal tissues of C57/BL6 (Faim2 +/+) and Faim2-knock out (Faim2− /−)
mice using RNeasy Mini kit (Qiagen, Germantown, MD, USA, Cat No./ID: 74104)
and QIAshredder (Qiagen, Cat No./ID: 79654). cDNA was synthesized using RT2

First Strand Kit (Cat. No./ID: 330401) by reverse transcription using random
hexamers and oligo-dT. Triplicate qPCRs were performed using TaqMan™ Universal
PCR master mix (Applied Biosystems, Thermo fisher Scientific). Reactions were
performed and monitored using a CFX96 real time PCR system (Bio-Rad
Laboratories), 1 cycle at 50 °C for 2 min, 1 cycle at 95 °C for 10 min followed by 39
cycles at 95 °C for 15 s, 60 °C for 1 min. Relative normalized mRNA fold changes
were calculated using the 2^(− ddct) method.

Immunoprecipitation profile of FAIM2 by proteomics. 661 W cells
treated with FasL and HA for 8 h were lysed with Pierce immunoprecipitation assay
(IPA) buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and 5%
glycerol) containing protease inhibitor cocktail and Phosphostop. The total
protein concentration of the cell lysate was determined using a Micro BCA protein
assay kit (Thermoscientific, Rockford, IL, USA). 1 mg cell lysate and Dynabeads®

Protein G (Cat #: 10004D, Thermo fisher) were used for immunoprecipitation.
1 mg cell lystate was suspended in the precleared Dynabeads–FAIM2 antibody
complex and incubated overnight at 4 °C with rocking. The immunoprecipitated
protein (Dynabead-Ab-Ag complex) was then analyzed with unbiased proteomics to
identify interacting partners. Briefly, the procedure involves SDS-PAGE, band
excision, in-gel digestion with trypsin, LC/MS/MS. Normalized spectral abundance
factor (NSAF) was calculated to identify the proteins interacting with FAIM2
preferentially during Fas-induced apoptosis. Raw data from two independent
experiments are included in Supplementary Figures 1 and 2.

Antibodies. LFG (Cat. #: AS-54488, Anaspec, Fremont, CA, USA), Phospho-
threonine (Cat. #: AB1607, EMD Millipore, Billerica, MA, USA), Phosphoserine
(Cat. #: AB1603, EMD Millipore), p53 (Cat. #: AF1355, R&D Systems, Minneapolis,
MN, USA), Phospho-HSP90α (Thr5/7) (Cat. #3488, Cell Signaling Technology),
HSP90 (Cat.#4874, Cell Signaling Technology), β-Actin (A5316-100UL, Sigma-
Aldrich, St. Louis, MO, USA), Ubiquitin PD-40 (Cat.#, Cell Signaling Technology).
Secondary antibodies were anti- rabbit, anti-mouse, or anti-goat IgG-HRP.

Data analysis. Results are expressed as mean± S.E.M. Data was analyzed
using Student t-test or one-way ANOVA followed by Bonferroni post hoc test. A
value of Po0.05 was considered significant. Prism 6.0 (GraphPad Software, San
Diego, CA, USA) was used for all statistical analysis.
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