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Abstract
Purpose—The immunophilin protein FKBP8 interacts with Bcl2/Bcl-XL and is essential for mouse
eye development. The purpose of this study was to define the expression of the FKBP8 gene in
cultured human RPE cells and explore its involvement in the control of apoptosis.

Methods—Rapid amplification of cDNA ends (RACE) was performed on RNA isolated from
human RPE cells. The existence of FKBP8 and a splice variant was confirmed by RT-PCR. The
interaction between Bcl-XL and FKBP8 was measured by coimmunoprecipitation. ARPE-19 cells
stably overexpressing FKBP8 and its splice variant were established. Their responses to thapsigargin
and t-butyl hydroperoxide–induced cell death were measured by flow cytometry. Apoptosis was
determined by terminal deoxyribonucleotidyl transferase-mediated fluorescein-dUTP nick-end
labeling (TUNEL) assay. The activities of the nuclear factor of activated T cells (NFAT) were
measured by reporter assay after transient transfection.

Results—RACE and RT-PCR identified a splice variant of FKBP8 lacking exons 3, 4, and 5 in
human RPE cells. Both the full-length and the short form of FKBP8 proteins showed mitochondrial
distribution and directly interacted with Bcl-XL. Overexpression of FKBP8 caused increased
sensitivity to apoptosis induced by thapsigargin. The transcriptional activity of NFAT was not
affected by FKBP8.

Conclusions—FKBP8 and its novel splice variant are Bcl-XL-interacting proteins and regulate
the apoptotic signaling pathways in the RPE.

The human retinal pigment epithelial (RPE) cells have low turnover rate and often survive for
an individual’s lifespan.1 However, when there is loss of RPE cells via apoptosis, which may
occur in chronic eye diseases such as age-related macular degeneration (AMD), retinal function
can be compromised. Patchy loss of RPE is one of the classic features of AMD2 and it has been
shown that this process involves apoptosis.3 In eyes with wet AMD, apoptotic cells are present
in choroidal neovascular membranes.4 The molecular mechanisms controlling mitochondria-
and death receptor-mediated apoptosis have been studied extensively5-7 and it has been clearly
demonstrated that the Bcl2 family of proteins are central regulators of apoptosis.8-10 Results
from recent studies indicate that an immunophilin protein, FKBP8, interacts with Bcl2/ Bcl-
XL and regulates the downstream signaling events.11-14

FK506-binding proteins (FKBPs) belong to a major family of immunophilins that bind to
immunosuppressive drugs, FK506 and rapamycin, and convey their effects on immune
responses and apoptosis.15 At least 15 FKBPs have been identified in humans.16,17 Despite
the distinct subcellular localization, all FKBP proteins have a conserved motif, the FK506-
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binding domain, that mediates peptidyl-prolyl cis-trans isomerase (PPIase) activity and FK506
binding.16,17 FKBPs often function as chaperones or co-chaperones by directly interacting
with other proteins. For instance, the prototypical FKBP family member FKBP12 binds to
ryanodine receptor (RyR) and inositol 1,4,5-trisphosphate (IP3) receptor, both of which are
major intracellular calcium channels.18,19 Accordingly, it plays a key regulatory role in
intracellular Ca2+ signaling, and most FKBP12-knockout mice die during embryonic
development because of severe cardiomyopathy.20

FKBP8 (also known as FKBP38) was originally isolated from a T-cell cDNA library by a
degenerative PCR approach.21 It is expressed in a variety of tissues with the highest abundance
in the brain.21 The gene is located on chromosome 19, area p12, and consists of 9 exons.22

Compared with other FKBP family proteins, FKBP8 displays unique features in FK506 binding
ability and PPIase activity. Instead of being constitutively active or inactive, its PPIase activity
requires prior binding of calcium and calmodulin (CaM) via a CaM binding domain.13 FKBP8
binds to FK506 only in the presence of Ca/CaM.13,23 FKBP8-knockout mice died at embryonic
day (E)13.5 and showed defects in eye development.24 Another unique function of FKBP8 is
that it interacts with Bcl2 and Bcl-XL.11-13 Although controversial, such interaction has been
demonstrated in different types of cells and is believed to be important for the localization and
protein stability of Bcl2/Bcl-XL.11-14

The high abundance of FKBP8 in the retina and the requirement of FKBP8 for normal eye
development24 suggest that the protein performs important functions in this structure. In the
present study, we showed that the FKBP8 gene is expressed in cultured human RPE cells, along
with a splice variant lacking the FK506-binding domain. Overexpression of both the full-length
and the short form of FKBP8 sensitized RPE cells to thapsigargin-induced apoptosis, but did
not affect the transcriptional function of the nuclear factor of activated T cells (NFAT). These
data indicate that, by interacting with Bcl2 family proteins, FKBP8 may be a functional
component of the apoptotic signaling network in the RPE cells and that such an effect could
be independent of FK506.

Materials and Methods
Cell Culture

Cultures of human retinal pigment epithelial (hRPE) cells were established as described
previously.25 ARPE-19 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The cells were cultured in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum in a humidified CO2 incubator at 37°C.

RNA Isolation, cDNA Synthesis, and Rapid Amplification of cDNA Ends
Total RNA was prepared from human RPE cells (RNeasy Mini Kit; Qiagen, Valencia, CA)
and was reverse transcribed into cDNA by using random hexamer primers (Applied
Biosystems, Inc. [ABI], Foster City, CA). To perform 5′ rapid amplification of cDNA ends
(RACE), we used a primer (5′-GCA GCA AGG AAC TCT CGG GCC AGG G-3′)
corresponding to the region of 301-325 (GenBank accession number NM_012181;
http://www.ncbi.nlm.nih.gov/Genbank; provided in the public domain by the National Center
for Biotechnology Information, Bethesda, MD) to amplify the 5′ end of FKBP8 cDNA (Smart
RACE cDNA amplification kit; BD-Clontech, Mountain View, CA). PCR products were
ligated into the TOPO TA cloning vector (Invitrogen, Carlsbad, CA), and multiple clones were
chosen for sequencing.
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Construction and Overexpression of FLAG-Tagged FKBP8 in ARPE-19 Cells
The open reading frames of FKBP8 and its splice variant were amplified with the primer pairs:
forward, 5′-AGC AGC ATG GAC TAC AAA GAT GAT GAC GAC AAG GCA TCG TGT
GCT GAA CCC TC-3′; and reverse, 5′-GTG GTC AGT TCC TGG CAG CG-3′. Both the full-
length and the splice variant were cloned into the pQCXIP vector (BD-Clontech), and the
inserts were verified by DNA sequencing. The plasmids containing FKBP8 or the splice variant
(FKBP8s) were transfected into 293T viral cells, along with the viral packaging plasmids pCGP
and pVSV (Takara, Madison, WI; FuGENE 6 transfection reagent; Roche Applied Science,
Indianapolis, IN).26 Two days after transfection, the culture medium containing the replication-
deficient virus was collected, filtered through a 0.45-μm filter, and used to infect ARPE-19
cells. Cells were then selected with 1 μg/mL puromycin for 2 days, and the surviving cells were
pooled for further experiments.

Measurement of FKBP8 Localization by Confocal Microscopy
ARPE-19 cells stably expressing FLAG-FKBP8 and FLAG-FKBP8s were seeded onto four-
well glass culture chamber slides (Nunc Inc., Rochester, NY). The mitochondria were stained
with 100 nM red fluorescent tracer (MitoTracker Red; Invitrogen-Molecular Probes, Eugene,
OR).27 The cells were then fixed with 2% formaldehyde followed by permeabilization with
100% methanol. The recombinant FLAG-FKBP8 and FLAG-FKBP8s were stained with anti-
FLAG antibody (Sigma-Aldrich, St. Louis, MO). Images were acquired with a confocal
microscope (LSM 510; Carl Zeiss Meditec, Inc., Dublin, CA)28 provided by the Vanderbilt
Cell Imaging Shared Resource.

Coimmunoprecipitation
The cells were grown on a 100-mm dish for 48 hours before they were harvested. FLAG-tagged
FKBP8 and FKBP8s were immunoprecipitated (FLAG Tagged protein immunoprecipitation
kit; Sigma-Aldrich), according to the manufacturer’s protocol. Briefly, the cells were lysed
with 1 mL of lysis buffer provided with the kit and incubated with the anti-FLAG M2 affinity
gel overnight. After stringent washing, immunoprecipitates were eluted by 3× FLAG peptide.
To immunoprecipitate Bcl-XL, the cell lysates were incubated with antibodies to Bcl-XL (Santa
Cruz Biotechnology, Santa Cruz, CA) and protein G-sepharose beads. The immunoprecipitates
were boiled in 2× SDS loading buffer and subjected to Western blot analysis.11

Cell Viability and TUNEL Assay
After treatment with thapsigargin and t-butyl hydroperoxide (tBH), the attached cells were
released by tryptic digestion and pooled with floating cells. After being washed with phosphate-
buffered saline (PBS), the cells were stained with a cell viability–toxicity kit (LIVE/DEAD;
Invitrogen-Molecular Probes) for 30 minutes at room temperature and analyzed using flow
cytometry (BD Immunocytometry Systems, San Jose, CA).28 For TUNEL staining, harvested
cells were fixed in 4% formaldehyde and permeabilized with 0.1% Triton X-100. A cell-
viability assay (In Situ Cell Death Detection Kit; Roche Applied Sciences) was used for
terminal deoxyribonucleotidyl transferase (TdT)-mediated DNA nick-end labeling, followed
by flow cytometry.25

Expression and Transcriptional Activity Measurement of NFAT
The mRNA of different NFAT genes was amplified by RT-PCR with gene-specific primers
(Table 1) and RNA isolated from ARPE-19 cells. The PCR products were resolved by 1%
agarose gel electrophoresis. To measure the transactivation of NFAT in the RPE, the cells were
transiently transfected with an NFAT-luciferase reporter plasmid (Stratagene, La Jolla, CA)
together either FKBP8 or FKBP8s subcloned in the pcDNA3.1 expression vector. A pRL-CMV
Vector (Promega, Madison, WI) was cotransfected as an internal control. After 24 hours, the
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cells were stimulated with 1 μg/mL ionomycin and 60 μg/mL phorbol 12-myristate 13-acetate
(PMA) for 6 hours. To inhibit NFAT activation, we pretreated the cells with 30 μM FK506.
The luciferase activity was measured by using a dual-luciferase reporter assay system
(Promega).29

Results
Human RPE Expression of FKBP8 and a Novel Splice Variant

Results from several previous studies have been inconsistent in defining the open reading frame
and the mRNA sequence of the FKBP8 gene.22,30 To determine the RPE-specific expression
and to obtain more information on the 5′ end of FKBP8 mRNA, we performed 5′ RACE with
total RNA isolated from cultured human RPE cells. The reaction used an FKBP8-specific
primer and an adaptor primer that was provided with the RACE kit. The longest sequence
obtained from the amplification reaction encodes 412 amino acids and is a good match with
one of the sequences deposited in GenBank (NM_012181).

To confirm the existence of FKBP8 transcripts in the RPE, we designed primers to perform
RT-PCR amplification of the entire open reading frame of FKBP8 (Table 1). As shown in
Figure 1, a strong band with size greater than 1000 bp was amplified from human RPE cells.
An additional product of approximately 750 bp was also detected. Both bands were gel-purified
and sequenced. The larger product corresponded to the full-length FKBP8 transcript.
Sequencing of the smaller band revealed a new splice variant lacking exons 3, 4, and 5 (Fig.
2). The presence of the splice variant was further verified by RT-PCR by using primers specific
to the unique junction area of the isoform (Fig. 1, lanes 2, 3; Table 1). The same mRNA splice
variant was also detected in cultured human neuroblastoma cells (data not shown). The absence
of exons 3, 4, and 5 in the splice variant did not generate frame shift mutation. Although the
FK506-binding domain is missing in the predicted protein sequence, the variant still has the
CaM-binding domain, transmembrane (TM) domain, and most of the protein–protein
interaction domain containing the tetratricopeptide repeat (TPR; Fig. 2).

FKBP8 contains a TM domain at its C terminus that is essential for its distribution in the
mitochondrial outer membrane.11 To determine the subcellular distribution of FKBP8 proteins
in the RPE, ARPE-19 cells were stably transfected with FLAG-tagged FKBP8 or FKBP8s and
stained with anti-FLAG antibody followed by confocal microscopy (Fig. 3B). The expressions
of the tagged-proteins were verified by Western blot analysis (Fig. 3A). Consistent with the
previous study,11 part of the FLAG-tagged FKBP8 showed colocalization with red
fluorescence (MitoTracker Red; Invitrogen-Molecular Probes; Fig. 3B), indicating
mitochondrial distribution. Most of the splice variant, FKBP8s, was also localized to the
mitochondria.

FKBP8 Interaction with Bcl-XL and Increased Sensitivity to Thapsigargin in the RPE
To determine the interaction between FKBP8 and BCL-XL in cultured RPE cells, we performed
a coimmunoprecipitation (Co-IP) assay using ARPE-19 cells stably transduced with empty
vector, FLAG-FKBP8, or FLAG-FKBP8s. When FLAG-tagged FKBPs were
immunoprecipitated using the anti-FLAG antibody, BCL-XL was found to be associated with
either FLAG-FKBP8 or FLAG-FKBP8s, but not in vector control cells (Fig. 4A). A reciprocal
Co-IP assay using anti-BCL-XL showed that both FLAG-FKBP8 and FLAG-FKBP8s bound
to Bcl-XL, but not with the control rabbit IgG (Fig. 4B). These results suggest that the splice
variant of FKBP8 is still capable of binding to BCL-XL despite the absence of the FK506-
binding domain.
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To determine functional consequences of the interaction between Bcl-XL and FKBP8 in the
RPE, thapsigargin and tBH were used to induce apoptosis in ARPE-19 cells stably
overexpressing either FKBP8 or FKBP8s. Increased sensitivity to thapsigargin was observed
in cells overexpressing FKBP8s (Fig. 5A). After a 72-hour treatment, no significant change in
cell viability was observed in vector-transduced ARPE cells. However, a nearly 40% loss of
viability was detected in cells overexpressing FKBP8s exposed to 3 μM thapsigargin. At the
same concentration, full length FKBP8 also potentiated the toxicity of thapsigargin. All three
cell lines showed comparable responses to tBH-induced cell death (Fig. 5B). Thapsigargin-
induced apoptosis and DNA strand breaks were also detected by TUNEL assay (Fig. 6A). The
quantification results from the TUNEL assay were comparable to the viability data (Fig. 6B).

FK506 exerts its immunosuppressive activities by binding to FKBPs and calcineurin (CaN)
and consequently modulates the CaN/NFAT pathway.16,17 To determine whether FKBP8
affects NFAT function, we used a reporter assay to measure the transcriptional activity of
NFAT after exposure to phorbol ester and ionomycin. Cultured RPE cells expressed the
calcium-dependent NFAT-c1, -c3, and c4 and calcium-independent NFAT5 (Fig. 7A). When
stimulated with PMA/ionomycin, the NFAT activity was increased by nearly threefold in
vector control cells and FK506 completely inhibited NFAT activation (Fig. 7B). Cotransfection
of either the full-length or splice variant of FKBP8 did not significantly alter the function of
NFAT (Fig. 7B).

Discussion
The development and progression of AMD involves multiple factors, including genetic
variations,31,32 inflammatory and immune response,33-35 and environmental oxidative stress.
36-39 All these risk factors can affect the apoptotic signaling pathways and result in the loss of
RPE cells by programmed cell death. The Bcl2/Bcl-XL pathway of apoptosis is largely
conserved from nematode to human.40 However, in higher organisms, various tissue-specific
regulatory mechanisms have evolved to control the functions of the Bcl2 family proteins. Thus,
characterization of the Bcl-XL-associated signaling network will facilitate the understanding
of the molecular mechanisms implicated in the degeneration process of the retina and the RPE.

In the present study, we performed initial characterization of a Bcl-XL-interacting protein,
FKBP8, in cultured human RPE cells. The human FKBP8 gene contains 9 exons, and two
potential ATG start codons exist in the second exon. Using the 5′-RACE approach, we have
provided experimental evidence defining the mRNA transcripts that use the first ATG as the
translational initiation codon. Furthermore, we identified a novel splice variant that is expressed
in human RPE cells (Figs. 1, 2). It encodes a short form of FKBP8 protein, which lacks the
FK506-binding domain but retains protein–protein interaction TPR, CaM, and TM domains
(Fig. 2).

As anticipated from the function of the TM domain, FKBP8s had mitochondrial localization
(Fig. 3). The interaction between FKBP8 and BCL-XL appears to require multiple domains of
FKBP8.11 In the present study, we showed that FKBP8s lacking the FK506-binding domain
was still able to bind BCL-XL (Fig. 4) and had functions as similar to those of full-length
FKBP8 in RPE apoptosis (Figs. 5, 6). Results from the previous studies also showed that the
binding with FK506, although essential in regulating immune responses, was dispensable for
the interaction between FKBP8 and BCL-XL.11 In fact, a more potent FKBP inhibitor,
GPI1046, was able to release Bcl2 from FKBP8.13 It appears that the FK506-binding domain
is involved in the dissociation of FKBP8 from Bcl2/Bcl-XL, which may partly explain why
overexpression of FKBP8s had more pronounced effects than FKBP8 in response to
thapsigargin treatment (Fig. 5A).
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FKBP8 exerts anti- or proapoptotic effects in a cell-type–dependent manner.11,13,14 In HeLa
cells, manipulation of FKBP8 expression by overexpression or RNAi indicates an antiapoptotic
function of FKBP8.11,14 However, knockdown of FKBP8 confers protection against apoptosis
in neuroblastoma cells.13 Our study showed that in RPE cells, FKBP8 has a proapoptotic
function similar to that in neuroblastoma cells. The binding between FKBP8 and Bcl2 can be
antiapoptotic by inhibiting phosphorylation or increasing the stability of Bcl2.14,41 Conversely,
the binding of FKBP8 to Bcl2 can prevent Bcl2 from interacting with BAD and CaN and
therefore can prevent the antiapoptotic functions of Bcl2.13,23 How FKBP8 regulates the cell
death program in RPE cells in response to pathologically relevant stimuli remains to be
characterized in the future.

The Bcl2 family of proteins have subcellular locations on the mitochondrial outer membrane,
nuclear envelope, and endoplasmic reticulum.42,43 Bcl2 and Bcl-XL interact with the IP3
receptors and modulate the release of calcium from the endoplasmic reticulum.44-46 They also
interact with calmodulin-dependent protein kinase and control the formation of autophagy.47

Thus, by interacting with Bcl-XL, FKBP8 may have various cellular effects that are not
associated with apoptosis and remain to be defined further. Results from the NFAT activity
measurements (Fig. 7) indicated that FKBP8 may not be a major determinant of NFAT-
mediated transcriptional regulation of genes involved in cellular adaptive responses or the
immune response. It will be interesting to determine how the ratio between the mRNA and
protein levels of the full-length and the splice variant of FKBP8 can be changed in response
to conditions of chronic and acute oxidative stress. Such changes may contribute to the
sensitivity of the RPE and other types of neuronal or epithelial cells to various stimuli of
apoptosis.

As a unique member of the FKBP family of immunophilins, FKBP8 appears to have important
but not yet well-defined functions in age-related degenerative diseases. For instance,
Presenilins 1 and 2, suggested as causative molecules for familial Alzheimer’s disease, promote
apoptosis at least partly through altering the subcellular distribution of FKBP8 and Bcl2.12 The
neuroprotective effects of FK506 and its derivatives have been shown in models of Parkinson’s
disease and other conditions of neurotoxicity.48 Thus, FKBP8 and other FKBPs are potential
targets of intervention for diseases like AMD, which involves dysfunction in the control of
apoptosis as well as the immune response.
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Figure 1.
Measurement of FKBP8 expression in human RPE cells. The transcripts of the FKBP8 gene
were amplified by RT-PCR with specific primers (Table 1). PCR products were run on 1%
agarose gels, stained with ethidium bromide, and visualized under UV light. The data presented
are representative of results of two separate experiments.
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Figure 2.
Schematic presentation of human FKBP8 gene and the splice variant. The alternative mRNA
splicing resulted in a variant (FKBP8s) lacking the exons 3, 4, and 5, which encode for the
FK506-binding domain.
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Figure 3.
Subcellular localization of FKBP8 and FKBP8s. ARPE-19 cells were transduced with FLAG-
tagged FKBP8, FKBP8s, or empty vector, and the expression was verified by Western blot
analysis (A). The distribution of epitope-tagged proteins was indicated by immunostaining
with anti-FLAG antibody and mitochondria were stained with a fluorescent tracker
(MitoTracker Red; Invitrogen-Molecular Probes, Eugene, OR) (B). Top: cells transduced with
FKBP8; bottom: represents cells transduced with FKBP8s.
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Figure 4.
FKBP8 and the splice variant FKBP8s interacted with Bcl-XL in RPE cells. ARPE-19 cells
stably overexpressing FKBP8 or FKBP8s were subjected to co-IP with either anti-FLAG (A)
or anti-Bcl-XL (B) antibody. The precipitated immune complexes were subjected to Western
blot analyses (WB) with anti-Bcl-XL and anti-FLAG.
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Figure 5.
FKBP8 and FKBP8s had similar regulatory roles in RPE apoptosis. ARPE-19 cells transduced
with vector, FKBP8, and FKBP8s were treated with different concentrations of thapsigargin
for 72 hours (A) or tBH for 16 hours (B). The viability was analyzed with a cytotoxicity kit.
Data are the averages of results in five separate experiments (mean ± SE). *P < 0.05 and
**P < 0.01, significant differences from vector, determined by one-way ANOVA and the
Dunnett multiple comparison test.
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Figure 6.
Thapsigargin-induced apoptosis in cultured ARPE-19 cells. (A) ARPE cells stably
overexpressing FKBP8 were treated with 0.03 (Tg0.03), 0.3 (Tg 0.3), and 3 (Tg 3.0) μM
thapsigargin for 72 hours. Apoptotic cells were stained by TUNEL and analyzed by flow
cytometry. The populations of cells in the upper right quadrants were apoptotic. (B) Apoptosis
in ARPE cells transduced with vector, FKBP8 and FKBP8s after exposure to thapsigargin for
72 hours. Data represented are the averages of three separate experiments (mean ± SE). *P <
0.05, significant differences from vector, determined by one-way ANOVA and Dunnett
multiple comparison test.
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Figure 7.
Effects of FKBP8 on NFAT activation in the ARPE cells. (A) The mRNA expression of
different NFAT genes was analyzed by RT-PCR. (B) The transcriptional activity of NFAT was
measured by a reporter assay after transient cotransfection with FKBP8 or FKBP8s. NFAT
was activated by ionomycin and PMA treatment (P+I) and was inhibited by FK506 (P+I+F).
Data presented are the average of results in three separate experiments. No significant
differences were observed in the three cell lines.
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Table 1
Primers Used for PCR Amplifications

Gene Primer Sequence Product Size (bp)

NFAT-c1 F: 5′-AGC CGA ATT CTC TGG TGG TTG AGA-3′ 247

R: 5′-AGC TGC TGG CTG TAG TAT GGT CTT-3′

NFAT-c2 F: 5′-AAC TGT CAC CAC CAC CAG CTA TGA-3′ 321

R: 5′-AGG CAG CTG TCT GTG TCT TGT CTT-3′

NFAT-c3 F: 5′-TCA AGT CAC ACC AAC ACC TCC TGT-3′ 264

R: 5′-TGA GGC AGG GTA TGC ACA GAA TGA-3′

NFAT-c4 F: 5′-AGA CCC TGC TTG CGA AAC TCC TTA-3′ 316

R: 5′-ATG CAC ATC ACT CTG GGA AGG GAA-3′

NFAT5 F: 5′-TGC TGT GTT ACA GGG CTC TTC AGT-3′ 239

R: 5′-GTT GTG CCT GTT CTT GGG AAA GCA-3′

FKBP8 F: 5′-ATG GCA TCG TGT GCT GAA CCC TC-3′ Full length: 1239;
Variant: 759

 Primer pair 1 R: 5′-GTT CCT GGC AGC GAT GAC CAC ACA-3′

FKBP8 F: 5′-CAT GGG ACA ACC CCC GGC GGA G-3′ 133

 Primer pair 2 R: 5′-CGT CAT GTC CAC CAG AAT GTC C-3′

FKBP8 F: 5′-GGA CAT TCT GGT GGA CAT GAC G-3′ 478

 Primer pair 3 R: 5′-GTT CCT GGC AGC GAT GAC CAC ACA-3′
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