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ABSTRACT

A study on the role of FKBP8 in mitochondrial

fission and degradation

Seung-Min Yoo
School of Biological Sciences
The Graduate School

Seoul National University

Mitochondria change its shape continuously through fission and fusion
which help to maintain functional mitochondria under metabolic or
environmental stress condition. Dysfunction of such mitochondrial
fusion and fission dynamics and degradation of mitochondria evokes
failure of mitochondrial quality control and has been linked to several
human diseases. Thus, identification of novel factor involved in
mitochondrial dynamics and mitophagy are important and will provide

mechanistic insight into mitochondria quality control. Here, | report that



FKBP8, a FK506-binding protein 8 which is a member of the
immunophilin protein family, has a critical role in mitochondrial fission
and degradation. Ectopic expression of FKBP8 increased the numbers of
cells showing mitochondrial fragmentation and induced drastic co-
localization of GFP-LC3B as well as GFP-GABARAPL1 or
GABARAPL2 with the mitochondria Deletion-mapping and
mutagenesis analysis revealed that the N-terminal region was required
for FKBP8-mediated LC3 recruitment onto mitochondria. Especially, the
LIR#1 (24FEVL27) motif of FKBP8 was critical for the binding to LC3.
Interestingly, ectopic expression of FKBP8 induced mitochondrial
fragmentation and this ability was unique to FKBP8 among FKBP family.
Conversely, knockdown of FKBP8 expression by RNA interference
increased the volume and number of mitochondria. Especially, enlarged
mitochondria was typically observed under electron microscope.
FKBP8-induced mitochondrial fragmentation occurred independently of
Drpl, BNIP3 and NIX, well known mitochondrial fission/mitophagic
factors, but was abolished by mutation in the LIR#2 (s3WLDlIgs). Further,
| found that FKBP8 interacted with FIS1, a mitochondrial fission factor.
But deletion in the LIR#2 (9sWLDIgs) or deletion in TPR domain of
FKBP8 reduced the binding of FKBP8 to FIS1. In addition, knockdown

of FKBP8 expression attenuated mitochondrial degradation under

i



hypoxia. Together, these results suggest that FKBP8 mediates
mitochondrial dynamics and degradation by binding to FIS1 through the
LIR#2/TPR domain and perform mitophagic event by binding to LC3

through the LIR#1 motif.
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INTRODUCTION

Mitochondria are important intracellular organelles which regulate
ATP level, Ca2+ store, apoptosis, and formation of protein,
carbohydrate and lipids (Bratic & Trifunovic, 2010; Ballard &
Youngson, 2015). In order to maintain the healthy mitochondria, protein
degradation and chaperones are responsible for the quality of the protein
at protein level, and mitochondrial fission/fusion and degradation of
damaged mitochondria are responsible for the quality of mitochondrion
at organelle level. When damages are accumulated over capacity of
mitochondrial quality control, impairment of normal function of
mitochondria induces more reactive oxygen species (ROS), fail to
produce metabolites and induces eventually cell death with cytochrome
c release. Because of these features, defects in mitochondria have been
reported to induce many diseases, such as aging-related diseases
associated with metabolism, muscle, and neurodegenerative disease,
such as Parkinson’s disease (Duchen, 2004; Nunnari & Suomalainen,

2012).

Morphology of mitochondria are not monolithic but network and



continuously undergo fusion and fission called ‘mitochondrial
dynamics’. The mitochondrial fusion occurs to compensate for the
normal function of mitochondria and mitochondrial fission divides into
healthy and damaged daughter mitochondrion. It has been reported that
fusion of mitochondrial outer membrane correlates with forming of
MFNL1 and 2 oligomer, and fusion of inner membrane correlates with
forming of OPAL oligomer. Mitochondrial fission is important for the
formation of daughter mitochondrion to migrate and degrade the
mitochondria. Drpl plays an important role in the mitochondrial fission.
Drpl binds mitochondrial outer membrane proteins, such as MFF and
FIS1, and induces mitochondrial fission by forming a ring-like oligomer.
When mitochondria fail to maintain normal function through
mitochondrial dynamics, damaged mitochondria are degraded by
selective degradation of mitochondria through autophagy (Archer,

2013).

Autophagy is the process of degradation using lysosome. There are
three types of autophagy, macroautophagy, microautophagy and
chaperone-mediated-autophagy (CMA). Macroautophagy is a process
of forming an autophagosome vesicle with a double membrane

structure. PI3K class Il induces PI3P to produce isolation membrane,



membrane expansion by using two-ubiquitin-like systems and
maturation of isolation membrane eventually form autophagosome to
isolate the cytosolic compartments from the cytosol. Sequestered cargo
by autophagosome is subsequently degraded through lysosome. On the
other hand, microautophagy degrades cytosolic cargo through direct
engulfing through lysosome without autophagosome formation.
Chaperone-mediated autophagy is the degradation process of
selectively recruited proteins through chaperone proteins. Autophagy
degrades various target proteins and organelles, including aggregated
proteins, membrane, ER, peroxisome, proteins, invaded bacteria,
viruses and mitochondria. Especially, specific degradation of targets
via autophagy is called selective autophagy (Glick, Barth, & Macleod,

2010).

Mitophagy is a type of selective autophagy that refers to the selective
degradation of mitochondria via autophagy. Mitophagy occurs during
starvation, hypoxia, depolarized mitochondrial degradation and
maturation of erythrocytes. Compared to others, the mechanism of
damaged mitochondrial degradation, which is depolarized, is relatively
well studied. PINK1 and Parkin have critical role in the degradation of

depolarized mitochondria. PINKL1 is continuously degraded by PARL



protease in the matrix of healthy mitochondria. But when mitochondria
are depolarized, the activity of PARL is lowered so that PINK1 is not
degraded any more in the mitochondria, accumulates on outer
membrane of mitochondria and recruits Parkin, an E3 ligase, to
damaged mitochondria. Parkin ubiquitinates mitochondrial proteins
and these ubiquitination is recognized by adapter proteins, such as P62,
NDP52 and OPTN. These adapter proteins selectively eliminate
damaged mitochondria by recognizing autophagosomes through its

LC3-interacting-Region (LIR) motif (Youle & Narendra, 2011).

In an alternative pathway, adapter proteins, such as NIX, FUNDC1
and cardiolipin, bind directly to LC3 via LIR motif under various
situations. NIX recognizes autophagosomes directly through its LIR in
the maturation process of red blood cells and FUNDCL1 is
phosphorylated by SRC kinase under hypoxia, thereby enhancing LC3
recognition for selective degradation of mitochondria. It was also
reported that cardiolipin is located in the inner membrane of the
mitochondria, but when the mitochondria are damaged, it migrates to
the outer membrane of the mitochondria and induces mitophagy by
recognizing LC3 (Ni, Williams, & Ding, 2015). However, specific role

and signaling of these mitophagic factors under physiological and



pathological conditions are largely unknown. Moreover, identification
of additional factors functioning in mitophagy is important to better

understand mitochondrial quality control.

FKBP8 is one of the FK506-binding domain-containing family.
FK506 binding domain has peptidylprolyl isomerase (PPiase) activity
and is inhibited by immunosuppressant drug, such as FK506,
Rapamycin and cyclosporine A. FKBP8 consists of FK506-binding
domain, three tetratricopeptide repeat (TPR) domain, calmodulin
binding region and transmembrane domain. It is believed that FKBP8
is exposed to cytosol with the cytosolic side anchored to the outer
membrane of mitochondria through the C-terminal transmembrane
domain (Shirane & Nakayama, 2003; Thomson, Bonham, & Zeevi,
1995). Unlike other FKBP family, PPiase activity of FKBP8 is
constitutively inactive and only active when Ca2*-bound calmodulin
binds (Haupt et al., 2012). Also, FKBP8 shows anti-apoptotic effect
through binding to Bcl2 and Bcl-xL and inhibition of mTORC1
(Shirane et al., 2003). Recently, it was reported that FKBP8 escapes
from mitochondria to ER in a Parkin-dependent manner when cells
were treated with CCCP (Saita, Shirane, & Nakayama, 2013).

However, a role of FKBP8 in mitophagy is not known at all.



In this study, I identified a novel mitophagy factor, FKBP8, from cell-
based functional screening using cDNA expression library, and

characterized its novel role in mitochondrial dynamics and mitophagy.



RESULTS

Establishment of cell-based screening assay to isolate mitophagy
regulator

To identify a novel mitophagy regulator, | decided to employ gain-of-
functional cell-based functional screening assay using cDNA expression
library. 1 made a hypothesis that, if a mitophagy regulator induced
mitochondrial damage for the induction of mitophagy or affected
mitochondrial localization of specific autophagy/mitophagy marker in
cell-based assay, the cDNA encoding the mitophagy regulator could be
identified from cDNA expression library (Fig. 1). Thus, | first established
mitophagy cell-based assay. Chang liver cells were transfected with
GFP-LC3B, an autophagy marker which binds to autophagy substrate to
recruit it into autophagosome, and Mito-RFP .Then treated the cells with
mitophagy-inducing reagent CCCP. | observed that GFP-LC3 dots were
recruited into the mitochondria under fluorescence microscope (data not
shown), showing that subcellular localization of GFP-LC3B onto the
damaged mitochondria. As other control assay, | transfected Chang liver
cells with GFP-LC3B and NIX, a mitophagy regulator found in white

blood cells, and found recruitment of GFP-LC3B onto mitochondria



(data not shown).

Second, to isolate new mitophagy regulators, | decided to primarily
focus on the role of mitochondrial proteins in the mitophagy and because
until now many key regulators, such as PINK, NIX and BNIP3 (Ding &
Yin, 2012) are located in the mitochondria. Instead of SiRNA library, I
chose cDNA expression library because gain-of-functional screening
might sometimes provide new opportunity to isolate unusual regulators.
Among about 800 mitochondrial proteins, gateway cloning was
performed to prepare human cDNAs encoding mitochondrial proteins in
mammalian expression vector. Some cDNASs in mammalian expression
were also prepared by DNA sequencing analysis project and provided by
CRIBB as well. Total 494 cDNA clones were prepared and isolated by

affinity column for the screening in cell-based assay (Fig. 2).

Identification of FKBP8 as a GFP-LC3B recruiting factor to
mitochondria

Then, | performed functional screening using the 494 cDNA clones.
Chang liver cells were plated in 48-well culture plates one day before
and then were transiently cotransfected with GFP-LC3B and 494 cDNA
encoding mitochondrial proteins. NIX was utilized as a positive control

in the functional screening. From primary screening under fluorescence



microscope, 40 putative positive clones that affected GFP-LC3B dot
formation and subcellular localization were isolated. After secondary
screening, 17 putative positive clones were consistently active to
increase GFP-LC3B dot formation in the transfected cells (Fig. 3A).
Many of them are involved in the metabolism, such as amino acid
synthesis, glycerolipid metablolism and ketogenesis etc., and are also
linked to human disease, such as mood disorder, kidney disease and
tumor (Fig. 4).

Among them, FKBP8, a FK506-binding protein 8, showed the highest
impact on the formation of GFP-LC3B dots and was even better to
increase  the number of GFP-LC3B dots than the positive control NIX
did (Fig. 3A). Interestingly, overexpression of FKBP8 or PTRH2
induced change in the subcellular localization of GFP-LC3B. Compared
to the diffused pattern of GFP-LC3B in control cells, GFP-LC3B seemed
to colocalize with mitochondria following FKBP8 overexpression (Fig.
3B). To confirm this, Chang liver cells were co-transfected with FKBP8,
GFP-LC3B and Mito-RFP and examined mitochondrial localization of
GFP-LC3B. As expected, ectopic expression of FKBP8 induced drastic
colocalization of GFP-LC3B and Mito-RFP (Fig. 5A). In the LC3 family,
there are GABALAPL1 and L2 as well as LC3. Thus, | tested whether

or not FKBP8 affected mitochondrial localization of GABALAPL1 and



L2. From the same experiments, | found similar results showing that
GABALAPL1 and L2 were also recruited onto the mitochondria

following FKBP8 overexpression (Fig. 5B).

FKBP8 interacts with GFP-LC3B through its N-terminal to recruit
it onto mitochondria

Because FKBP8 is a mitochondrial protein which is located on the outer
membrane (Shirane & Nakayama, 2003; Thomson, Bonham, & Zeevi,
1995), | hypothesized that FKBP8 might interact with LC3 to recruit it
onto the mitochondria. To test this hypothesis, | decided to determine
FKBP8 domain responsible for the recruitment of GFP-LC3B onto the
mitochondria. Based on the previous report, it is known that FKBP8
contains FK506-binding domain (FKBD) and 3 tetratricopeptide (TPR)
domain in the middle and transmembrane region (TM) at the C-terminus
(Fig. 6A) Lam, Martin, & Wiederrecht, 1995; Pedersen, Finsen, Celis, &
Jensen, 1999; Shirane & Nakayama, 2003). | generated serial 5 deletion
mutants of FKBP8, including FKBP8-dN mutant lacking the N-terminus,
FKBP8-dF lacking FKBD, FKBP8-dNF lacking the N-terminus and
FKBD, and FKBP8-dNTF lacking the N-terminus, FKBD and TPR
domain (Fig. 6A).

From similar expression analysis, | found that FKBP8 WT was also able

10



to induce colocalization of GFP-LC3B and Mito-RFP in HelLa cells
lacking Parkin (Fig. 6B). Like FKBP8 wild-type, ectopic expression of
FKBP8-dF lacking FKBD was potent to induce colocalization of GFP-
LC3B and Mito-RFP. On the contrary, ectopic expression of FKBP8-dN
mutant lacking the N-terminus, FKBP8-dNF lacking the N-terminus and
FKBD, or FKBP8-dNTF lacking the N-terminus, FKBD and TPR
domain failed to do so (Fig. 6B). All of these mutants have a common
deletion, the N-terminal region. As a result, | found that the N-terminal
region comprising 103 amino acids is important for recruiting GFP-LC3
onto the mitochondria (Fig. 6A). However, this N-terminal region of
FKBP8 has no reported function.

Furthermore, | assessed a possibility that FKBP8 ability to affect
colocalization of GFP-LC3B with mitochondria is due to its binding to
GFP-LC3B. The results from immunoprecipitation analysis using anti-
HA antibody showed that GFP-LC3B was found in the
immunoprecipitated containing HA-FKBP8 or FKBP8-dF lacking
FKBD. On the contrary, GFP-LC3B was not immunoprecipitated
together with FKBP8-dN mutant lacking the N-terminus, FKBP8-dNF
lacking the N-terminus and FKBD, or FKBP8-dNTF lacking the N-
terminus, FKBD and TPR domain (Fig. 7, upper). The deletion mutants

were all expressed in the transfected cells (Fig. 7, lower). These results

11



indicate that FKBP8 interacts with GFP-LC3 and the N-terminal region
is important for binding to GFP-LC3B. Together, | believe that FKBP8
induces colocalization of GFP-LC3B on the mitochondria probably

through protein-protein interaction.

FKBP8 interacts with GFP-LC3B through LIR motif in the N-
terminal region

To further find critical element responsible for the binding of FKBP8 to
GFP-LC3B, | compared amino acid sequence in FKBP8 with LIR motif.
A LC3-interacting region (LIR) motif is known to be critical for the
binding to LC3. From sequence comparison, | found a classical LIR
motif, W/Y/F xx I/L, in the N-terminal region of FKBP8. Interestingly, |
found two LIR motives, LIR#1 (F25-E-V-L27) and LIR#2 (W93-L-D-
196), in the N-terminal region of FKBP8 (Fig. 8A). Two LIR motives are
about 70 residues apart from each other and are highly conserved among
different species, including human, bovine, mouse and rat (Fig. 8B).

To determine which of the two LIR motives present in FKBPS8 is
actually important for the binding to GFP-LC3B and its recruitment onto
mitochondria, three kinds of FKBP8 LIR point mutants were generated
with site-directed mutagenesis using synthetic oligonucleotides

containing mutation in the corresponding residues. FKBP8 LIR#1 F24A.-

12



L27A mutant has replacement in the conserved 24th Phe and 27th Leu
residues with Ala, FKBP8 LIR#2 W93A-196A mutant has replacement
in the 93th Trp and 96th lle with Ala, and FKBP8 LIR#1+#2 F24A-
L27A-W93A-196A double mutant has mutation in all of these residues
(Fig. 8B).

Using these FKBP8 mutants, | addressed whether FKBP8 LIR motives
are active to recruit GFP-LC3B onto the mitochondria. From ectopic
expression analysis, | found that FKBP8 LIR#2 W93A-196A mutant
could recruit GFP-LC3B on the mitochondria as much as FKBP8 WT
did. Unlike FKBP8 LIR#2 W93A-196A mutant, however, FKBP8 LIR#1
F24A-L27A mutant lost the ability to recruit GFP-LC3B on the
mitochondria. Similarly, FKBP8 LIR#1+#2 F24A-L27-W93A-196A
double mutant also lost the ability (Fig. 9A). Quantification of the
colocalization showed that mutation in FKBP8 LIR#1 completely
abolished the recruitment of GFP-LC3B onto the mitochondria (Fig. 9B).
Accordingly, the results from immunoprecipitation assay revealed that
FKBP8 LIR#2 W93A-196 A mutant could bind to LC3 but FKBP8 LIR#1
F24A-L27A mutant and FKBP8 LIR#1+#2 F24A-L27-W93A-196A
double mutant could not (Fig. 9C). The results suggest that FKBP8
LIR#1, but not FKBP8 LIR#2, is essential for the binding to and

mitochondrial recruitment of LC3.
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FKBP8 affects mitochondrial fragmentation and fission

In addition to mitochondrial recruitment of LC3, it was very interesting
to note that a number of GFP-LC3B puncta was robustly increased
following FKBP8 overexpression. Thus, | decided to carefully examine
mitochondria morphology with high magnitude under fluorescence
microscope. Surprisingly, | observed that mitochondria in Chang liver
and HeLa cells overexpressing FKBP8 were fragmented compared to
control cells (Fig. 10A). Under this condition, ER was intact (data not
shown). The fragmentation of mitochondria was similarly observed in
the cells overexpressing NIX. This effect of FKBP8 on mitochondria
fragmentation was similar as NIX in Chang liver cells but bigger than
NIX in HeLa cells (Fig. 10B).

Then, | reduced the expression of FKBP8 Hela cells using sShRNA and
examined the role of FKBP8 on the dynamics of mitochondria in detail.
After selection with G418 for 2 weeks, | confirmed reduced expression
of FKBP8 in HelLa cells (HeLa-shFKBP8-Mixed) with western blot
analysis (Fig. 11B). HeLa-shFKBP8-Mixed cells were then stained with
Mitotracker green and mitochondrial morphology of the cells was
examined under fluorescence microscope. Compared to those of Hela-
Neo-Mixed cells, mitochondria in HeLa-shFKBP8-Mixed cells were

enlarged with long length (Fig. 11A). Western blot analysis showed that
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levels of TOMM20 and TIMMZ23, outer and inner mitochondria
membrane proteins, respectively, in HeLa-shFKBP8-Mixed cells were
increased compared to HeLa-Neo-Mixed cells (Fig. 11B).

Moreover, | examined detail morphology of the mitochondria in HeLa-
shFKBP8-Mixed cells using electron microscope. Compared to dense
and compact mitochondria observed in HelLa-Neo-Mixed cells, the
mitochondria in HeLa-shFKBP8-Mixed cells were enlarged in size (Fig.
12A). Apparently, cellular area occupied by the mitochondria was bigger
in HeLa-shFKBP8-Mixed cells (Fig. 12B). In addition, | could observe
unpacked and aligned cristae in the matrix of mitochondria in HelLa-
shFKBP8-Mixed cells. All together, these results suggest that FKBP8 is
crucial for the control of mitochondrial dynamics, especially for

mitochondrial fission.

Of FKBP family, FKBP8 only affects mitochondrial dynamics
Because FKBP8 belongs to FKBP family comprising more than 15
different FKBP proteins, | tested the ability of other FKBP proteins to
affect mitochondrial dynamics. Most of them show specific subcellular
localization, including ER, nucleus, mitochondria, membrane and
cytosol, and display diverse function in many cellular signaling (Fig.

13A) (Chen, Liu, & Massague, 1997; Nigam et al., 1993; Jin & Burakoff,
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1993; Mamane, Sharma, Petropoulos, Lin, & Hiscott, 2000; Toneatto et
al., 2013; Takaoka, Ito, Miki, & Nakanishi, 2017; W. Zhang, Zhang, Xiao,
Yang, & Zhoucun, 2007; Zhang et al., 2004; Haupt et al., 2012; Okamoto
etal., 2008; Hutt et al., 2012; Shadidy et al., 1999; Schwarze et al., 2013;
Lin et al., 2013; Nelson et al., 2015; McKeen et al., 2010; McKeen et al.,
2008). Among them, | collected 11 FKBP cDNAs and tested their effects
on mitochondrial morphology. From co-expression analysis, | found that
the mitochondrial fragmentation was induced only by the overexpression
of FKBP8 but not by other FKBP family, including FKBP1A, 2, 3, 4, 6,
7,10, 11, 14 and FKBPL. It is worthwhile to note that FKBP4 is also
located in the mitochondria like FKBP8 but did not affect mitochondrial
fragmentation (Fig. 13B). Thus, while structural similarity among FKBP
family exists, it is only FKBP8 that regulates mitochondrial

fragmentation among FKBP family.

FKBP8 LIR#2, not FKBP8 LIR#1, is important for mitochondrial
fragmentation

The abilities of FKBP8 to recruit LC3 on the mitochondria and to
induce mitochondrial fragmentation are likely separate and may result
from distinct domain of FKBP8. Thus, | decided to identify the domain

of FKBP8 responsible for mitochondrial fragmentation by using take

16



advantage of FKBP8 deletions and mutants. As seen in LC3 recruitment
assay, examination of mitochondrial morphology revealed that FKBP8
dN, FKBP8 dNF and FKBP8 dNFT mutants, but not FKBP8 dF, failed
to induce mitochondrial fragmentation (Fig. 14A). All of FKBP8 dN,
FKBP8 dNF and FKBP8 dNFT mutants are lacking the N-terminus,
suggesting that the same N-terminal region is important for
mitochondrial fragmentation.

| further narrowed down the FKBP8 region responsible for
mitochondrial fragmentation using FKBP8 LIR mutants. Interestingly,
the fluorescence microscopy revealed that FKBP8 LIR#1 F24A-L27
mutant which lost the ability of LC3 recruitment onto the mitochondria
could still induce mitochondrial fragmentation (Fig. 14B, upper). On the
contrary, FKBP8 LIR#2 W93A-196A mutant and FKBP8 LIR#1+#2
F24A-L27-W93A-196A double mutant showed little effect on
mitochondrial fragmentation (Fig. 14B, lower). Together, the results
suggest that FKBP8 LIR#2, not FKBP8 LIR#1, plays an essential role in
mitochondrial fragmentation and that FKBP8 LIR#1 and 2 play distinct

role in mitophagy and mitochondrial dynamics, respectively.

FKBP8 induces mitochondrial fragmentation in the absence of Drpl

For the mitochondrial fission, although there are some exceptions

17



(Stavru, Palmer, Wang, Youle, & Cossart, 2013; Ishihara et al., 2009),
the recruitment of Drpl to mitochondria for mitochondrial fission is well
established (Reddy et al., 2011). Therefore, | examined whether or not
Drpl was required for FKBP8-induced mitochondrial fragmentation.
Overexpression of FKBP8 effectively induced mitochondrial
fragmentation in wild-type mouse embryo fibroblasts (WT MEFs) (Fig.
15A). As seen in WT MEFs, overexpression of FKBP8 could also induce
mitochondrial fragmentation in Drpl KO MEF cells. No difference in
the ratio of fragmented mitochondria was observed between WT and
Drpl KO MEF (Fig. 15B). In addition, overexpression of Drpl K38A, a
dominant negative of Drpl, did not affect FKBP8-induced mitochondrial
fragmentation (data not shown). These result suggest that FKBP8

induces mitochondrial fragmentation independently of Drpl.

Overexpression of FKBP8 induces mitophagy in BNIP3 and NIX
knockout cells

Most of LIR motif-containing proteins, including FKBP8, are target
LC3 on autophagosome and subsequently deliver cargos for degradation
through lysosome (Wild, McEwan, & Dikic, 2014). Then, | further
investigated downstream factors of FKBP8-mediated degradation of

mitochondria. To monitor mitophagy, Mito-Keima which shows red
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fluorescence signal in low pH and green fluorescence signal in
mitochondrial pH was cotransfected together with HA-FKBP8 into Drpl,
BNIP3/NIX or FIP200 knockout cells. BNIP3/NIX were previously
reported as mitophagy factor (Zhu et al., 2013; Novak et al., 2010) and
FIP200 is essential ULK1 complex factor to process autophagy (Hara et
al,. 2008). Consistent to that of Drpl KO MEFs, Drpl expression
induced mitochondrial fragmentation in Drpl KO HelLa cells (Fig. 16).
Interestingly, HA-FKBP8 expression also induced mitochondrial
fragmentation in BNIP3/NIX double KO (DKO) Hela cells, but not in
FIP200 KO cells (Fig. 16). All these data suggest that FKBP8 is a novel
factor which mediates mitochondrial degradation independently of Drp1,

BNIP3 and NIX, and needs macroautophagy activity.

FKBP8 interacts with FIS1 through LIR#2 and TPR domains

I was then eager to identify a downstream mediator of FKBP8 in
mitophagy. | focused on FIS1 because it is located on the outer
membrane of mitochondria as FKBP8 and is one of the factors
responsible for mitochondrial fission (Mozdy, McCaffery, & Shaw,
2000). First, | tested whether FKBP8 binds to FIS1 using
immunoprecipitation assay. Interestingly, the results revealed that HA-

FKBP8 could interact with FIS1-GFP very well (Fig. 17A). Then, I
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decided to map the domain responsible for this interaction. The results
from immunoprecipitation analysis using FKBP8 deletion mutants
showed that FIS1-GFP bound to HA-FKBP8 but weakly to FKBP8 d54-
93 mutant containing LIR#1 but lacking LIR#2 (Fig. 17B). More, FIS1-
GFP did not bind to FKBP8 deletion mutants, FKBP8-dFT and -TPR
lacking TPR domain. These results suggest that FIS1 binds to FKBP8

through LIR#2 and TPR to mediate mitochondrial fission.

Knockdown of FKBP8 reduces mitochondrial fragmentation and
degradation in hypoxia

To dissect the role of FKBP8 in physiologic and pathologic signaling,
the role of FKBP8 in signaling were examined. The effects of many
signaling, including CCCP, ROS and starvation, on the mitophagy and
mitochondrial fragmentation were examined but no significant effect
was observed (data not shown). Unlike CCCP, however, a significant role
of FKBP8 was found in hypoxia. Under hypoxia for 48 h, the
mitochondrial fragmentation was evident in HeLa-Neo-Mixed cells. On
the other hand, mitochondrial fragmentation was apparently reduced in
HelLa-shFKBP8-Mixed cells (Fig. 18A, B). Analysis of mitochondrial
fragmentation with quantification for 24 and 48 h revealed that tubular

and intermediate forms of mitochondria was dramatically increased but
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fragmented form of mitochondria decreased 3-fold at 24 h and 30% at
48 h in HeLa cells by FKBP8 knockdown (Fig. 18C, D), suggesting that
FKBP8 is essential in mitochondrial fragmentation under hypoxia.
Accordingly, western blotting revealed that levels of TOMMZ20 and
TIMM23 mitochondrial proteins was largely reduced at 96 h in HelLa-
Neo-Mixed cells. However, these reduction was apparently alleviated in
HeLa-shFKBP8-Mixed cells (Fig. 19A). Conversely, overexpression of
FKBP8 accelerated the degradation of TOMM20 and TIMM23 under
hypoxia (Fig. 19B). In fact, analysis with electron microscopy also
supported the protective role of FKBP8 against hypoxic damage.
Compared to those of HeLa-Neo-Mixed cells, mitochondria in HeLa-
shFKBP8-Mixed cells were enlarged under normoxia and remained in a

larger form and appeared not to be removed by mitophagy.
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Fig. 1. Schematic diagram for the screening of mitophagy modulator.
Mitophagy is a selective degradation of mitochondria through autophagy.
The damaged and ubiquitin-tagged mitochondria are recognized by
autophagic markers, such as LC3, during mitophagy. To find out novel
mitophagy/LC3-recruiting factors, cell-based assay employing GFP-
LC3B and Mito-RFP was established and tested for the effect of each

mitochondrial protein on mitophagy.
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Fig. 2. Preparation of cDNA expression library encoding
mitochondrial proteins by using gateway cloning.

Gateway cloning was performed to prepare the cDNA expression library
for mitochondrial protein. Genes in Entry clones was transferred to
pcDNA3.1-DEST-3xHA destination vector using purified recombinase.
Total 494 expression clones are prepared for the cDNA expression

library and confirmed by agarose gel electrophoresis.
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Fig. 3. The results of cell-based functional screening with GFP-LC3B.
(A) The results of cell-based GFP-LC3B puncta screening. Chang liver
cells were transiently transfected with GFP-LC3B and each of the cDNA
expression library. After 24 h, GFP-LC3B puncta-positive cells were

counted under fluorescence microscope and its percentages were

calculated. Bars represent mean + SD (n = 3). (B) Typical images of

the cells showing enhanced GFP-LC3B puncta by PTRH2 or FKBP8

overexpression.
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Fig. 4. List of the putative positive clones.
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Fig. 5. The overexpression of FKBP8 induces colocalization of LC3
family with mitochondria.

(A, B) FKBP8 overexpression induces colocalization of LC3 family and
Mito-RFP. Chang liver cells were cotransfected with HA-FKBP8, Mito-
RFP and GFP-LC3B (A), GFP-GABARAPLL1 or 2 (B). After 24 h, green
fluorescence of GFP-LC3 and GFP-GABARAPL1 or 2 and red
fluorescence of Mito-RFP were examined under fluorescence

microscope.
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Fig. 6. The N-terminal region of FKBP8 is required for the
recruitment of GFP-LC3B onto mitochondria.

(A) Schematic representation of HA-FKBP8 WT and domain deletion
mutants. FKBD: FK506-binding domain, TPR: tetratricopeptide, TM:
transmembrane domain. (B) Colocalization of GFP-LC3B and Mito-RFP
with HA-FKBP8 deletion mutants. HelLa cells were transiently
transfected with HA-FKBP8 deletion mutants, Mito-RFP and GFP-

LC3B for 24 h and were then examined under fluorescence microscope.
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Fig. 7. FKBP8 binds to GFP-LC3B through its N-terminal region.

HEK293T cells were transiently transfected with GFP-LC3B and HA-
FKBP8 WT or domain-deletion mutant for 24 h and lyzed with RIPA
buffer for 20 min. Cell extracts were then subjected to
immunoprecipitation (IP) assay using anti-HA antibody. The
immunoprecipitates and whole cell lysates (WCL) were examined by

western blotting.
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Fig. 8. Prediction of two LIR motives in the N-terminal region of
FKBPS.

(A) Comparison of LC3-Interacting-Region (LIR) motives in the LC3-
binding proteins and identification of LIR#1 (FEVL) and #2 (WLDI) in
FKBP8. (B) Generation of FKBP mutants in the LIR motives. FKBP
LIR#1 mutant (F24A-L27A), LIR#2 mutant (W93A-196A), FKBP

LIR#1 & #2 mutant (F24A-L27A, W93A-196A).
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Fig. 9. The LIR#1, but not LIR#2, of FKBP8 is required for the
binding to GFP-LC3B and recruiting it onto mitochondria.

(A) Confocal microscope images showing lack of colocalization
between GFP-LC3B and HA-FKBP8 LIR#1 mutant. HeLa cells were
transfected with GFP-LC3B and either HA-FKBP8 or LIR mutant for 24
h and analyzed under fluorescence microscope. (B) Percentages of GFP-
LC3B increased cells with FKBP8 LIR mutants. Bars represent mean +
SD (n = 3). (C) Immunoprecipitation assay showing protein-protein
interaction between GFP-LC3B and FKBP8 LIR mutants. HeLa cells
were transfected with GFP-LC3B and either HA-FKBP8 or LIR mutant
for 24 h, Cell extracts were subjected to immunoprecipitation (IP) assay
using anti-HA antibody. The immunoprecipitates and whole cell lysates

(WCL) were examined by western blotting.
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Fig. 10. The overexpression of FKBP8 induces mitochondrial
fragmentation.

(A) Chang liver and HeLa cells were transfected with either FKBP8 or
NIX together with Mito-GFP for 24 h and then examined under
fluorescence microscope. (B) Percentage of cells harboring fragmented
mitochondria in Fig. (A) were determined and represented as bars with

mean £ SD (n = 3).
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Fig. 11. Knockdown of FKBP8 expression increases mitochondrial
morphology and mass.

(A) Enlarged morphology of mitochondria in FKBP8 knockdown cells.
HeLa cells stably expressing pSUPER-Neo (HelLa-Neo-Mixed) or
pFKBP8 shRNA (HeLa-shFKBP8-Mixed) were stained with
Mitotracker green (50 uM) for 15 min. The morphology of mitochondria
was examined under fluorescence microscope. (B) Western blot assay
showing increased mitochondrial proteins. Cell extracts were prepared
from HelLa-Neo-Mixed and HeLa-shFKBP8-Mixed cells and analyzed
by western blotting using anti-TOMM20 antibody and anti-TIMM23

antibody.
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Fig. 12. Electron microscopy reveals enlarged and increased

numbers of mitochondria in FKBP8 knockdown cells.

(A and B) Electron microscopic images showing enlarged mitochondria

in HeLa-shFKBP8-mix cells. (A) Mitochondria in HeLa-Neo-Mixed and

HeLa-shFKBP8-Mixed cells were visualized under electron microscope

(red arrows). (B) Cellular areas occupied by mitochondria per cells (1M?)
(n = 3) and average size of mitochondrion per uM? of HeLa-Neo-Mixed

(n = 81) and HeLa-shFKBP8-Mixed (n = 89) cells in the pictures of (A)

were measured. Bars represent mean + SD.
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Fig. 13. Mitochondrial fragmentation is induced only by FKBP8
among FKBP8 family.

(A) Subcellular localization and reported function of FKBP family
protein. (B) Fragmented mitochondria are observed mainly by FKBP8
overexpression. HelLa cells were transiently transfected with FKBP
family together with Mito-GFP and then examined under fluorescence

microscope. Bars represent mean £ SD (n = 3).
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Fig. 14. The N-terminal region and LIR#2 region of FKBP8 is

important for FKBP8-induced mitochondrial fragmentation.

(A) Effects of FKBP8 domain-deletion mutants on mitochondrial
fragmentation. HelLa cells were transfected with Mito-GFP alone or
together with either HA-FKBP8 WT or deletion mutant for 24 h and then
examined mitochondrial fragmentation under fluorescence microscope.
(C) Effects of FKBP8 LIR mutants on mitochondrial fragmentation.
C2C12 cells were transfected with HA-FKBP8 or LIR mutant together
with Mito-RFP for 24 h and then examined for mitochondrial
fragmentation under fluorescence microscope. (B and D) Percentages of
cells harboring fragmented mitochondria. The morphologies of
mitochondria in the pictures of Fig. (A and C) were measured and
percentages of cells harboring fragmented mitochondria was determined.

Bars represent mean + SD (n = 3).
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Fig. 15. Overexpression of FKBP8 induces mitochondrial
fragmentation in Drpl KO MEF.

Overexpressed FKBP8 induces mitochondrial fragmentation without
Drpl. (A) WT MEF and Drpl KO MEF cells were transfected with Mito-
RFP and PCD3-HA or HA-FKBP8 for 24 h and examined under
fluorescence microscopy. (B) Percentage of cells harboring fragmented

mitochondria Fig. (A) was determined.
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Fig. 16. Overexpression of FKBP8 induces mitophagy.

HeLa cells stably expressing Mito-Keima (WT, BNIP3/NIX DKO, Drpl
KO, FIP200 KO) are transfected with vector and HA-FKBP8 with
pEGFP-C1. After 24 h, Mito-Keima signals in GFP-expressing cells are

examined under fluorescence microscopy.
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Fig. 17. FKBP8 interacts with FIS1 through LIR#2 and TPR
domains.

(A) FKBP8 binds to FIS1. HEK293T cells were transiently transfected
with FIS1-GFP and HA-FKBP8 WT for 24 h. Cell extracts were then
subjected to immunoprecipitation (IP) assay using anti-HA antibody. The
immunoprecipitates and whole cell lysates (WCL) were examined by
western blotting. (B) Domain mapping of FKBP interacting with FIS1.
HEK293T cells were transiently transfected with FIS1-GFP and HA-
FKBP8 WT or domain-deletion mutant for 24 h. Cell extracts were then

subjected to immunoprecipitation (IP) assay as described in (A).
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Fig. 18. Knockdown of FKBP8 expression reduces mitochondrial
fragmentation under hypoxia.

Inhibition of mitochondrial fragmentation by FKBP8 knockdown during
hypoxia. (A and B) Expression levels of FKBP8 during hypoxia. (A)
HeLa-Neo-Mixed and HeLa-shFKBP8-Mixed cells are incubated under
hypoxia for 24 and 48 h and analyzed by western blotting. (B and C)
Morphology of mitochondria under hypoxia. HelLa-Neo-Mixed and
HeLa-shFKBP8-Mixed cells are incubated under hypoxia for 48 h. After
staining with Mitotracker green (50 uM) for 20 min, cells were analyzed
by immunocytochemistry using FKBP8 antibody (red). White arrows
and the red arrow indicate the FKBP8 WT cells and the knockdown cell,
respectively (B). (D) Mitochondrial morphologies were classified as
fragmented, intermediate or tubular structure and their relative ratios

were calculated.
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Fig. 19. FKBP8 affects mitochondrial degradation during hypoxia.

(A and B) Mitochondrial protein levels are regulated by FKBP8 during
hypoxia. HelLa-Neo-Mixed and HelLa-shFKBP8-Mixed cells were
incubated for 96 h under hypoxia and then analyzed by western blotting
(A). HelLa cells were transfected with pcDNA or FKBP8, incubated
under hypoxia for 24 h and then analyzed by western blotting. (C)
Images of electron microscopic images showing impaired degradation of
mitochondria in FKBP8 knockdown cells during hypoxia. HeLa-Neo-
Mixed and HeLa-shFKBP8-Mixed cells were exposed to hypoxia for 48
h and then examined by electron microscopy. Red arrow heads indicate

mitochondria.
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Fig. 20. The proposed role of FKBP8 in mitophagy and

mitochondrial fission.
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Discussion

In this study, | have generated and collected about 500 cDNAs which
encode mitochondrial proteins in a mammalian expression vector. Based
on the literature, the numbers of mitochondrial protein ranges 800 — 900.
In order to find a regulatory factor that functions mitophagy, I performed
functional screening using cell-based assay employing GFP-LC3. In the
assay, | focused on the ability of the mitochondrial protein to recruit
GFP-LC3 on the mitochondria upon overexpression based on the
assumption that the protein might induce mitochondrial fragmentation
for the mitophagy or recruit GFP-LC3 as a receptor of the mitophagy. As
| expected, | could successfully isolated several mitochondrial proteins
that affected the recruitment of GFP-LC3. This type of GOF screening
can have an advantage over LOF screening to isolate a regulator in a
signaling that is not operating in the assay and thus cannot be uncovered
by LOF screening (Han et al., 2014; Jung et al., 2016).

Among the putative positive clones, | decided to characterize the role
of FKBP8 in the mitophagy. The reported role of FKBP8 in the

mitochondria is not clear yet. Though FKBP8 has peptidylprolyl
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isomerase domain, this enzymatic activity is not likely functional (Edlich
et al., 2005) and thus is not related to mitophagic function. FKBP8 has
also a FK506-binding domain but this function in mitophagy is nothing
to do with mitophagy because deletion of the domain did not affect
mitophagy. Moreover, previous report showed that FKBP8 escapes from
the mitochondria to ER during CCCP-induced mitophagy and that this
escape from ER is dependent on Parkin. However, | hardly observed that
FKBP8 escaped from the mitochondria in the presence or absence of
Parkin following CCCP treatment or exposure to hypoxic condition (data
not shown).

Unlike other LIR-containing proteins, FKBP8 has two LIR motives in
the N-terminus. Most LC3-binding proteins have one LIR and LIRs are
known to be involved in the binding to LC3. TBC1D5 has been reported
to have two LIR motives, one responsible for interaction with LC3 and
the other LIR required for attachment to the retromer (Popovic et al.,
2012). Similarly, two LIR motifs of FKBP8 are believed to have different
role. As shown in TBC1D5, the first LIR of FKBP8 binds to LC3 and
the second LIR plays a distinct role in mitochondria dynamics. Mutation
in the second LIR attenuated its ability to induce mitochondrial
fragmentation following ectopic expression.

Then, an important question how FKBP8 mediates mitochondria
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dynamics and fragmentation remains to be addressed. Similar activity to
affect mitochondria dynamics and fragmentation is also detected in
FUNDC1 and NIX. Recently, it was reported that FUNDCL1 recruits
DRP1 through calnexin (Wu et al., 2016). However, the necessity of
DRPL1 in this function of FUNDCL1 is not known yet. | also found that
FKBP8 binds to DRP1 with immunoprecipitation assays but ectopic
expression of FKBP8 still induced mitochondrial fragmentation in DRP1
KO MEF cells (data not shown), indicating that DRP1 is not a
downstream main mediator of FKBP8 in mitochondrial fragmentation.

| then tested whether FKPB8 interacted with other mitochondrial
fusion/fission factors. Among them, | found that FKBP8 bound to FIS1,
a protein involved in mitochondrial fission (Mozdy, McCaffery, & Shaw,
2000), in the immunoprecipitation and this interaction required TPR
domain of FKBP8. From careful analysis using FKBP8 deletion mutants,
| noticed that compared to full-length FKBP8, TPR domain deletion
mutant also exhibited reduced ability to induce mitochondrial
fragmentation (data not shown). While an assay to test a role of FIS1 in
FKBP8-mediated mitochondrial fragmentation remains to be addressed,
FIS1 appears to be involved in the mitochondrial fission or mitophagy as
a binding partner. FIS1 interacts with DRP1, MIEF1, and MiD51 for

mitochondrial fission and LC3 accumulates in cells without FIS1
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(Yamano, Fogel, Wang, van der Bliek, & Youle, 2014). Further detail
analysis for the interaction of FBKBP8 with these factors needs to be
investigated. From LC/MS analysis using FKBP8 WT and FKBP8-d54-
93, and OPAL, which is fusion regulator of mitochondrial inner
membrane, shows different value. Electron microscopic figure of HelLa-
shFKBP8-Mixed cells shows that the cristae of mitochondria are
decreased and similar to mitochondria with OPA1 KO cells (Patten et al.,
2014). Further studies with OPA1 seem to be needed.

NIX and BNIP3 are important regulator of mitophagy in development
and mitochondrial dynamics (Glick et al., 2012). BNIP3 and NIX
localize to the outer mitochondrial membrane, where it functions in
mitophagy and mitochondrial dynamics. However, the observation that
FKBP8 induces mitophagy in NIX/BNIP3 double knockout (DKO)
HeLa cells suggest that FKBP8-mediated mitochondrial dynamics or
mitophagy is distinct from NIX and BNIP3. Interestingly, FKBP8 may
play a role in mitophagy under hypoxia, implicating that FKBP8 may
also be involved in stress-induced mitophagy. Especially, FKBP8 KO
mice are lethal and FKBP8 KO mice generated with Genetrap method
exhibit neural tube defects in the back (Wong et al., 2008). Thus, I
speculate that failure of mitochondrial quality control through

mitochondrial dynamics and mitophagy may cause neural defect in
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FKBP8 KO mice, which will be examined.

In summary, my study suggests that FKBP8 contributes to mitophagy
as a bifunctional protein for mitochondrial quality control through the
interaction with LC3 and to mitochondrial fission through the interaction

with FIS1 (Fig. 20).



MATERIALS AND METHODS

DNA construction

The GFP-LC3 expression construct was described elsewhere (Kabeya et
al., 2000). FKBP8 shRNA constructs were generated in pSUPER-neo
(OligoEngine, VEC-PBS-0004) using the following target sequence for
human FKBP8 (5-AGT GGA CAT GAC GTT CGA GGA-3') .Human
FKBP8 (NM_012181.3) was amplified by PCR and ligated into
pcDNA3-HA The following nucleotide sequences were used as the
primers: FKBP8-Not I-Sense (5-AGAATG CGG CCG CTAATG GCA
TCG TG-3'), FKBP8-Xba I-Antisense (5-CTA GTC TAG ATC AGT
TCC TGG CAG CG-3'), FKBP8 dN-Not I-Sense(5'-ATA AGA ATG
CGG CCG CTA AAG AAG ACG CTG GTC CCA GG-3), FKBP8
dNdFKBD-Not I-Sense(5'-ATA AGA ATG CGG CCG CTAACG GCT
GTG GAC GGG CCT G-3'), FKBP8 dNdFKBDdTPR-Not I-Sense(5'-
ATAAGAATG CGG CCG CTAACG ATC CACGCAGAGCTCT-3),
FKBP8 dFKBD(113AA)-Bgl Il1-Antisense(5'-GAA GAT CTT CTG
GCG GCC CTG GGA CCA GCG-3'), FKBP8 dFKBD(202AA)-Bgl 1I-

Sense(5'-GAA GAT CTT ACG GCT GTG GAC GGG CCT G-3), and
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other deletion mutants were generated by PCR without gap using HA-

FKBP8 plasmid.

Cell culture, DNA transfection and generation of stable cell line

All cells were cultured in Dulbecco’s modified Eagle medium (Hyclone,
SH30243.01) supplemented with 10 % fetal bovine serum (Hyclone,
SH30919.03), 100 Units/ml gentamycin. HEK293T cells were
transfected using PEI reagent (sigma) for 24 h, typically, 2 x 10° cells
per well in 6-well culture plates were transfected with appropriate
plasmids. And Chang liver, HeLa and MEFs were transfected using
Polyfect reagent (Quiagen) according to the manufacturer’s protocol. For
generation of HelLa-shFKBP8-Mixed stable cell line, HelLa cells
transfected with the plasmid for 24 h and then incubated with G418 for
additional 14 days. Drpl knockout MEFs was kind gifts from K Mihara
(Kyushu University, Fukuoka, Japan). KO cells used in Fig. 16 are

described elsewhere (Yamashita et al., 2016).

Immunocytochemistry

HelLa cells grown on coverslips in 12-well plates were fixed in 4%
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paraformaldehyde for 5 min, permeabilized with 0.1% triton x-100 in
PBS for 5 min, and blocked with 1% BSA for 1 h. After blocking, the
fixed cells were incubated with antibodies at 1:100 to 1:250 dilution ratio,
followed by incubation with Alexa Fluor secondary antibodies
(Molecular probes, A11005, A11001, A11008 and A11012) and Hoechst
33258. Samples were visualized under a confocal fluorescence
microscope (Carl Zeiss, LSM700, Carl-Zeiss-Promenade 10, 07745,

Jena Germany).

Western blot and antibodies

The following antibodies were used : HA, GFP (sc-8334),
TUBA/tubulin-o, (sc-23948), ACTB (sc-47778), TOMM20 (sc-17764),
TIMM23 (BD Bioscience, 611222), LC3 (Novus NB100-2220) and
FKBP8 (R&D system, MAB3580). Western blot analysis were
performed using standard techniques. Cells were lysed with SDS sample
buffer (10% glycerol, 2% SDS, 5% B-mercaptoethanol, pH 6.8, 50mM

Tris-Cl, pH 6.8).

Immunoprecipitation, western blot, and antibodies
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Cells were lysed in Modified RIPA buffer (20 mM Tris-Cl, pH 7.6, 150
mM NacCl, 1% Triton X-100) and clarified by centrifugation. Cell lysates
were dichotomized for immunoprecipitation and whole cell lysate
quantification. For immunoprecipitaion, HA antibody was added
overnight at 4°C and pulled down by protein G Sepharose beads (GE
Healthcare, 17-0618-01) at 4°C for 3 h. Beads are washed 5 times with
Modified RIPA buffer for 5min at 4°C. Samples were boiled for 15 min
in SDS sample buffer, separated by SDS-PAGE and transferred onto
PVDF membrane. After blocking with 3% BSA in TBST, the membrane

was incubated with the indicated antibodies.

Transmission electron microscope analysis

Cells were fixed with 2% paraformaldehyde/2% glutaraldehyde in 0.1
M phosphate buffer (pH 7.4), followed by 1% OsO4. Cells were further
dehydrated with a graded series of ethanol and embedded in epoxy resin.
Ultrathin sections were stained with uranyl acetate and lead citrate for

observation under a JEM1010 transmission electron microscope (JEOL).

Statistics
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All experiments were performed in triplicate parallel instances and
repeated at least three times. Statistical analyses were carried out using
the Microsoft Office 2013 Excel software package (Microsoft

Corporation).
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